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Summary

This thesis addresses the problem of the simulation of intrastromal corneal ring segment surgery for
the reduction of myopia and astigmatism, as well as the stabilisation of keratoconus (KC). This disease
causes high myopia, irregular astigmatism and reduction of the patient’s visual acuity to the point of
blindness. Therefore there are several techniques to try to stabilise it and, thus, prevent its progression.
For mild keratoconus, it is enough to use special spectacles or lenses to try to correct it, but in more
advanced cases it would be necessary to use refractive surgery to try to stop the progression of the
disease. The most common ones to avoid the cornea transplant (PK) are the cross—linking and the
additive surgery of intrastromal rings.

The current planning tools are empirical, based on the nomograms of the ring manufactures, and rely
on the experience of the surgeon. Unfortunately, deterministic tools able to estimate the postsurgical
visual results of this treatment do not exist. Therefore, the aim of the current thesis is to establish a
realistic numerical framework to simulate intrastromal ring surgeries and estimate the mechanical and
optical postsurgical outcomes.

There are different types of rings depending on their angle and cross—section. There are two large
groups of rings: segments which have an angle of less than 360° and those that cover the entire
circumference. In the first group we find rings of triangular section such as the Keraring (Mediaphacos,
BeloHorizonte, Brazil) and the Ferrara (AJL Ophthalmic Ltd, Spain) and rings of hexagonal section like
the Intacs (Additional Technology Inc.). In the second group we can find the MyoRing (Dioptex, GmbH.)
whose cross—section is the combination of a parabola and a circumference and the Intacs SK whose
section is oval.

Due to the complexity of the simulation, since multiple variables are involved, such as the type of
rings, the model of the corneal material, the contact conditions between them, etc., two methodologies
arised which simulated the insertion of the rings. Both are based on generating a hole in the corneal
stroma, introducing the ring and closing the hole with the ring inside, establishing contact until the
simulation is completed. In the first of the methodologies the hole was generated by introducing a
pressure, while the second was used to an auxiliary tool, such as balloon angioplasty to introduce
endovascular stents, which is displaced generating enough hole to insert the rings. As with all numerical
simulations, they were not exempt of limitations, although with the first of the methodologies only circular
cross—section rings were simulated and in some configurations, there was pressure inside the hole, so it
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was decided to focus on the second. Nevertheless, interesting conclusions were obtained: the greatest
correction was obtained by placing the rings with the largest section near the apex, and whether the
ring is located near the epithelium, the stresses generated in the stroma can cause the ring to extrude.

With the second methodology based on a displacement control, it was possible to simulate most of
the cross—sections and very interesting studies were carried out that gave conclusive results. The most
important were: i) the most influential parameter is the depth of insertion; ii) considering the physiological
depth of the surgery, the greater optical change is provided by the diameter of the ring, and the fine
adjusted is reached with the size of the implant cross—section, i.e the diameter of the implant and the
size of the cross—section are the key on regulating the refractive correction; iij) the friction between ring
and stroma is important to consider it because a prediction of 2 or 3 diopters could be lost; iv) whether
the KC progression is stress—driven, only MyoRing can stop its progression; v) when the covered arc of
the segments is more than 320°, axisymmetric model could be used instead of tridimensional model,
saving computational time; vi) the anisotropy of the model does not play an important role because
the rings are much stiffer than corneal tissue; vii) the implants cannot consider such as second limbus
since they act as a dynamic pivot that moves along the circadian cycles of intraocular pressure (I0P);
viii) preliminary nomograms is built which allow the estimation of the optical outputs according to the
size and typology of the ring and optical zone of implantation.

Additionally, a characterization of ring material was carried out by means two complementary
methods: uncertainty analysis and iFEM optimisation, concluding that the manufacturing process of the
rings could be the cause of the alteration of the material between the raw PMMA and the ring already
prepared for its insertion.

Keywords: Instrastromal corneal ring segments, Intrastromal complete ring, finite element, corneal
biophysics, surgery planning ICRS, optimisation, uncertainty analysis, optics, automatic mesh.
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Chapter 1
Introduction

The current PhD thesis was born under the coverage of biomedical
engineering within the field of ophthalmology. In this introductory
chapter, the reader will get an idea of the current situation of visual health
worldwide, and the pathology of keratoconus in particular, and how in-silico
models can help surgeons to estimate the optical outputs after intrastromal
ring insertion surgery. Not only that, in—silico models also provide the
clinicians with an estimation of the post—surgical stress state of the cornea
and the possibility of testing different intrastromal rings without performing
the actual surgery. The next step is to present the project framework in
which the thesis is embedded, as well as the necessary funding to carry
it out. Finally, the organisation in chapters of the thesis is explained to be
able to approach the objectives and to understand the motivation of this

work.
Chapter Contents
1. Vision problems worldwide 34
2. Project Framework 37
CICYT DPI2014 - 54981R 37
Personal Funding 38
3. Motivation 38
4. Objectives 40

5. Organisation of the thesis 43




34  Chapter 1: Introduction

! Sheppard and Wolffsohn 2018

2 Fricke et al. 2018, Bourne et al.
2017, Flaxman et al. 2017

1. Vision problems worldwide

Vision, the most dominant of our senses, plays a critical role in every
facet and stage of our lives. We take vision for granted, but without vision,
we struggle to learn to walk, to read, to participate in school, and to
work. Almost 90% of incoming information reaches the brain through
the eyes. Vision impairment occurs when an eye condition affects the
visual system and one or more of its vision functions. Vision impairment
has serious consequences for the individual across the life course. Lots
of these consequences can, however, be mitigated by timely access to
quality eye care and rehabilitation. Eye conditions that can cause vision
impairment and blindness, such as cataract, trachoma and refractive error,
are, for good reasons, the main focus of prevention and other eye care
strategies; nevertheless, the importance of eye conditions that do not
typically cause vision impairment, such as dry eye and conjunctivitis, must
not be overlooked. These conditions are frequently among the leading
reasons for presentation to eye care services in all countries.

Due to the increased use of smartphones, digital tablets and computers
that have a large screen, eye diseases and vision problems such as myopia,
hyperopia, astigmatism and presbyopia are on the rise. Prolonged exposure
to digital screens is the root cause of eye conditions, including Computer
Vision Syndrome (CVS) or Digital Eye Strain (DES). Symptoms of these
conditions include dry, irritated eyes, blurred vision, fatigue, neck and back
pain, and headaches. What is most disturbing is that 65% of Americans
experience these symptoms. Research suggests that continued long—term
exposure to screens that radiate blue wavelength light can cause slow
degeneration of the retina and could lead to long—term vision problems,
such as age—related macular degeneration and cataracts.! Another ocular
problem that can be associated not only with the use of digital screens but
also with the eye rubbing, is the keratoconus (KC), a disease by which the
corneal tissue weakens causing a local protrusion in the cornea causing
an increase in myopia and astigmatism reducing the visual acuity.

According to World Health organisation (WHQO), at least 2.2 billion people
have a vision impairment. In at least 1 billion, or almost half of these
cases, vision impairment could have been prevented or has yet to be
addressed.2 Accurate estimates of the total number of people globally with
vision impairment cannot be calculated based on current available data.
This is because population—-based surveys do not typically report vision
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impairment in those who wear spectacles or contact lenses to compensate
for the vision impairment from a refractive error. Nonetheless, it can be
assumed with cogency that at least 2.2 billion people globally have a
vision impairment or blindness. This research takes into consideration
those with near vision impairment due to presbyopia (1.8 billion, including
both addressed and unaddressed presbyopia), and moderate to severe
distance vision impairment or blindness due to unaddressed refractive
error (123.7 million, e.g. myopia or hypermetropia), cataract (65.2 million),
age—related macular degeneration (10.4 million), glaucoma (6.9 million),
corneal opacities (4.2 million), diabetic retinopathy (3 million), trachoma
(2 million), and other causes (37.1 million), including those causes that
were not classified in surveys or do not fit into any of the aforementioned
categories. In addition, this research also takes into consideration 188.5
million people with mild vision impairment in which the causes are unknown.

Apart from the most common diseases commented, the keratoconus,
another ectatic disorder, which shows the major incidence in the general
population (1 to 430/2000),3 but official statistics do not include those who
have been, misdiagnosed, or lately diagnosed. Due to the disorder which
generates in the cornea, keratoconus provokes the decrease of visual
acuity, and has a lasting negative impact on all aspects of the patient’s life.
Keratoconus affects three million people worldwide, with a higher preva-
lence amongst females.? Besides, South Asian ethnicity with an incidence
probability of 4.4 times higher than Caucasians, an also more prone to be
affected earlier.> Another negative aspect, due to the progression of the
disease, keratoconus can produce corneal blindness, which is responsible
for 40,000 people needing a corneal transplant in Europe every year.6

The epidemiological burden of a disease informs the provision of health-
care services. A review of early studies of the prevalence of keratoconus
between 1936 and 1966 found a range of 50—-2330 cases per 100,000
(0.05—0.23%).7 A review of later studies (1959-2011 )8 found prevalence
estimates ranging from 0.3 per 100,000 (0.0003%) in Russia to 2340 per
100,000 (2.3%) in Maharashtra, India.’

Many early studies were limited by their reliance on older imaging modal-
ities. Kennedy et al. (1986)10 used the keratometry and keratoscopy to
estimate the prevalence in Minnesota, USA as 54.5/100,000 (0.0545%).
More recent studies using videokeratography (topography) provide more
sensitive estimates.!! For example, a prevalence of 3.18% was recorded
in a population based study of Israeli Arabs,!2 consistent with other studies
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from Israel, Iran, and Lebanon.!3

Gordon—Shaag et. al (2015)14 provided an excellent summary of pub-
lished prevalence studies and emphasised the important methodological
differences between hospital or clinic based reports and population based
studies. Hospital based studies tend to underestimate true prevalence
because they fail to include asymptomatic patients, those with early dis-
ease and those being managed in a non hospital setting. Population based
studies are considered the gold standard for measuring prevalence, but
they can be also hampered by certain selection biases.!®> They highlight
important geographic variation in prevalence, as well as the increased
estimates that have resulted from newer imaging modalities.

Whilst the heterogeneous methodology of prevalence studies limits the
accuracy of direct comparisons between studies, it is clear that estimates
of prevalence hace increased over the last few decades. In fact, Ambrosio
et. al (2003)16 employed Atlas anterior corneal topography, biomicroscopy
and ultrasound pachymetry that found a keratoconus prevalence of 0.9% in
refractive surgery candidates, i.e. four times the upper range of estimate of
prevalence prior to 1966.17 A 2010 study in Yemen!8 using TMS-2 topogra-
phy, biomicroscopy and pachymetry found a combined keratoconus/forme—
fruste keratoconus prevalence in LASIK/PRK candidates of 5.8%, i.e. 25
times greater than the mean prior to 1966.1% However, in these studies,
sampled patients were candidates for keratorefractive surgery and as KC is
strongly associated with myopia the data exposed to self—selection bias.20

Middle Eastern and central Asian ethnicity is considered a risk factor
for keratoconus.?! Studies have reported prevalence of 2.3% in India,?2
2.34% among Arab students in Israel®® and 2.5% in Iran.24 Although
these studies had some methodological flaws, the concordance of results
supports a true prevalence in some Asiatic countries of similar magnitude.25
A lower prevalence of keratoconus in Japanese compared with Caucasian
populations has been reported.26

Estimates of annual incidence of keratoconus range from 1.4 to 600
cases per 100,000 population.27 However, there is paucity of recent studies
of incidence that have benefited from modern imaging technology and
diagnostic sensitivity. Assiri et. al (2005)28 reported an incidence of 20
per 100,000 per year in one Saudi Arabian province, although this was
likely to have been an underestimate given that the figure was based on
referrals to a tertiary clinic. Elsewhere, incidence has been estimated at
1.3/100,000/year in Denmark.2? Ethnic differences are influential, with an
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incidence of 25/100,000/year for Asians compared with 3.3/100,000/year

for Caucasians (p<0.001) having been demonstrated in a single catchment

area.’Y In a similar UK study, Pearson et. al (2000)3"1 demonstrated annual % Georgiou et al. 2004
incidence of keratoconus of 19.6/100,000 and 4.5/100,000 in Asian and % Pearson et al. 2000
Caucasian communities, respectively.

There are different techniques in order to try to halt the keratoconus
progression. For mild states of keratoconus, it is possible that spectacles,
rigid or soft contact lenses are enough to prevent its progression. However,
for severe states of keratoconus, there are other techniques to avoid the
corneal transplant (PK), such Cross—Linking (CXL) or additive surgery by
means of intrastromal corneal ring segments (ICRS) insertion.

All surgical operations involve their own risks that the patient is aware
of before undergoing any intervention. It seems logical to think that the
only surgeon’s experience is not enough to predict the optical changes that
the operations may produce. Therefore, “ophthalmic engineering” is born,
a new branch of knowledge based on in—silico models that simulate the
different surgeries that will take place in the eyes of the patients. Thanks
to them, surgeons are able to predict the optical outcomes after the inter-
vention. Not only that, surgeons can use these computer techniques to
propose improvements in the surgical interventions, or propose different
solutions to find the optimal one. Therefore, the main target of the current
thesis is to develop a methodology, which would be able to simulate the
surgery of intrastromal corneal ring segment.

2. Project Framework

The current thesis has been developed within the framework of a re-
search project of the Ministry of Economy and Competitiveness of the
Spanish Government.

Corneal tissue response to cross-linking treatment. Applica-
tion to keratoconus treatment (DPI12014 - 54981R)

This project is focused on the in vivo characterisation of corneal tissue.
The main aim is to establish new biomarkers to diagnose pathologies associ-
ated to its weakening: keratoconus or keratitis produced by Acanthamoeba.
The global objective of the project is to design a new methodology that will
allow to evaluate the mechanical behaviour of the corneal tissue in vivo,
so as to assess in the early diagnosis of pathologies linked to the tissue



38  Chapter 1: Introduction

weakening, as well as the evaluation of the Cross—Linking treatment.
Among all the tasks, those directly related with the present thesis are,

+ To develop a methodology to simulate intrastromal ring insertion surgery
as a treatment to stabilise keratoconus.

» To apply the methodology in cohort of virtual patient models to estimate
the optical correction, and to generate more general nomograms.

* Mechanical characterisation of the intrastromal rings using uniaxial
traction experiments combined with inverse analysis techniques.

Personal Funding
Contrato Predoctoral para la formacion de doctores

J. Flecha—Lescun received funding (4 years) from the Ministry of Econ-
omy and Competitiveness of the Government of Spain in order to make the

b PhD thesis in the University of Zaragoza, whose reference was BES-2015—
073630.
u Within the project, part of the budget was set aside to fund the 4—month
research stay at the Center of Biomedical Engineering (ARTORG), before
b . Institute for Surgical Technology and Biomechanics (ISTB), University of
UNIVERSITAT
BERN Bern (Bern, Switzerland).

Ibercaja—CAIl mobility program

J. Flecha—Lescun received funding (3 months) from the Ibercaja—CAl
mobility program to continue the research stay at Institute for Surgical
Technology and Biomechanics (ISTB), currently Center for Biomedical
Engineering Research (ARTORG), of University of Bern (Bern, Switzerland)
and to develop the research project entitled “Simulacion Numérica de
la Cirugia de insercion de Anillos Intrastromales para la Estabilizacion
del Queratocono (Numerical Simulation of the Intrastromal Ring Insertion
Surgery to the Stabilization of the Keratoconus)”. Reference IT 11/18.

3. Motivation

Keratoconus disease (see Figure 1.1.a) can appear due to genetic
factors, after surgical procedures, the massive use of digital screens or
eye rubbing. Keratoconus is a disease characterized by a weakening of
an area of the cornea and formation of a conical protrusion located in the
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lower—temporal plane and central zone. As a consequence, keratoconus
results in a reduction of visual acuity due to an irregular astigmatism and
elevated myopia resulting from asymmetric topographic changes in the
anterior surface of the cornea.32

There are different ways to try to stabilise the disease and avoid corneal
grafts through penetrating keratoplasty (PK). Two of most common tech-
niques are the cross—lingking (CXL) (see Figure 1.1.b)33 and additive
surgery by intrastromal corneal ring segment insertion (ICRS) (see Fig-
ure 1.1.c).34

In short, predicting postsurgical outcomes after intrastromal ring inser-
tion is a challenging. Current planning tools are empirical (nomograms)
and rely on the experience of the surgeon.:z’5 Unfortunately, there are no
deterministic tools able to estimate postsurgical visual outcomes for this
treatment. This thesis approaches the prediction of postsurgical outcomes
by using advanced computational models (finite element models), medical
imaging and geometrical optics.

The combination of these disciplines will enable a deeper understanding
of the visual impact of the treatment and, moreover, an estimation of the
stress state of the cornea after ring insertions, which is impossible to
measure with any clinical device available.

In—silico models have been used extensively in the field of ophthalmology
to try to predict the behaviour of the cornea, both biomechanically and

optically:

» Thanks to finite element model, it was possible to obtain the initial
configuration of the eyeball and to introduce the internal stress due to
the intraocular pressure.3¢

Figure 1.1: Keratoconus and
techniques to try to stabilise
it. (a) Keratoconus in cornea;
(b) Cross-linking technique in or-
der to halt the keratoconus pro-
gression; (c) Additive surgery to
try to stabilise the keratoconus,
the figure on top represents two
rings located within cornea, and
figure at bottom shows an opti-
cal coherence tomography (OCT)
of intrastromal corneal ring with
different section located within
corneal stroma.
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» The behaviour of the corneal tissue can be reproduced by hyperelastic
anisotropic models, such as the model from Gasser—Holzapfel-Ogden
(G—H-0) for arteries and to be introduced in cornea.?”

+ Patient—specific models have been successfully used to reproduce the
physiological behaviour of the cornea.3® In addition, it has been possible
to establish numerical values of the constants that define the models of

cornea material using deep—learning techniques.39

» The in—silico models are also used to check if the results of optical
devices, such as non—contact tonometers, are accurate enough.40

+ In addition, the in—silico models are used to study the accommodation

of the human lens.2!

+ Itis also possible to simulate optical devices such as lenses,*? and to
use numerical models to predict which lens best fits a given cornea.

To date, very few numerical studies have been carried out able to simu-
late the surgery of insertion of intrastromal rings and no agreement has
been reached as to which is the best technique since, although they are
very interesting studies, they were not exempt of limitations:*3 The corneal
material was always hyperelastic isotropic, some of them did not consider
the pre—stress of the corneal tissue or the boundary conditions were ap-
plied on the surface of the cornea to facilitate convergence. Therefore,
the motivation of the current thesis arises from the need to simulate the
intrastromal rings surgery and to understand the mechanical behaviour of
the cornea after the intervention. Thanks to an own ray—tracing algorithm,44
the optical response is obtained, achieving an opto—mechanical coupling.
The methodology is intended to be useful to clinicians, allowing them to
estimate the result of the operation before it is performed, to test different
surgical techniques, and to evaluate the effect of surgical variables on me-
chanical and optical outputs. Finally, it will be possible to build nomograms
which allow the estimation of the optical outputs according to the size and
typology of the ring and optical zone of implantation.

4. Objectives

The main objective of the present thesis is to establish a realistic nu-
merical framework to simulate intrastromal ring surgeries and estimate the
mechanical and optical postsurgical outcomes.
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This in—silico framework will:

» Enable the use of different intrastromal ring geometries (cross—section
shapes, sizes and diameters) for the same cornea.

* Yield an estimation of the optical effect of intrastromal rings.
+ Yield an estimation of the stress state of the cornea after ring insertion.

» Help to answer current open questions such as: Why is there corneal
extrusion? Is it true that continuous rings stiffen the cornea up to 2-3
times whilst instrastromal segments do not stiffen more than 1.574° * Daxer 2015

* Help to design deterministic nomograms that explicitely account for
corneal mechanics and geometry, intraocular pressure and surgical
features.

To achieve such a challenging goal, different subgoals have been estab-
lished:

To determine the best modelling strategy for simulating in-
trastromal ring surgeries

There are two main challenges concerning the simulation of the in-
trastromal ring surgery: first, how to create a continuous hole within the
corneal stroma that simulates the tunnel created with a femtosecond laser
(which will subsequently lodge the implant within the cornea) and how to
introduce the implant within such tunnel; second, the complexity of the
contact between the implant and the surfarces of the tunnel.

In particular, the following tasks were addressed:

» How to create a gap by removing elements. The proposed surgeries
are based on generating gaps to house the intrastromal implants in its
interior. Numerically, it consists of eliminating the group of finite elements
that belong to the surgery and waiting for a new state of equilibrium to
be reached with the generated gap. Thanks to the Abaqus tool *Mode/
Change it is possible to perform this action. The only drawback is it
necessary to perform it in Abaqus standard solver. Therefore, if it was
necessary to perform calculations in explicit solver, the import option to
couple the implicit—explicit calculations should be used.

» Pressure—based or displacement-based insertion of the implant within
the corneal stroma: how to “expand” the gap so that the implant can fit



42 Chapter 1: Introduction

in the tunnel. Two approaches were used: one based on expanding the
corneal tissue using pressure and another one on expanding the corneal
tissue using an auxiliary tool that displaces the tissue (i.e., similar to
angioplasty procedures). The first of the techniques, based on pressure
control, uses the *Fluid cavity Abaqus tool to generate a volume inside
the gap and introduce the ring. It has the advantage that it is not
necessary to incorporate an auxiliary model but has the disadvantage
that for commercial rings, it does not work properly since the contacts
are not established well. The second of the techniques developed has
the inconvenient that it is necessary to introduce an additional model to
generate the hole, but has the great advantage that it is able to generate
the geometry required for each case, saving computational resources.
In this case, the contacts between tool-tissue and ring—tissue are much
smoother favouring the convergence of the simulation.

To compare 2D axisymmetric and 3D simulations: to decide whether
we need 3D full simulations or not. This aspect is fundamental to be
able to implement simulations in a computer cluster that help to predict
what happens in reality (3D models), and to obtain valid conclusions to
generate nomograms which help the clinicians to improve the planning
of the surgery.

To use rings with different cross—sections: generic cross—sections (cir-
cular or ellipsoidal cross—sections which are easier for the contact),
and commercial cross—sections such as Ferrara or Keraring (triangular),
Intacs (hexagonal) or MyoRing. Thanks to the study of the insertion
of different types of rings, it will be possible to check which rings are
able to stabilise the keratoconus, which rings should be used according
to the different degrees of keratoconus severity, or which of the types
introduces greater correction without increasing too much the internal
stress of the corneal tissue.

To discern whether anisotropy is needed or not. To date, no in—silico
study has performed ring insertion considering the anisotropy of the
corneal tissue. Therefore, it is important to evaluate whether there are
both mechanical and optical differences to consider this factor in the
average models and their subsequent adaptation to specific patient
models.
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To understand corneal biomechanics after intrastromal ring
implantation from an optomechanical standpoint

First, it will be necessary to validate the trends of the model with refer-
ence to clinical trends. Second, the following step, once the models are
validates, is to understand the biomechanics of the cornea, i.e, stress distri-
bution after implant insertion. Finally, we will be able to give a mechanical
point of view in order to answer the open questions in the Ophthalmological
community.

To apply in-silico models on a first approximation to me-
chanical nomograms

We apply the previous knowledge to run a cohort of virtual patients
for MyoRing in order to draft a mechanical nomogram. Thanks to these
nomograms, we will be able to determine the correction that is achieved
according to the variables that define the surgery, i.e., depth, optical zone
of implantation, size of the ring, etc. After all the calculations have been
made for a cohort of virtual patients, it is possible to extract conclusions
about the variables that most affect the outcomes both from the mechanical
and optical point of view. The combination of these two results can help
not only to better plan the surgery but also to select the ring that provides
better mechanical and optical results.

To characterise the mechanics of the implants

Finally, a mechanical characterisation of the rings was proposed based
on the combinations of the uniaxial experimental test and the in-silico
models. Combining uniaxial tensor tests with in—silico models can be
determined for the mechanical characterisation of the two ring typologies
analyzed (Ferrara Ophthalmic S.L and Intacs, Addition Technology Inc.). In
addition, we will be able to answer if the milling procedure is affecting the
mechanical properties or not.

5. Organisation of the thesis

This Doctoral thesis follows a traditional structure organised by chapter
(see the thesis scheme in Figure 1.2): Chapter 1 serves as an introduction.
Chapter 2 acts as a point of connection between the introduction and the
main body of the thesis, explaining the anatomy of the eye including its most
representative parts, then the disease of keratoconus is commented, and
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6 Flecha-Lescun et al. 2018
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the different ways in which clinicians try to stabilise it, with special interest in
the treatment of additive surgery by means of intrastromal corneal ring seg-
ments. Both Chapter 3 and 4 explains the different methodologies used to
simulate the insertion of the rings within corneal stroma. Chapter 5 focuses
on answering several open questions of the ophthalmological community.
Chapter 6 aims to generate a preliminary nomogram able to estimate the
optical correction according to the MyoRing inserted. Chapter 7, mechani-
cal study of the rings to characterize its material. Finally, Chapter 8 serves
as final conclusions and to explain the futures lines opened from the current
thesis.

Chapter 1: Introduction.
Scope, motivation and objectives of the current PhD thesis.

Chapter 2: Eye, Keratoconus and treatments for corneal ectasia.
This chapter focuses on describing the anatomy of the eye and its main
parts such as the cornea, limbus and sclera, explaining keratoconus dis-
ease and the techniques ophthalmologists use to treat the progression
of this disease. In addition, the different commercial intrastromal rings
are exposed, from the mechanical and geometric point of view, which is
key to be enable to perform computational models.

Chapter 3: Pressure—based ICRS implantation.

This chapter copes with the first methodology developed to mimic the
intrastromar corneal ring segment surgery. This work is based on
generating a hole large enough to house the implants by means of
a pressure control. The Abaqus tool used was *Fluid cavity. All the
related information of this chapter is published in “Template—based
methodology for the simulation of intracorneal segment ring implantation
in human corneas”. Biomechanics and Modeling in Mechanobiology,
2019, Impact Factor (IF): 2.527. Q2: 42/87 Biomedical Engineering.
Web of Knowledge (inCite JCR).*

Chapter 4: Displacement—based ICRS implantation.
This chapter copes with the second methodology proposed to simulate
the ICRS insertion surgery. The methodology is based on the approach
used in balloon angioplasty to introduce endovascular stents.*” With
this novel methodology, we were able to simulate the insertion commer-
cial rings of different cross—section and size within corneal stroma and
evaluate the opto—mechanical outcomes. Besides, it is the first study
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which introduces the anisotropy of the cornea in the simulation of ICRS
insertion. Finally, the friction between ring and tissue was evaluated.
All the related information of this chapter is under revision in “Mod-
elling strategies for the simulation of corneal intrastromal ring surgeries

48

(Annals of Biomedical Engineering, 2020) (Under preparation). * Flecha-Lescun et al. a

Chapter 5: Corneal biomechanics after intrastromal surgery.
This chapter attempts to answer open questions in the ophthalmological
world about what happens to the cornea, biomechanically speaking,
when a ring is inserted into the corneal stroma using in—silico models
that reproduce generic elliptical section ring insertion surgery. The hy-
pothesis that the volume introduced is more important than the shape of
the cross—section is strengthened. In addition, it is studied if this implant
can act as a second limbus. All the related information of this chapter
is published in “Corneal biomechanics after intrastromal ring surgery:
optomechanical in-silico assessment”. Translational Vision Science and
Technology, 2020, IF: 2.112 (2019). Q2: 28/60 Ophthalmology. Web of
Knowledge (inCite JC:‘?).49  Flecha-Lescun” et al. 2020

Chapter 6: Mechanical nomograms: application to MyoRing.

The main aim of this chapter is the application of the displacement based
methodology to the insertion of commercial continuous rings, MyoRing.
From the automatic meshing, a cohort of virtual patients was generated
in order to generate nomograms which help surgeons to plan better the
surgery. Thanks this results, it was possible to evaluate the different
variables involved in the surgery and to observe which of them have the
greatest influence on the optics after the simulation of the surgery.

Chapter 7: Mechanical Characterisaton of ICRS.
This chapter copes with the mechanical characterisation of the intrastro-
mal corneal ring segments. Uniaxial traction tests are performed, as
well as models in—silico that reproduce the test to perform the charac-
terisation. All the related information of this chapter is under revision in
“Mechanical characterization of intrastromal corneal ring implants” (Jour-
nal of the Mechanical behavior of Biomedical Materials, 2020).(Under

preparation)50 % Flecha-Lescun et al. b

Chapter 8: Outcomes and Future Lines.
This chapter contains the main conclusions of the current work, and



46  Chapter 1: Introduction

research lines which are currently opened and constitute the main future
lines of a post—doctoral research.

Appendix I: Resumen y Conclusiones en Espanol.
This appendix contains the information of the Summary and Conclusions
to Spanish (required by the University of Zaragoza).

Appendix lI: Publications.
In this appendix appears the title page of those articles already pub-
lished.

Appendix lll: Automatic model mesh to generate in-silico models.
This appendix aims to develop all the information concerning the au-
tomatic mesh proposed in the current thesis. With this automatic tool,
virtual patient meshes can be prepared to evaluate not only different
geometries but also to study the effects of surgical variables such as
depth, diameter of the implantation area, ring size, etc.

Appendix IV: Additional Results.
This appendix incorporates additional results which has been obtained
in the clinical works (Chapters 5 and 6).

Appendix V: Abbreviations.
This appendix shows the description of overall abbreviations used in the
current thesis.
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Figure 1.2: Scheme of the PhD thesis. Structure of the thesis organisation which was born from necessity of understand the ICRS
surgery. Two methodology of ICRS insertion has been proposed (Chapter 3 and 4), but only the second one had a good convergence.
From the methodology based on displacement, arise the applications: Biophysics of the problem (Chapter 5) and Influence of the
surgery variables in MyoRing insertion (Chapter 6). In parallel, other study appeared: Mechanical characterisation of the rings through
uniaxial traction test (Chapter 7).
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Figure 2.1: Diagram illustrat-
ing anatomical planes of refer-
ence. 1. Median or mid—sagittal
plane; 2. Posterior; 3. Superior;
4. Inferior; 5. Medial; 6. Lateral;
7. Horizontal plane; 8. Anterior;
9. Coronal plane.

1. Introduction

The eye is a specialised organ of photoreception, the process by which
light energy from the environment produces changes in specialised nerve
cells in the retina, the rods and cones. These changes result in nerve action
potentials, which are subsequently relayed to the optic nerve and then to
the brain, where the information is processed and, as a consequence,
appreciated as vision. All the other structures in the eye are secondary to
this basic physiological process, although they may be part of the system
necessary for focusing and transmitting the light to the retina, for instance:
cornea, lens, iris and ciliary body, or they may be necessary for nourishing
and supporting the tissues of the eye, for example the choroid, aqueous
outflow system and lacrima apparatus.

2. Eye Anatomy

2.1. Anatomical terms of reference

The internationally accepted terminology for description of the relations
and position of structures in the body requires reference to a series of
imaginary planes (see Figure 2.1). Thus, relative positions of anatomical
structures are referred to in terms of:

Medial Plane: nearer the median or mid—sagittal plane.
Lateral Plane: away from this plane.
Anterior Plane: refers to the front surface of the body.

Posterior Plane: makes reference to the back surface of the body.

Superior Plane: (cranial or rostral) or inferior (caudal) refer to vertical
position.

Superficial and deep: specify distance from the surface of the body.
A combination of this terms can be used to describe the relative position

of structures that do not fit exactly any of the other terms, for instance,
ventrolateral, posteromedial, etc.
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2.2. General shape, size and position of the eye

The eye (see Figure 2.2) is approximately a sphere of 2.5 cm in diameter
with a volume of 6.5 ml. However, in reality it is part of two spheres, a
smaller one anteriorly, the cornea, that has a greater curvature than the
sclera, which constitutes the large sphere. The cornea forms one-sixth of
the circumference of the globe and has a radius of 7.8 mm; the remaining
five-sixths is formed by the sclera, which has a radius of 11.5 mm. There
is variation in size between individuals but the average axial length of
the globe is 24 mm (range 21-26 mm). The diameter is 23 mm and
the horizontal length approximately 23.5 mm. Small eyes (<20 mm) are
hyperopic or hypermetropic, while large eyes (26-29 mm) are myopic. The
eye is situated in the anterior portion of the orbit, closer to the lateral
than the medial wall and nearer the roof than the floor. The eye is made
up of three basic layers or coats, often known as tunics. These are the
fibrous (corneoscleral) coat, the uvea or uvea tract (composed of choroid,
cilirialy body and iris), and the neural layer (retina). The coats surround
the contents, namely the lens and the transparent media (aqueous humour
and vitreous body).

Together, the cornea and sclera form a tough fibrous coat which also
provides important structural support for intraocular contents and for ex-
traocular muscle attachment. The cornea meets the sclera at a region
known as the limbus or corneoscleral junction.

2.3. Cornea

The surface of the cornea (air-tissue interface) and associated tear film
are responsible for most of the refraction of the eye. The transparency of
the cornea is the most important property, although because of its highly
exposed position it must also present a tough physical barrier to trauma and
infection. Corneal transparency is the result of a number of related factors:
its avascularity; the regularity and smoothness of the covering epithelium;
and the regular arrangement of the extracellular and cellular components
in the stroma, which is dependent on the state of hydration, metabolism
and nutrition of the stromal elements.

2.3.1. Shape

The cornea is smaller in the vertical than in the horizontal diameter.
However, viewed from behind, the circumference appears circular. The
central radius is 7.8 mm with the peripheral corneal curvature being less
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Figure 2.2: Schematic diagram
of the human eye in horizon-
tal section revealing the major
components and the arrange-
ment of the three layers. Cor-
neoscleral envelope (blue), the
uveal tract (orange), and the in-
ner neural layer (green). Parts
of the Eye: 1. Corneal epithe-
lium; 2. Cornea; 3. Iridocorneal
angle; 4. Limbus; 5. Canal of
Schlemm; 6. Pars plana; 7. Ora
serrata; 8. Rectus muscle tendon
and belly; 9. Sclera; 10. Fovea;
11. Lamina cribrosa; 12. Sub-
arachnoid space; 13. Dura mater;
14. Optic nerve; 15. Retina (neu-
ral layer); 16. Retinal pigment ep-
ithelium; 17. Choroid; 18. Lens
zonules; 19. Posterior chamber;
20. Ciliary body; 21. Conjuntiva;
22. Iris; 23. Pupil; 24. Lens;
25. Vitreous; 26. Hyaloid (Clo-
quet’s) canal; 27. Optic disk.

" All values are the average of
population.

marked. The cornea is also thicker at the periphery (0.67 mm) than in the
centre (0.52 mm).1

2.3.2. Structure

The cornea is composed of five layers (see Figure 2.3):

Corneal epithelium: the corneal epithelium is a stratified (possessing five
or six layers) squamous non—keratinized epithelium (the superficial cells
are flattened, nucleated and non—keratinized). It is 50—-60 pm in thick-
ness and adjacent cells are held together by numerous desmosomes
and to the underlying basal lamina by hemidesmosomes and anchoring
filaments. The anterior surface of the corneal epithelium is characterised
by numerous microvilli and microplicae (ridges) whose glycocalyx coat
interacts with, and helps stabilise, the precorneal tear film. New cells
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are derived from mitotic activity in the limbal basal cell layer and these Endothelium  Epithelium
displace existing cells both superficially and centripetally. The corneal
epithelium responds rapidly to repair disruptions in its integrity by amoe-
boid sliding movements of cells on the wound margin followed by cell
replication. The basal epithelial cells rest on a thin, but prominent, basal
lamina (lamina lucida, 25 nm; lamina densa, 50 nm). Corneal epithelial
adhesion maintained by a basement membrane complex, which anchors
the epithelium to Bowman'’s layer via complex mesh of anchoring fibrils
(type VIl collagen) and anchoring plaques (type VI collagen), which Descement's ~ Bowman's
interact with the lamina densa and the collagen fibrils of Bowman'’s layer. Membrane Membrane

The corneal epithelium is devoid of melanocytes. Myeloid-derived major Figure 2.3: Structure of cornea.

histocompatibility complex (MHC) class Il antigen-positive dendritic cell Conceptual diagram of the dif-
(Langerhans cells) are present in the limbus and peripheral cornea, but ferent corneal layers: from the

. . . \ . . most external layer (Epithelium)
decline sharply in density in a centripetal gradient, and are rare in the to the most internal layer (En-
central cornea. However, MHC classll-negative dendritic cells have dothelium). Stroma represents al-

most the 90% of the corneal thick-
ness.

been identified in the mouse central cornea and recent in—vivo confocal
microscopy (IVCM) suggests that the normal human central corneal
epithelium contains dendritic cells although their immunophenotype can-
not be ascertained from ICVM. The comparative paucity of potential
antigenpresentening cells, such as dendritic cells, and the avascular
nature of the cornea are considered crucial factors to the success of
corneal grafting.

Anterior limiting lamina (Bowman’s layer): Bowman’s layer (a modified
acellular region of the stroma; 8-12 um thick) consists of fine, randomly
arranged, collagen fibrils (20-30 nm diameter, types |, lll, V and VI). The
anterior surface is well delineated and is separated from the epithelium
by the thin basal lamina, while the posterior boundary merges with the
stroma. Bowman'’s layer terminates abruptly at the limbus.

Substantia propria or corneal stroma: the corneal stroma is a dense
connective tissue of remarkable regularity. It makes up the vast majority
of the cornea and consists predominantly of 2 um thick, flattened, col-
lagenous lamellae (200—250 layers) oriented parallelly to the corneal
surface and continuous with the sclera at the limbus. Between the
lamellae lie extremely flattened, modified fibroblasts known as kerato-
cytes. These cells are stellate in shape with thin cytoplasmic extensions
containing conspicuously few distinctive organelles when viewed in con-
ventional cross-sections. However, frontal sections reveal an abundance
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of organelles and a novel network of fenestrations on their surface which
may facilitate the diffusion of metabolites or the mechanical “anchorch-
ing” or attachment of collagen bundles. The density of keratocytes in
the anterior stroma is 20,000—-24,000 cells/mm? and that density de-
creases posteriorly before increasing again near Desgemet’s membrane.
Keratocytes are connected by gap junctions to their neighbouring cells
and arranged on a corkscrew pattern spiralling from the epithelium to
the endothelium. The collagenous lamellae form a highly organised
orthogonal ply, adjacent lamellae being oriented at right angles, with
the exception of the anterior third in which the lamellae display a more
oblique orientation. The collagen fibres are predominantly of type |
(80 nm diameter, 64-70 nm banding) with some type Ill, V and VI also
present. The transparency of the cornea is highly dependent on the
regular diameter (influenced by the presence of type V collagen in par-
ticular) and spacing of the collagen fibres (interfibrillary distance), which
in turn is regulated by glycosaminoglycans (GAG) and proteoglycans
forming bridges between the collagen fibrils. The GAGs in the human
cornea are predominantly keratan sulphate and chondroitin (dermatan)
sulphates. The corneal stroma normally contains no blood or lymphatic
vessels, but sensory nerve fibres are present in the anterior layers en
route to the epithelium.

Posterior limiting lamina (Descemet’s membrane): This is a thin, ho-
mogeneous, discrete, periodic acid—Schiff—positive layer between the
posterior stroma and the endothelium, from which it can become de-
tached. Itis 8—12 um in thickness and represents the modified basement
membrane of the corneal endothelium. It consists of two parts, an ante-
rior third that is banded and a homogeneous or non-banded posterior
two-—thirds. It is rich in basement membrane glycoproteins, laminin and
type IV collagen. The anterior banded region is reported to contain type
VIl collagen. Types V and VI collagen may be involved in maintain-
ing adherence at the interface of Des¢gemet’s membrane with the most
posterior lamellae of the stroma. Desgemet’s membrane is continuous
peripherally with the cortical zone of the trabeculae in the trabecular
meshwork. Microscopic wart-like protuberances (Hassall-Henle bodies)
containing “long banded” (100 nm) deposits of unknown nature appear
in the periphery of Desgemet’s membrane with age. It is frequently
thickened at its peripheral termination (Schwalbe’s line, the anterior limit
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of the trabecular meshwork). If disrupted, Desgemet’'s membrane tends
to curl inwards towards the anterior chamber.

Corneal endothelium: This layer, a simple squamous epithelium on the
posterior surface of the cornea, has a critical role in maintaining corneal
hydration and thus transparency. Fluid is constantly being lost via
evaporation at the ocular surface, a fact illustrated by increased cornea
thickness after a night of lid closure and when an impermeabile lens is
placed over the epithelium. The endothelial cells rest on Desgemet’s
membrane and form an uninterrupted polygonal or hexagonal array,
or mosaic, which can be clearly seen in vivo with the aid of specular
microscopy and in vivo confocal microscopy. The cells are 5-6 um
in height and 18-20 um in diameter. Their lateral surfaces are highly
interdigitated and possess apical junctional complexes that, together with
abundant cytoplascmic organelles including mitochondria, are indicative
of their crucial role in active fluid transport.

2.3.3. Nerve supply of the cornea

The cornea is richly supplied by sensory fibres derived from the oph-
thalmic division of the trigeminal nerve, mainly via long ciliary nerves.
Occasionally the inferior cornea receives some branches from the maxillary
division of the trigeminal. Nerve bundles enter the peripheral cornea in a
radial manner and as they travel centrally below the anterior one—third of the
stroma and approximately 1 mm from the limbus they lose their perineurium
and myelin sheaths. This alteration in myelination is thought to be related
to the importance for transparency. They divide into smaller branches and
begin to change direction towards the epithelium where they must pierce
Bowman’s layer, whereupon they further divide into smaller bundles to form
the subepithelial or subbasal plexus in the interface between Bowman’s
layer and the basal aspect of the cornea epithelium. There are apparently
no specialised end organs associated with these terminal axons, which are
predominantly within the size range 0.1-0.5 um consistent with A—delta
and C fibres that function to transmit the sensory modalities of pain and
temperature. Individual beaded fibres penetrate the epithelial layers and
terminate in the superficial layers in the form of an intraepithelial plexus.
There are approximately 7,000 nociceptors per mm? in the human corneal
epithelium.
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2.3.4. Material models

It can be deduced from anatomy of the eye that cornea is a highly
porous tissue formed by a laminar structure. To sum up and although it
has a high water content (=80%), the cornea is formed by three main
layers: the epithelium, the endothelium, and the central stroma (see in
Figure 2.3). Apart from the main layers, there are two additional layers
which connect the epithelium and the endothelium with the stroma: Bowman
and Descemet’s membranes.? In spite of the constitution of each layer is
different, the most important is the stroma, which represents the 90% of
the corneal thickness. Its structure presents several overlapping collagen
lamelae composed of bundles of collagen fibrils surrounded by a gelatinous
matrix mostly composed of glycoproteins. The microstructure of the stroma
is highly heterogeneous, depending on the specific region and corneal
layer being evaluated.> The anterior stromal lamellae are more closely
packed and less hydrated than the posterior stroma, with stronger junctions
between collagen lamellas. Thus, the anterior stroma is suggested to
hold a main role in maintaining the corneal strength and curvature. This
anisotropy in the stromal architecture is also suggested to result in an
anisotropic mechanical behaviour of the corneal tissue, being supported
by experimental and clinical studies* However, due to the material of the
implants is stiffer than the cornea, hyperelastic model has been used to
model it in the numerical studies.®

Three different models has been used in the current thesis:

Neo—Hokean Model
In Chapter 3, where the opening of the gap to house the implant is
made by means of pressure control, the cornea was modelled as a
Neo—Hookean hyperelastic material (see in Equation 2.1). In addition,
due to the difference in rigidity between the corneal material and the
ring, it is not such an important variable.

2
]el

— 1 B
¥N = %' ( > 1n(kz)> +cN- (-3 @1

where C{\(’) is the parameter of the Neo—Hookean model I is the first
invariant of the modified right Cauchy-Green tensor C = ]872/3(:, Jer is
the elastic volumen ratio, and % is the bulk modulus.

i
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Finally, we did not try to reproduce exactly the topography but the
difference between pre- and post—surgical, and observe the aberrations
that are introduced when implying a ring in an average healthy eye or
an eye with central keratoconus.

Yeoh Model
In Chapter 4, the material was changed to a Yeoh hyperelastic model
(see in Equation 2.2) in which the behaviour of the material is softer at
the beginning and then stiffer at the end. The material constants are
calculated according to the tangent module of the material considered

in Ariza—Gracia et al. (2016)6 where the fibres are considered. ® Ariza-Gracia et al. 2016
& 7 w1 2k
Py =3 Co-(L=3)+) = -(J-1) (22)
i=1 k=1 Dk

where C;y are the material parameters, I is the first invariant of the
modified right Cauchy—Green tensor, 1/ Dy, is the bulk modulus and | is
the determinant of the modified right Cauchy—Green tensor.

Combination of the Demiray and Gasser—Holzapfel-Ogden model
Finally, to continue with the complete validation, and due to the fact that
it is impossible to add the reinforced material caused by the fibres in
axisymmetric model, the anisotropy of the eye is introduced using the
same model to Ariza—Gracia et al. (2016)7 in tridimensional model (see 7 Ariza-Gracia et al. 2016
in Equation 2.3).

N
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with Eq =« (i —3) + (1 =3x) - (Iy(ue) — 1)
(2.3)

where the first term of the equation refers to the matrix where the fibres
are embedded, the second term refers to the behaviour of the families
of fibres considered for the cornea and the last term is the volumetric
term. The families of fibres considered are 2 orthogonal to each other.
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2.4. Sclera

The sclera forms the main part of the outer fibrous coat of the eye
and functions both to protect the intraocular contents and to maintain the
shape of the globe when distended by intrinsic intraocular pressure. The
globe is maintained even during contraction of the extraocular muscles,
whose tendons insert in its surface. The sclera is relatively avascular and in
adults appears white externally. The viscoelastic nature of the sclera (great
tensile, strength, extensibility and flexibility) allows only limited distension
and contraction to accommodate minor variations in intraocular pressure.

The sclera is thicker posteriorly (1 mm) and thinner (0.3-0.4 mm) behind
the insertions of the aponeurotic tendons of the extraocular muscles. It is
covered by the fascia bulbi posteriorly and the conjunctiva anteriorly. The
sclera consists of dense irregular connective tissue comprising extracel-
lular matrix and matrix-secreting fibroblasts. The matrix consits mainly of
collagen type |, although types llI, IV, V, VI, VIII, Xl and XIII have been
identified.8 Unlike the cornea, the scleral collagenous lamellae are irreg-
ularly arranged and are interspersed with elastic fibres, each consisting
of an elastin core surrounded by longitudinally arranged microfibrils com-
posed of a number of glycoproteins including fibrillin. The opaque nature
of the sclera, in contrast to the transparency of the cornea, can be partly
ascribed to this irregular arrangement of the collagen fibres, but also to the
variable fibre diameter (25—-250 nm), variable and irregular fibrillar spacing,
higher water content, and the reduced coating of the GAGs on collagen
fibres. Indeed, the sclera contains one-quarter of the proteoglycan and
GAG content of the cornea. Dermatan sulphate and chondroitin sulphate
proteoglycans are the most abundant in the sclera.

Collagen fibrils take up tensile force and are aligned with the direction
of the greatest tensile strength. The arrangements of scleral collagen can
be studied using the “split—line” technique, which has revealed that the
collagen fibrils in the outer sclera are arranged in bundles that course in
whorls, loops and arches, particularly around the muscle insertions and
optic nerve. The collagen fibrils on the internal aspect of the sclera are
arranged in a rhombic pattern.

The sclera extends anteriorly from the limbus to the lamina cribrosa
posteriorly. The scleral collagen fibrils are arranged in circles or figure—of—
eight patterns at the lamina cribrosa. Histologically, the sclera has three
layers: the lamina fusca, stroma and episclera.
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2.4.1. Material model

The sclera is only considered in the methodology developed in Chapter 3.
It follows a Yeoh hyperlastic model (see Equation 2.2) with the constants
taken from the model of Ariza—Gracia et al. (2016):9 Cio = 0.81 MPa, 9 Ariza-Gracia et al. 2016
Cyo = 56.050 MPa, C39 = 2,332.26 MPa, D; = 0 MPa™.

2.5. Limbus

It is becoming increasingly appreciated that the /imbus is more than
the border zone between the cornea and sclera; it has multiple functions
including nourishment of the peripheral cornea, corneal wound healing,
immunosurveillance of the ocular surface and hypersensitivity response; it
contains the pathways of aqueous humour outflow and is thus involved in
the control of intraocular pressure.

The limbus is 1.5-2.0 mm in width and the change in the radius of
curvature between the sclera and cornea produces a shallow external
scleral sulcus and an internal scleral sulcus; the latter is deepened by the
scleral spur and houses the canal of Schlemm and trabecular meshwork.
The longitudinally ciliary muscle fibres attach to the posterior aspect of
the scleral spur, and its anterior surface gives rise to the corneoscleral
trabeculae.

Several important transitions take place at the limbus:

» The regularly arranged corneal lamellae give way to the more random
array of lamellae in the sclera. The corneal termination is V—shaped.

+ The stratified squamous non—keratinized corneal epithelium with its par-
allel internal and external surfaces gives way to conjunctival epithelium,
characterised by a folded basal surface and interdigitating subepithelial
connective tissue (sometimes forming distinct papillae).

» The conjunctival epithelium contains goblet cells and a rich network of
MHC class II* CD11c* dendritic (Langerhans) cells.

+ Loops or arcades of conjunctival capillaries (derived from the anterior
ciliary arteries) and lymphatic capillaries terminate at the limbus. The
smaller vessels are not under neuronal control and are particularly
susceptible to the effects of vasoactive amines (e.g. histamine, leu-
kotrienes, prostaglandins) released by local immune cells (see below).

+ Descemet’s membrane and Bowman'’s layer terminate in this region.
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» The loose conjunctival subepithelial vascularised connective tissue (sub-
stantia propria), containing immunocompetent cell types such as mast
cells, plasma cells and lymphocytes, tapers off at the limbus and is
absent in the cornea.

2.5.1. Material model

Finally, although the limbus also presents a circumferential direction of
fibres,10 it was modelled as a Neo—Hokean model (see Equation 2.1) being
C19 = 0.05 MPa.

3. Keratoconus disease

Keratoconus is an idiopathic, non—inflammatory and degenerative corneal
disease that typically develops in the inferior-temporal and central zones,
mainly.11 Despite its ethiology being still partially unknown,!? corneas
with keratoconus or ectasia present a loss of organisation in the corneal
collagen fibrils that results in a localised thinning and a conical protrusion
(see Figure 2.4.a—b).13 In KC, the corneal surface presents a progressive
asymmetric deformation with irregular astigmatism and high myopia that
t1% and targets on young to
mid-age patients, appearing during the adolescence and progressing until

worsens visual acuity.14 KC is ethnic-dependen

maturity. 1 Although its incidence is low, 0.05-2.5%, the absence of a cure
and its long—term blinding effects put KC on the spot (see Figure 2.4).

3.1. Factors that promote the development of keratoconus
3.1.1. Environmental and Genetic Factors

Keratoconus is thought to be caused by a complex interplay of envi-
ronmental and genetic factors, as well as biomechanical and biochemical
disorders.!” Whilst their exact nature remains unclear, the relevance of
environment and genetic factors explains the wide variation in prevalence
across geographic areas. Varying prevalence among groups of different
ethnicity living in the same geographic location suggests a genetic basis for
disease. For instance, higher prevalence than the British average has been
found in Indian, Pakistani and Bangladeshi communities living in the United
Kingdom.18 Further evidence of a genetic basis to the disease includes a
significant association with consanguinity;19 for example, in one study, 10%
of patients with keratoconus had a family history of the disease, compared
with just 0.05% of the age-matched control group.2’ While both dominant
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and recessive patterns of autosomal inheritance have been proposed,21

most cases of keratoconus to date have been deemed sporadic.22
Current thinking is that geographic variations in prevalence can be
explained by specific environmental factors promoting the expression of
genetic factors related to ethnicity.23 This may occur through epigenetic
modifications including DNA methylation, which alters gene expression
and subsequent phenotype.24 Epigenetic modifications may result from
environmental stressors including toxins and microbial exposure,25 but the
most widely discussed are ultraviolet light exposure and eye rubbing.26

3.1.2. Ultraviolet Light Exposure

Higher prevalence of keratoconus has been identified in Saudi Arabia,2”
Iran,?8 New Zealand,?’ Israel®® and some Pacific Islands popula’[ions..31
One explanation for this distribution is that these are areas with high ul-
traviolet (UVA) light exposure (an environmental factor widely implicated
in keratoconus).32 Excess UV exposure may be geographical in origin
(latitudinal and altitudinal), or related to outdoor pursuits including work and
leisure activities. It is proposed that UV light increase the production of
reactive oxygen species within the cornea®? and that keratoconic corneas
lack the ability to process excess reactive oxygen species3'4 which leads to

oxidative stress, cytotoxicity and corneal thinning.35

3.1.3. Eye Rubbing and Allergy

The association between eye rubbing and keratoconus was first de-
scribed in 1956.3¢ While some studies have found simular rates of eye
rubbing among patients with keratoconus and normal controls,3” the asso-

Figure 2.4: Form of kerato-
conus. (a) Schematic form of ker-
atoconus, the image on the left
shows a normal cornea and the
image on the right represents a
cornea with keratoconus; (b) ker-
atoconus in cornea where ap-
pears the typical conical protu-
sion caused by a loss of organisa-
tion in the corneal collagen fibrils;
(c) Topographic tangential map of
a keratoconus in showman form.
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ciation with eye rubbing is now widely accepted.38

Recurrent epithelial trauma may cause epigenetic modifications that
facilitate the gene expression required for development of keratoconus.?
Raised intraocular pressure caused by eye rubbing has also been cited
as a contributory factor.40 In hot and dry climates, high levels of dust may
induce frequent eye rubbing, providing another potential explanations for
the higher prevalence in these areas.?!

The prevalence of atopic/allergic disease in developed countries has
risen in recent years,*2 and similar increases in keratoconus could be
related to this.*3 Similar to keratoconus, the aetiology of atopy is thought
to be a combination of geneteic and environmental factors, linked via
epigenetic modifications.** Whilst allergic eye disease causes itch that
leads to the urge for patients to rub their eyes, atopy is common in the
general population as well as the population of keratoconics. Some studies
have recorded low correlations between atopy and keratoconus in large
series® but other have reported strong associations. ¢

More recently, using univariate analysis, Bawazeer et. al (2000)*
found that keratoconus was associated with eye rubbing, atopy and family
history. However, multivariate analysis of the same data by the same
group revealed eye rubbing as the only significant predictor of disease.*8
Therefore, while atopy may contribute to keratoconus, it is thought to be
caused more frequently through the promotion of eye rubbing than the
atopic process itself.4

3.1.4. Gender

There is not a correspondence on the keratoconus evolution between
males and females. While some studies demonstrated the preponderance
of 53%, 57%, 65%, and 66%> female dominance, others affirmed the male
preponderance of 62%, 53%, 57%, and 59%.51 However, Kennedy et. al
(1986)52 assured no significant gender difference and overall keratoconus
is not considered to favour one gender over the other.

3.1.5. Age

Keratoconus is a disease of adolescence and young adulthood typically
presenting between the ages of 20 and 30 years,53 and diagnosis uncom-
mon after the age of 35 years.54 An exception to this is the diagnosis
of older patients when presenting for other reasons, e.g. as candidates
for cataract or keratorefractive surgery, where ectasia went undetected in
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earlier life due to either mild symptoms or less sophisticated imaging.

It should be noted that age of diagnosis is quite different from age of
onset, and the latency between the two remains unclear. Younger age of
onset predicts greater severi'[y,55 faster progression and/or shorter time to
penetrating keratoplasty.56 Early diagnosis of keratoconus is crucial, as
treatment including corneal collagen cross—linking can now be offered to
arrest disease progression, and this has been facilitated by recent advances
in imaging. In a finnish cohort, Ihalainen (1986)57 reported that 73% of
patients were aged 24 years or below at the first onset of symptoms, with a
mean age of 18 years. Olivares—Jimenez et. al (2008)58 reported a mean
age of symptom onset of 15.39 years in a Spanish cohort. Again, ethnic
differences are apparent, with Asians having a significantly lower age (4-5
years less) of first presentation compared with Caucasians.”®

Low number of patients reported as diagnosed with keratoconus aged
over 50 years are somewhat surprising given the chronic nature of the

disease.?0

3.1.6. Associations with other Diseases

Keratoconus has been associated with several other syndromic condi-
tions. This has helped understand both the epidemiology and pathophysiol-
ogy of the disease.

Down Syndrome: Patients with Down syndrome tend to have a higher

than average prevalence of keratoconus®?

varying between 0 and 30%
across several studies. However, some works did not find keratoconus
among 157 children with Down syndrome aged 1 month — 18 years,62
and a similar finding was reported in separated studies of Malaysian and
Chinese children.®® Therefore, it is unclear whether the higher preva-
lence of keratoconus in some populations of Down syndrome is related
to eye rubbing and atopy, or some other phenotypic consequences of

the chromosomal abnormality.

Leber’s Congenital Amaurosis: Keratoconus is more commonly found
with Leber’s congenital amaurosis (LCA) than other hereditary blinding
disease.®* While some hypothesise that eye rubbing due to poor vision
is the associating factor, it is now considered more likely to be genetic
factors that link keratoconus with LCA.®

Connective Tissue Dissorders: Connective tissue disorders encompass
a wide range of conditions characterised by defective collagen or elastin.

% Caroline et al. 2008

% Caroline et al. 2008

57 Ihalainen 1986

% Caroline et al. 2008

%9 Georgiou et al. 2004, Pearson
et al. 2000, Cozma et al. 2004

% Gordon-Shaag et al. 2015

6" van Splunder et al. 2004

%2 Fimiani et al. 2007

53 Fimiani et al. 2007, Garcia-
Garcia and Belmonte-Martinez
2008, Koppen et al. 2010

54 Elder 1994

% Elder 1994
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Several of this syndromes have been associated with keratoconus:
Mitral Valve Prolapse,66 Ehlers—Danlos Syndrome,67 Osteogenesis

Impen‘ecta,68 Marfan syndrome.69

3.2. Classifications of keratoconus

3.2.1. Amsler—Krumeich criterium to classify the Keratoconus

The classification of Amsler—Krumeich??

establishes four grades of
keratoconus, combining values of refraction, keratometry, pachymetry and

clinicals findings and Figure 2.5:

Grade I: Central mean keratometry < 48 D, RMS for corneal coma be-
tween 1.5 and 2 um (for 6 mm diameter area), and absence of scars.

Grade Il: Central pachymetry (CCT) > 400 xm, with central mean kerato-
metric reading between 48 and 53 D, absence of corneal scars and
RMS for corneal coma between 2.5 and 3.5 ym (for 6 mm diameter
zone).

Grade lll: Central pachymetry (CCT) between 300 and 400 ym, mean
central keratometric reading between 53 and 55 D, no scarring, and
RMS for corneal coma between 3.5 and 4.5 um (for 6 mm diameter
zone).

Grade IV: Central pachymetry (CCT) < 200 um, mean keratometric read-
ings > 55 D, with central corneal scars and RMS values for the corneal
coma > 4.5 um (for 6 mm diameter zone).

3.2.2. Keratoconus classification based on clinical phenotypes

It is necessary to remember two basic concepts to understand the
different phenotypes that constitute this new proposal for the classification of
keratoconus. The first is that in keratoconus, the thinnest point of the cornea
is located in the lower temporal quadrant. The second concept is that
keratoconus can develop in a cornea with or without previous astigmatism.
Therefore, the morphology (phenotype) of keratoconus in one or the other
scenario will be completely different. For the description of each phenotype,
aright eye (RE) is always taken as an example.
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RMS at 6 mm CDVA
Grades Topography Kmean (D) area (pm) (lOgMAR)

I Kmean=48 15=<RMS<2 CDVA=0.9

Il 48< Kean=53 2.5 =RMS<3.5 0.6=CDVA=<0.9

] 53< Kmean=55 3.5=RMS <4.5 0.4=CDVA<0.6

v Kiean > 55 RMS=45 0.2<CDVA<0.4

CORNEA WITHOUT ASTIGMATISM

Regarding a flat cornea (OD), without astigmatism, the development of
a keratoconus in it gives rise to two different phenotypes, depending on
where the thinnest point is located (see Figure 2.6). If the thinnest point
appears in the centre of the cornea, we have the phenotype called central
hyperprolate (CHP) or “nipple”. In these cases, there is a high corneal
asphericity and also an increase in spherical aberration. On the other hand,
when the thinnest point appears in any other area of the lower temporal
quadrant, the phenotype called paracentral with coinciding topographic and
comatose axes (PCC) “croissant” is produced.

CORNEAL WITH PRO—RULE ASTIGMATISM

Considering a cornea (OD) with pro—rule astigmatism, i.e. meridian

Figure 2.5: Severity grade
of keratoconus according
Amsler—Krumeich classifi-
cation. Figure which shows
the classification of the ker-
atoconus grade according to
Amsler—Krumeich criterion.

o
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Figure 2.6: Phenotypes devel-
oped when KC is originated in
a cornea without astigmatism.
1. Central hyperprolate (CHP) or
“nipple”; 2-3-4. Paracentral with
coinciding topographic and co-

matose axes (PCC) or “crois-
sant”.



66  Chapter 2: Eye, Keratoconus and Treatments for corneal ectasia

Figure 2.7: Phenotypes de-
veloped when KC is origi-
nated with pro-rule astigma-
tism. 1. Central phenotype with
symmetrical astigmatism (CAS)
or “bow tie”; 2. Paracentral with
coinciding topographic and co-
matose axes (PCC) or “croissant”;
3. Paracentral phenotype with
non—matching topographic and
comma axes (PCnC) or “duck”;
4. Paracentral phenotype with
perpendicular topographic and
comatose axes (PCP) or “snow-
man”.

Figure 2.8: Phenotypes devel-
oped when KC is originated
against the rule astigmatism.
1. Central phenotype with sym-
metrical astigmatism (CAS) or
“bow tie”; 2. Paracentral phe-
notype with perpendicular to-
pographic and comatose axes
(PCP) or “snowman”; 3. Paracen-
tral phenotype with non-matching
topographic and comma axes
(PCnC) or “duck”; 4. Paracentral
with coinciding topographic and
comatose axes (PCC) or “crois-
sant”.

more curved at 90°, curvature map with typical image “in eight” vertical,
meridian no more flat at 0°, anterior elevation map with image in horizon-
tal band, the keratoconus can manifest itself according to four different
phenotypes (see Figure 2.7). If the thinnest point appears in the centre of
the cornea, the central phenotype with symmetrical astigmatism (CAS) or
“bow tie” is originated; because of its central location, corneal asphericity
and spherical aberration may increase. Whether the ectasia appears in
the vertical line that delimits the quadrant, then the paracentral phenotype
with perpendicular topographic and comatose axes (PCP) or “snowman” is
produced. When the ectasia appears on the bisector line of the quadrant,
the paracentral phenotype with non—matching topographic and comma
axes (PCnC) or “duck” is produced. The image is a “duck” looking to the
right. If the ectasia appears in the horizontal line that delimits the quadrant,
the phenotype is produced again in “croissant”, which also appeared in the
corneas without astigmatism.

CORNEAL WITH ASTIGMATISM AGAINST THE RULE

Considering a cornea (OD) with astigmatism against the rule, i.e. merid-
ian more curved at 0°, curvature map with typical image “in eight” horizontal,
meridian more flat at 90°, anterior elevation map with image in vertical
band, the keratoconus can also be manifested, according to four different
phenotypes (see Figure 2.8). If the thinnest point appears in the centre
of the cornea, the phenotype originates in “bow tie”. When the ectasia
appears in the vertical line that delimits the quadrant, the phenotype in
“croissant” is produced. If the ectasia appears on the bisector line of the
quadrant, the phenotype is produced in “duck”, but with the particularity of
presenting an inverted image. Finally, when the ectasia appears on the
horizontal line that delimits the quadrant, the phenotype in “snowman” is
presented.

CORNEA WITH OBLIQUE ASTIGMATISM

Focussing on a cornea (OD) with oblique astigmatism and the most
curved meridian at 135°, i.e curvature map with typical “in eight” image at
135°, meridian plus plan at 45°, anterior elevation map with oblique ban
image at 45°, the keratoconus can be also manifested itself according to
four different phenotypes (see Figure 2.9). When the thinnest point appears
in the centre of the cornea, the phenotype already described in “bow tie”
originates. Whether the ectasia appears in the vertical line that delimits the

square, the phenotype is produced in “duck” looking towards the horizon.
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If the ectasia appears on the bisector line of the quadrant, the phenotype
is produced in “croissant”. When the ectasia appears on the horizontal
line that delimits the quadrant, a “duck” phenotype is produced, but with
the particularity of having an inverted morphology caused by the special
relationship between the astigmatism axis and the direction of the ectasia.

Regarding a cornea (OD) with oblique astigmatism, but in the other
direction, more curved meridian at 45°, i.e curvature map with typical
image “in eight” at 45°, flatter meridian at 135°, anterior elevation map with
image in oblique band at 135°, the keratoconus can be also manifested
itself according to four distinct phenotypes (see Figure 2.10). When the
thinnest point appears in the centre of the cornea, the phenotype originates
in “oow tie”. The phenotype in “duck” is produced looking upwards when
the ectasia appears in the vertical line that delimits the quadrant. Whether
the ectasia appears on the bisector line of the quadrant, the “snowman”
phenotype is produced. Finally, if the ectasia appears on the horizontal line
that delimits the quadrant, a “duck” phenotype is produced looking to the
right.

3.3. Treatments against the keratoconus

There are different forms or techniques to try to stabilise the keratoconus
and to avoid the penetrating keratoplasty or cornea grafts:71 Contact lenses,
corneal collagen cross-linking (CXL) or intrastromal corneal ring segments
(ICRS) implantation.

3.3.1. Contact lenses for keratoconus

There are a lot of different contact lens modalities that can be used
to improve the visual acuity in patients with keratoconus. Patients with
mild keratoconus are often able to achieve clear vision with spectacles
simply by correcting for spherical and regular astigmatism components
of refractive error. However, in order to optimize visual acuity in patients
with moderate to severe keratoconus, contact lenses are used to mask the
irregular astigmatism and reduce the higher order aberrations. An example
of lens in a cornea with keratoconus is shown in the Figure 2.11.

Corneal rigid gas permeable (RGP) contact lenses: Corneal RGPs re-
main the most popular contact lens modality for improving vision in
patients with keratoconus (see Figure 2.12.a). As the name implies,
these lenses are “rigid” and hold their shape when placed on a irregular
cornea. The irregular surface between the back of the contact lense and

Figure 2.9: Phenotypes devel-
oped when KC is originated
with oblique astigmatism (the
most curved meridian at 135°).
1. Central phenotype with sym-
metrical astigmatism (CAS) or
“bow tie”; 2. Paracentral phe-
notype with non-matching topo-
graphic and comma axes (PCnC)
or “duck”; 3. Paracentral with
coinciding topographic and co-
matose axes (PCC) or “croissant”;
4. PCnC Phenotype.

Figure 2.10: Phenotypes de-
veloped when KC is originated
with oblique astigmatism (the
most curved meridian at 45°).
1. Central phenotype with sym-
metrical astigmatism (CAS) or
“bow tie”; 2. Paracentral phe-
notype with non-matching topo-
graphic and comma axes (PCnC)
or “duck”; 3. Paracentral phe-
notype with perpendicular to-
pographic and comatose axes
(PCP) or “snowman”; 4. Paracen-
tral phenotype with non-matching
topographic and comma axes
(PCnC) or “duck”.

" Gomes et al. 2015
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the front of the cornea is filled in with tears and creates what is called
a “lacrimal lens”. This interaction creates an optically improved surface
by masking the regular and irregular astigmatism and reducing the high
order aberrations (HOA).

Piggyback Lens: Some patient’s corneal epithelium may not tolerate the
RGP lens touch at the apex of the cone and dense superficial punctate
keratitis may occur. To improve patient comfort and increase lens wear
time, some practitioners may place a soft contact lens beneath the RGP,
called piggybacking. They are normally made of hydrogel or silicone
Figure 2.11: Lens located in a hydrogel. The Flexlens Piggyback is designed with a central cutout
cornea with keratoconus. The . . .
keratoconus is located under the depression, which keeps the RGP centered on the cornea to optimize
lens. This regularises the corneal acuity and comfort.
surface and protects the kerato-
conus under the fens. Scleral Lenses: The scleral lenses are large diameter RGP lenses that
rest completely on the insensitive sclera and vault over the cornea
without touching it (see Figure 2.12.b). The lenses are designed with
a central optic zone, an area of limbal clearance, and the edge of the
lens, called haptic. The haptic is fitted to the sclera and supports the
weight of the lens. The main advantages of scleral lenses are: they
can be used in severe cases of ectasia, they are excellent for patients
with nodules at the apex, they also work well in patients with concurrent
ocular surface disease, and their centration is usually excellent, due to
their large diameter. However, they also have disadvantages since they
can be complicated to fit properly and require a provider with experience
in fitting this type of lens, and they are contraindicated in patients with
glaucoma drainage device since the haptic can press on the device
causing IOP to increase.

Hybrid Lenses: Hybrid lenses have an RGP centre and a soft silicone
hydrogel or hydrogel surrounding skirt. Lenses are 14.5 mm in overall
diameter with 8.5 mm central RGP (see Figure 2.12.c). The main ad-
vantage of this type of lens is that due to the soft skirt, the lenses tend
to centre well, are well retained, and often have superior comfort. Com-
pared to corneal RGP’s, patients may also experience an improvement
in visual acuity due to the excellent centration of this lens. But also, they
have some drawback as the limited parameters can not fit patients with
severe ectasia, the insertion is more challenging than with a corneal
RGP since the lens has to be filled with saline prior to insertion, they are
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(a) (b)

(c) (d)

difficult to remove, they are expensive, and they can tear at the junction
of the soft skirt and RGP centre necessitating replacement.

Soft Toric: Kerasoft, Novakone, Flexlens: This type of lenses are higher
modulus soft toric lenses that can correct myopia, high regular astigma-
tism, and some irregular astigmatism (see Figure 2.12.d). The modulus
refers to the stiffness or rigidity of the lens where a high modulus lens will
have slight rigidity and ability to hold its shape over an irregular corneal
surface. The advantage of these lenses is that patients report excellent
comfort and they work well in dusty environments. These lenses work
well for mild keratoconus or in instance when all other modalities have
failed due to comfort. The drawbacks are that the patients may find
vision unacceptable, and the thickness of lens reduces oxygen to the
cornea.

Figure 2.12: Typologies of
lenses to improve the vision
in corneas with keratoconus.
(a) Corneal rigid gas permeable
(RGP) contact lens; (b) Scleral
Lens designed with a central optic
zone, an area of limbal clearance,
and the haptics whose aim is to fit
to the sclera and to avoid the cen-
tre of the lens touches the apex;
(c) Hybrid Lens has an RGP cen-
tre and the haptic is made of a
soft silicone hydrogel or hydrogel;
(d) Soft Toric Lens has alignment
markers to avoid the rotation of
the lens.



70  Chapter 2: Eye, Keratoconus and Treatments for corneal ectasia

Table 2.1: Contact lens modal-
ity chosen depends on sever-
ity of ectasia. Different grades
of keratoconus refer to Amsler—
Krumeich criterium to define the
severity of the keratoconus; there-
fore, Early, Mild, Moderate, and
severe KC correspond to Grade |,
11, 111, and 1V, respectively.

2 Spérl et al. 1997, 1998, 2000,
Wollensak et al. 2003b, Sakellaris
etal. 2019

73 Wollensak et al. 2003b

7 Wollensak et al. 2003b

% Hayes et al. 2013

76 Spérl et al. 2000, Wollensak
et al. 2003b,c
77 Wollensak and lomdina 2009

To sum up, the Table 2.1 refers the use of different contact lens depend-
ing on the grade of keratoconus according to Amsler—Krumeich criterium.

Lens modality | Early KC Mild KC Moderate KC Severe KC
Corneal RGP v v v v
Piggyback v v
Scleral v v
Hybrid v v v
KC soft toric v v

3.3.2. Corneal collagen cross-linking (CXL)

The concept of treating ectatic corneal disorders, as keratoconus, with
Riboflavin (vitamin Bo/ultraviolet A (UVA) (370 nm), CXL was first postulated
at the University of Dresden by Spoerl and Selier (see Figure 2.13).”2 They
hypothesized that photochemical CXL of collagen within the corneal stroma
could be achieved by utilizing the interaction between Riboflavin and UVA
to create free radicals (oxygen singlets) which then activate the normal
physiological Lysys Oxidase pathway.73 . Riboflavin is thought to prevent
injury to internal ocular structures, i.e. the endothelium, lens and retina, by
absorbing the potentially mutagenic and cytotoxic UVA within the superficial
corneal tissue.”#

The exact location of the cross—links at molecular level is unknown as
these bonds cannot be seen microscopically. Cross—links cannot be formed
between the collagen fibrils themselves, as the distance between them is
too great for any intramolecular bond to be possible. Hayes et el. (2013)75
postulated that it was possible that the cross—links were occurring on the
outside of the collagen fibrils, rather than within them, and in the protein
network surrounding the collagen.

Whilst the cross—links between the proteins within the stroma cannot
be visualized and their existence directly corroborated, ex vivo laboratory
studies have reported several changes in the mechanical and chemical
properties of the stroma consistent with their existence. Stress-strain mea-
surements of stromal tissue are increased appreciably,76 both immediately
as well as several months following CXL.”7

Whilst the investigations described earlier confirm the expected improve-
ments in biomechanical and biochemical properties of corneas following
CXL, it must be remembered that UVA is cytotoxic. It has been shown to
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cause keratocyte apoptosis and corneal endothelial cell damage/depth as
well as possible lens and even retinal injury.78 In the clinical setting this
occurs in human corneas to a depth of 300 ym.79

Therefore, despite the technique of cross—linking being minimally inva-
sive, the cornea must satisfy a series of requirements to be able to undergo
this intervention.

3.3.3. Additive Surgery

It is called additive surgery since an external implant is introduced
within the stroma. There are two different type of rings: the intrastromal
corneal ring segments (ICRS) or the intrastromal continuous rings (ICR),
which both are small devices made of plastic which are introduced within
corneal stroma to regularise the corneal surface and correct high refractive
errors. Nowadays, there are several types of ICRS that are commercially
available, but the ones that are commonly used in the clinical practice are
the Keraring (Mediphacos, Belo Horizonte, Brazil), the Intacs (Addition
Technology Inc.) and the Ferrara segments (AJL Ophthalmic). Table 2.2
summarises the main characteristics of these ICRS. Triangular designs
generate a prismatic effect of the light coming through the implant, being
reflected, thus reducing incidence of glare and halos. In addition, there are
the continuous rings which due to their smaller diameter and different design
have more flattening capabilities and are reserved for those keratoconic
eyes that present high myopic refractive errors: the Intacs SK (Addition
Technology Inc.), and the MyoRing (Dioptex GmbH). The features of these
two types of ICR are shown in the two last columns of Table 2.2. Intacs
SK (SK means severe keratoconus) are designed with rounded edges to
potentially reduce the incidence of visual symptoms since SK segments are
placed closer to the patient’s visual axis than the standard Intacs segments.
They are indicated for the treatment of moderate to severe keratoconus
(SK) with steep keratometric values greater than 55 D. Intacs SK segments
seem to offer a compromise between the standard Intacs with 7 mm in
diameter and the Ferrara or Kerarings with 5 mm, because the diameter
is inversely proportional to the effectivity. Finally, the only full ring (360°)
is the MyoRing. It is the only design with published clinical data, and it
is implanted within a corneal stromal pocket. It has a greater capacity to
flatten and reduce the spherical equivalent (SE) than the segments, but do
not usually significantly reduce astigmatism and therefore their use is limited
to cases in which patients have a high spherical error and low astigmatism.

78 Wollensak et al. 2004, 2003a,d,
Spérl et al. 2007

7 Wollensak et al. 2004

(a)

(b)

Figure 2.13: CXL treatment to
stabilise the KC progression
(a) Cornea during the application
of the cross-linking treatment;
(b) Cornea after the Cross-linking
treatment.
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Table 2.2: Main character-
istics of the intracorneal ring
segments. The Keraring, Fer-
rara and Intacs are the most com-
monly used in the clinical prac-
tice. Intacs SK and MyoRing have
higher flattening capabilities, re-
served of those eyes with high
myopic refractive errors.

8 Daxer 2015

81 Sakellaris et al. 2019

2 Coskunseven et al. 2008

Design Keraring Ferrara Intacs Intacs SK  MyoRing
Arc length(°) 90-355°  90-210° 150° 150° 360°

Thickness (mm) 0.15-035 0.15-0.30 0.21-045 040-0.45 0.15-045
Inner diameter (mm) 6.00 4.8 6.77 6.00 5.00-8.00
Outer diameter (mm) 7.00 5.4 8.10 700 5.00-8.00

Daxer et al.80 support that, while the incomplete segments (ICRS) are
biomechanically neutral, MyoRing strengthens and stabilizes the cornea
considerably and subsequently it is no longer necessary to combine it with
CXL in progressive keratoconus. This statement still requires long—term
studies before its confirmation.

Due to the fact that the thesis focuses on intrastromal rings for myopia
reduction or keratoconus stabilization, the following section explains more
extensively the surgical procedure and the commercial rings.

4. Intrastromal corneal ring implants

4.1 Surgical procedure

In order to implant the rings into the deep cornea, previously, it is neces-
sary to perform tunnels or a pocket within the stroma where the segments
(Keraring, Ferrara or Intacs) or continuous ring (MyoRing), respectively,
will be inserted. For this purpose, there are two different surgical options
both for tunnels and pockets: mechanical and femtosecond laser—assisted
technique.?!

4.1.1. Surgery to intrastromal corneal ring segments

When the implant chosen to treat myopia or try to stabilise keratoconus
is a segment, the surgery must be performed in a tunnel. Whether a single
ring is inserted, it will be located in the lower plane and the tunnel will only
cover 180°. However, if two segments are inserted, then the tunnel will
cover the complete circumference.

The surgical intervention consists of five steps (see Figure 2.14.a):82
1. The surgeon must mark the centre of the pupil in order to use it as a

reference point during the procedure.

2. A dissection plane, which is usually arch—shaped, is generated by a

calibrated diamond knife or by a femtosecond laser in the peripheral
region of the cornea at 70% or 80% of stromal depth.
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Surgery to Instrastromal ring segments

1. Laser-guiding 2. Femtosecond 3.ICRS 4. ICRS within
Pattern Laser Incision Insertion corneal stroma
(a)

Surgery to Instrastromal continuous rings

1. PocketMaker 2. Pocketmaker 3. MyoRing 4. MyoRing within
Microkeratome doing the pocket Insertion corneal stroma

(b)

3. The dissection plane is visually cleared.

4. ICRS are manually implanted under full aseptic condition with a special
guidance tools.

5. The final position of the segments is fine—tuned with a Sinskey hook
using the dialling holes at both ends of the ICRS.

4.1.2. Surgery to intrastromal continuous rings

On the other hand, whether the surgeon decides to implant a complete
ring or MyoRing, a pocket should be created that cuts the complete cornea
at 300 um depth. This pocket can be made manually with the technique
created by Daxer®3 or using a femtosecond laser.3% The surgical technique
consists of the following four steps (see Figure 2.14.b):

1. A pocket of 8 or 9 mm in diameter and 300 um depth is created within
the cornea with a tool called PocketMaker microkeratome or with a femot-
second laser. The pocketmaker microkeratome consists of a suction
ring, an applicator with a guiding mean for the handpiece, a handpiece
containing a motor—driven blade that vibrates in the cutting plane, a
control unit, and a disposable transparent applanator.

Figure 2.14: Surgical proce-
dure. (a) Procedure to insert the
segments within corneal stroma.
1. centre of the cornea is located
in order to mark the tunnel; 2. Tun-
nel is made with a mechanical
tool or with femtosecond laser;
3. Implant is introduced by the
surgeon in the correct position;
4. Segment located in corneal
stroma; (b) Procedure to insert
the continuous ring (MyoRing)
within corneal stroma. 1. Pock-
etMaker Microkeratome; 2. View
through the transparent applana-
tor of the PocketMaker microker-
atome during formation of the
pocket; 3. Insertion of the My-
oRing into the corneal pocket
through the small incision tunnel.
Note the change in the shape
of the ring during implantation;
4. Appearance of the MyoRing
implanted. The first and second
steps would be substituted by one
step if the surgery was with fem-
tosecond laser.

85 Daxer 2008
84 Ali6 et al. 2011
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85 Daxer 2015

8 Shabayek and Alio 2007, Alié
et al. 2011, Rabinowitz 2006, Er-
tan et al. 2007

87 Shabayek and Alio 2007, Alié
etal. 2011

2. An incision in the cornea with enough width is made (less than 5.5
mm)85 to introduce the MyoRing.

3. The continuous and deformable ring implant is introduced into the
corneal pocket via the small incision tunnel. The particular shape and
dimensions of the MyoRing permit folding, which makes implantation
in the pocket via the small incision tunnel possible. The implantation
procedure is performed with an implantation forceps.

4. Centering the implant in the pocket can be performed by a hook or a
forceps. Finally, the incision tunnel is self-sealing and does not require
suturing.

4.1.3. Differences between mechanical and femtosecond laser tech-
niques

Femtosecond laser produces a more precise and controlled stromal
dissection than the manual technique. However, if we are talking about
visual and refractive outcomes, most studies that have been conducted
concur that both techniques produce similar results in cases of ICRS
implantation for keratoconus. On the other hand, femtosecond laser makes
the process faster, easier and more comfortable for the patient.8¢ Apart
from the safety and efficacy differences between both techniques, Alié et al.
found that intrastromal segment implantation using femtosecond laser is a
method that produces a greater reduction in corneal high order aberrations
in eyes with coma aberration greater than 3.0 ym.87

Regardless of the technique used to make the tunnels in the corneal
stroma, the number, thickness, position and arc length of the segments are
determined based on the manufacturer's nomograms. Likewise, rings are
chosen from the nomogram taking into account the refractive error and the
topographic map of the disease. It should also be noted that the incision
guiding implantation of the segments in the tunnel is located on the axis of
the steepest meridian of the corneal topography.

It is important to consider that although several authors have reported
good results implanting ICRS in keratoconic eyes, the main limitations
that nomograms have is that most of them are based on anecdotic clinical
data, or variables that are very subjective in patients with keratoconus,
such as sphero—cylindrical refraction and topographic pattern of the cone.
For example, it was found that based on the topographic pattern of the
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keratoconus the best choice was to implant one segment in those cases of
inferior steepening and two segments in central cones.38

Other works published in the literature support that the best location to
implant the segments is by placing the corneal incision in the temporal site
of the cornea® or in the steepest meridian of the cornea’® There are other
works that have reported good results when implanting the ICRS guided by
the comatic axis.”! Recently, Ali6 et al. published a scientific work in which
we concluded that the best outcomes for implanting ICRS were observed
in those cases where the refractive and topographic cylinder did not differ
in more than 15°.92

Finally, surgeons could take advantage of computational simulations in
planning the surgery, or in providing qualitative post—surgical information
in different surgical scenarios such as the residual astigmatism that will
arise from the intervention, or if the ICRS stablize the progression of the
keratoconus.

4.2 Commercial intrastromal corneal rings
4.2.1. Keraring implant

Triangular section ring from the commercial company Mediaphacos,
BeloHorizonte (Brazil), made of PMMA as it is shown in Figure 2.15. It has
different sizes depending on the thickness of the ring (Hkeraring), different
diameters (OZ) and angles covered («). The thickness varies from 150 to
350, with increments of 50 um, the optical zone is 5 or 6 mm, there are
5 angles covered: 90°, 120°, 160°, 210°, and 355°; and the width (b) of
cross—section ring is 600 ym or 700 pm.

There are three types of nomograms (A, B and C) that are used based
on the type of corneal asymmetry (Figure 2.16), on keratometric values and
on corrected distance visual acuity (BCVA). The corneal asymmetry type is
determined by studying the distribution of corneal irregularity (red) relative
to the reference meridian. Accordingly, each case is classified according to
Figure 2.16:

Type 1: 100% of the steep area is located on one side of the reference
meridian.

Type 2: The distribution of the steep area is approximately 20/80%.
Type 3: The distribution of the steep area is approximately 40/60%.

Type 4: The distribution of the steep area is approximately 50/50%.

8 Alid et al. 2005

89 Colin et al. 2001, Hellstedt et al.
2005, Kanellopoulos et al. 2006,
Kwitko and Severo 2004

% Ali6 et al. 2006, Shetty et al.
2008

91 Alfonso et al. 2012

9 Pefia-Garcia et al. 2014

>a

i
HKeraring

E

Figure 2.15: Keraring implant.
Keraring, Mediaphacos, BeloHor-
izonte (Brazil) is an intrastro-
mal corneal ring segment whose
cross—section is triangular. OZ:
optical zone in mm; a: covered
arc in degrees; b: width of ring in
Um; Hieraring: thickness of ring in
pum.
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DB

Type 1

Figure 2.16: Corneal asymme-
try classification of Keraring.
Classification according to the
area where the corneal irregular-
ity (light green) is found relative to
the reference meridian (Blue line)

Type 2 Type 3 Type 4

For each type of corneal asymmetry according to the area where the
corneal irregularity is found, nomogram A, B or C should be used. The
nomograms should be considered as a general guideline only and they
should be customised by the surgeon depending on each patient particu-
larities and the results obtained.

The steps and measures to be taken for ICRS implantation are shown
below:

1. Obtain manifest subjective refraction.
2. Perform corneal topography (axial map).

3. Take pachymetric map. Determine the minimum corneal thickness at
5.5 and 6.5 mm optical zones.

4. Determine the steepest corneal meridian (SIM-K). If the refractive axis
and the steepest topographic axis do not match, select the topographic
meridian.

5. Compare the thickness of the proposed segment according to the se-
lected nomogram with the minimal corneal thickness obtained in the
6 mm optical zone. The thickness of the segment should not exceed
60% of the minimal corneal thickness. If it does, a segment with less
thickness should be selected.

Then, the reference meridian should be selected: If the BCVA is greater
than 0.5, the steepest meridian must be selected. On the other hand, if
the BCVA is less than 0.5, the total coma aberration axis or the steepest
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meridian by topography (SIM—K) should be chosen. Then, a line along the
reference meridian selected should be drawn.

In order to determine the treatment strategy: If the BCVA is greater
than 0.4, the treatment based on refractive sphere and cylinder obtained
by manifest refraction should be programmed. If the BCVA is less than
0.3 or the manifest refraction is not very reliable, the treatment based on
kerometric values should be performed.

When it comes to implantation, when the nomogram suggests using two
segments, the nomogram data appearing on the top line of the box should
be used for the segment implanted in the area where the ectasia is smaller
(flatter meridian), and the data on the lower line shall be for the segment
implanted on the steepest meridian. When the nomogram suggests only
one segment, this should be implanted on the steepest meridian, where
the ectatic area is greater.

4.2.2. Ferrara implant

Implant of triangular cross—section too, but from the commercial com-
pany AJL Ophthalmic Ltd (see Figure 2.17). As Keraring implant, it is made
of PMMA and has different size or thickness (Hperrara), diameter (OZ) and
covered arc («). You can find thickness which varies from 150 ym to 350
um, in increments of 50 um, two optical zones can be chosen, 5 or 6
mm, and there are 8 possible covered arc: 90°, 120°, 140°, 150°, 160°,
180°, 210°, and 320°. Finally, the width (b) of the cross—section ring varies
depending on the optical zone: if the optical zone is 5 mm, the width is 600
um; and on the other hand, if the optical zone is 6 mm, the width is 800
um. In addition, two rings can be implanted at the same time within the
corneal stroma.

Similar tasks must be performed before implanting these segments.

1. Define the type of keratoconus: sag, bowtie or nipple.

2. Distribution of the ectatic area in the cornea: 0/100, 25/75, 33/66 and
50/50 (Figure 2.18).

3. Corneal asphericity (Q).
4. Topographic astigmatism.

5. Pachymetry at incision site and ring track.

‘ HFerrara

Figure 2.17: Fe
Ferrara, AJL O

rrara implant.
phthalmic Ltd

(Spain) is an intrastromal corneal
ring segment whose cross—

section is triangul

ar. OZ: optical

zone in mm; «: covered arc in

degrees; b: width

of ring in um;

HFerrara: thickness of ring in um.

Topographic

ICRS thickness

astigmatism (D) (um)
Symmetric bowtie keratoconus

< 2.00 150/150
2.25 —4.00 200/200
4.25 - 6.00 250/250
> 6.25 300/300
KC 0/100% and 25/75% asymmetry index
< 2.00 None/150
2.25 —4.00 None /200
4.25 — 6.00 None /250
6.25 —8.00 None/300
8.25 —10.00 150/250
> 10.00 200/300
KC 33/66% asymmetry index

< 2.00 None/150
4.25 — 6.00 200/250

Nipplekeratoconu.

s (210arcring)

<200
2.25—4.00
4.25 - 6.00

150
200
250

> 6.25

300

Table 2.3: Ferrara nomogram.
Ferrara ICRS thickness choice ac-
cording to zone where is located

the disease.
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0/100 25/75 33/66 50/50
1) (2) (3) (4)

Figure 2.18: Corneal asym-
metry classification of Fer-
rara. Classification according to
the percentage of disease (light
green) relative to the reference
meridian (Blue line). (1) 0/100 All
the ectatic area is located at one
side of the cornea; (2) 25/75 75%
of the ectatic area is located at
one side of the cornea; (3) 33/66
66% of the ectatic area is lo-
cated at one side of the cornea;
(4) 50/50 The ectatic area is
symmetrically distributed on the
cornea.

H Intacs,

Figure 2.19: Intacs implant. In-
tacs, Addition Technology Inc.

is an intrastromal corneal ring
segment whose cross—section is
hexagonal. OZ: optical zone in

mm; «: covered arc in degrees; b:
width of ring in um; Hintacs: thick-

ness of ring in ym.

The nomogram of topographic astigmatism, based on the thickness of
the ring is defined in Table 2.3. However, in the case of nipple keratoconus,
this measurement is not used and the spherical equivalent is used to define
the thickness of the ring, which it should be a 210°arc ring (exclusive for
this type of keratoconus) (Table 2.3.Bottom).

4.2.3. Intacs implant

These rings are of hexagonal cross—section, bigger than the two previ-
ous ones. They belong to the commercial company Addition Technology
Inc. and depending on the severity of the corneal ectasia they want to
correct, they are chosen in different sizes (Hintacs), diameters (OZ) and cov-
ered angles («) (see Figure 2.19). Therefore, it is possible to find thickness
which varies between 210 ym and 450um, optical zones is 6 mm and the
covered arc is 150°.

The recommendation is to select between symmetric or asymmetric
segments depending on the ectatic area and spherical and cylindrical
refractive power.

+ Use symmetric segments when the ectatic area is within the 3—5 mm
central optical zone and when, in the manifest refraction with the posi-
tive cylinder, the spherical power is greater than the cylindrical power
(Table 2.4).

» Use asymmetric segments when the ectatic area is outside the 3 mm
geometric centre and when, in the manifest refraction with the posi-
tive cylinder, the cylindrical power is greater than the spherical power
(Table 2.4).
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Symmetric

Spherical Power (D) Inferior Intacs Superior Intacs
(um) (um)

0.00 to -1.00 D 210 210

-1.00to-1.75D 250 250

-2.00to-2.75D 300 300

-3.00t0-3.75D 350 350

-4.00 to -4.75 D 400 400

>-5.00D 450 450

Asymmetric

Cylindrical Power (D) Inferior Intacs Superior Intacs
(ym) (um)

2.00 to 3.00 D 350 210

3.00 to 4.00 D 400 210

>4.00D 450 450

4.2.4. MyoRing implant

The form of the MyoRing Dioptex GmbH (see Figure 2.20) cross—section
is not usual, compared with the previous intrastromal corneal ring segments.
The cross—section shows a convexity in the front part (parabolic shape)
and a minimal concavity on the backside. The backside is designed as to
rest on a sphere with 8 mm radius and, therefore the inclination of the back
surface from periphery to central can be calculated whether one knows the
inner and the outer diameter. The thickness of the MyoRing was measured
from the top of the parabolic front surface to the back surface by drawing
a vertical line (orthogonal to the ring plane). The MyoRing is currently
available in a diameter range of 5 to 8 mm and a thickness range of 200 to
400 um in 20 um increments.

Some inclusion criteria must be met before its nomogram (Table 2.5)
can be applied:

» Uncorrected distance visual acuity (UCVA) < 0.3.

+ Minimal corneal thickness > 360 ym.

« Average central keratometry (ACK) (K7 + K3)/2 > 44 D.
* No central corneal scarring.

» No history of previous corneal surgery.

+ Age <50 years.

In spite of all these nomograms, complete predictability in postoperative
results is still not possible due to changes in corneal biomechanics in

Table 2.4: Intacs nomogram.
Intacs nomogram for symmet-
ric (upper) and asymmetric seg-
ments (bottom).

Gr/‘/;g

/~/,,4y

0.5

Figure 2.20: MyoRing implant.
MyoRing, Dioptex GmbH is an in-
trastromal continuous ring whose
cross—section shows a convexity
in the front part (parabolic shape)
and a minimal concavity on the
backside.
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Table 2.5: MyoRing implanta-
tion nomogram.

% Pifero et al. 2010

% Pifiero et al. 2010

% Abdellah and Ammar 2019

Average central Implant diameter | Implant thickness
keratometry (D) (mm) (pm)
ACK < 44 7 280
44 < ACK < 48 6 240
48 < ACK <52 6 280
52 < ACK < 55 5 280
ACK > 55 5 320

keratoconic eyes.93 It has been found a significant correlation between
the corneal resistance factor (CRF), measured using an ocular response
analyzer (ORA; Reichert) and the magnitude of the corneal spherical-like
aberrations.?* Also it has been shown that the visual outcomes post-ICRS
implantation correlated inversely with the magnitude of some corneal higher
order aberrations. It should therefore be considered that larger amounts of
corneal higher order aberrations are an important factor especially in ad-
vanced keratoconic corneas where biomechanical alteration would be more
pronounced. Therefore, the predictability models could be improved if high
order corneal aberrations were included. In other words, the introduction
of the aberrometric factor could be an indirect way of considering part of
the bio- mechanical corneal factor. In any case, this indirect contribution of
aberrometry to corneal biomechanics is limited, and it does not account for
the total biomechanical effect. The analysis of the corneal biomechanical
properties of the cornea in vivo is not an easy task in clinical practice
and the exact contributions of the elastic and viscous components to the
magnitude of these parameters are not yet fully understood.

5. Retrospective clinical and numerical studies

This section aims to make a summary of the works and studies about
different rings, segments or complete rings, in order to avoid the progression
of keratoconus or correct the myopia. Some of them are used along the
thesis to compare or validate our results. Both clinical and numerical
studies will be included. To sum up each section, a table summary with the
most relevant data are included.

5.1. Keraring to stabilise keratoconus

Abdellah et al. (2019) 95 evaluated the outcomes of femtosecond laser—
assisted implantation of a Keraring of 355° in patients with keratoconus
in the three-year follow—up. 38 eyes of 26 patients with keratoconus
had implantation after tunnel creation with a femtosecond laser. They
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evaluated the uncorrected (UCVA) and best—corrected (BCVA) visual
acuities, sphere, cylinder and manifest refraction spherical equivalent
(SE), mean keratometry (Kmean), Kmax and Kmin preoperatively and
3, 6, 12, 24 and 36 month postoperatively. They obtained as results
that the mean UCVA improved from 0.93+0.21 to 0.63+0.21 logMAR
(P<0.001) and the mean BCVA improved from 0.674-0.22 to 0.43+0.26
logMAR (P<0.001). The mean sphere, cylinder, and SE have been
changed dramatically from preoperative to 3 month postoperative, which
is statistically significant (P<0.001), and the changes between one,
two, and three years were also statistically significant. The safety and
efficacy indices were changes through the three—year follow—up. They
had complications such as corneal neovascularization (36.84%), corneal
melting (26.3%), and ring extrusion (31.5%) at the end of the study.
They concluded that the implantation of Keraring improved the visual,
refractive, and topographic parameters in keratoconus patients, with a
high rate of ICR extrusion and instability.

Abd Elaziz et al. (2018) 96 studied the behaviour of the anterior surface % Abd-Elaziz et al. 2018

cornea after the implantation of a Keraring with a 355°covered arc
and 300 um thickness in 30 eyes with central advanced keratoconus
(grade 3) The tunnel was created by femtosecond laser. BCVA improved
significantly. There were also significant changes in the measured pa-
rameters with marked reconstruction of the cornea and anterior chamber.
However, the actual depth of the ring segment was shallower than the
intended depth.

Gatzioufas et al. (2018) 97 aimed to evaluate the long—term clinical out- %7 Gatzioufas et al. 2018
comes after Keraring implantation for keratoconus in 11 eyes of 11 pa-
tients older than 40 years. The surgery was performed by femtosecond
laser—assisted. The results showed that UCVA, BCVA and keratomet-
ric readings improved at 6 months postoperatively. They concluded
that the data showed significant keratometric amelioration and visual
improvement after Keraring implantation at 6 months postoperatively.

Al-Tuwairqi et al. (2017) 98 aimed to compare the outcome measures fol- % Al-Tuwairqui et al. 2016
lowing implantation of two types of ICRS. 44 keratoconic eyes were ran-
domly assigned to femtosecond laser—assisted Keraring ICRS (Group
A) or MyoRing (Group B) implantation. Both Group A, composed by
26 eyes, and Group B, composed by 18 eyes, UCVA was increased
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(P<0.05). However, the BCVA increased only in Group A (P<0.05) after
6 months postoperatively. The Kmean Was reduced by 4.55 D (P<0.0001)
in Group A and 6.51 D (P<0.001) in Group B. The mean refraction
spherical equivalent (MRSE) decreased by 2.90 and 3.60 D in Groups
A and B, respectively (P<0.0001) after 6 months postoperatively. Coma
was more reduced (P=0.035) in Group B than A. They concluded that
Keraring and MyoRing corneal implants both performed well in improving
vision and stabilising the cornea. Implantation of the MyoRing caused
greater reduction in coma and better satisfaction, but BCVA improved
only in the Keraring group.

% Jadidi et al. 2015 Jadidi et al. (2014) 99 evaluated the efficacy and safety of Keraring 355°
implantation aided by PocketMaker microkeratome for the correction of
keratoconus. The clinical study was composed by 15 eyes. At the final
postoperative examination, there was a statistically significant reduction
in the spherical equivalent refractive error compared to preoperative
measurements. All patients were satisfied with ICRS implantation. No
intraoperative or postoperative complications were demonstrated.

1% Kubaloglu et al. 2010a Kubaloglu et al. (2010) 100 compared the outcomes of implantation of 2
models of intrastromal corneal ring segment to manage the keratoconus.
One group of 100 eyes were implanted the Keraring and the second
group of 68 were inserted the Intacs. The corneal tunnels were created
mechanically or with a femtosecond laser. The postoperative increase
the UCVA and BCVA was statistically significant in both groups. The
first group had greater improvement in BCVA than the second group at
6 months and 1 year. At 1 year, the decrease in the mean maximum
K power was statistically significant in the first group (51.27+4.46 D to
47.8743.39 D) and in the second group (51.124-4.54 D to 47.58+3.66
D). The mean reduction in maximum K was statistically significantly
greater in the first group at 6 months and 1 year. There were no sta-
tistically significant differences in visual or refractive results between
femtosecond laser and mechanical tunnel creation. They conclude that
Keraring led to more improvement in BCVA and UCVA and a greater
reduction in the maximum K value.

191 Kubaloglu et al. 2010b Kubaloglu et al. (2010) 101 aims to compare the effects on the stabiliza-
tion of the keratoconus when the surgery was made by femtosecond
laser or mechanically. It is a clinical study where Keraring ICRS were
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implanted. In all cases, ICRS had the same geometry: 5 mm diameter
of optical zone and 160°0of covered arc. Two groups of patients were
built divided by mechanically and femtosecond laser tunnel surgery. The
UCVA and BCVA, refraction and keratometry was read for each patient
pre—operation and 1—year post—operation. After one—year follow—up,
UCVA, BCVA, keratometry and spherical equivalent were significantly im-
proved. The authors concluded that the visual and refractive outcomes
were similar, although the mechanical group had some intraoperative
complication.

Shabayek et al. (2007) 102 reported the outcomes after the implantation 192 Shabayek and Alio 2007
of Keraring intrastromal corneal ring segments aided by femtosecond
laser for the correction of keratoconus. The clinical study included
21 eyes with keratoconus: 45% of patients were keratoconus grade I,
20% grade Il, 15% grade Il and 20% were grade V. Keraring implanta-
tion significantly increased UCVA from 0.06 to 0.3 (P<0.0001), BCVA
from 0.54 to 0.71 (P<0.0003), and decreased the spherical equivalent
by 2.28 D and the average keratometric values (K value) by 2.24 D
(P<0.001). There was no significant difference between the 3 and 6
months follow—up. Forty percent (8 eyes with a relatively low RMS of
total HOA) showed a nonsignificant increase in the RMS of total HOA
and 60% (12 eyes with a relatively higher RMS of total HOA>3.0 um)
showed significant (P<0.01) decrease in the RMS of total HOA due to
a significant (P<0.003) reduction in coma and coma-like aberrations.
The amount of change in corneal curvature (biomechanical response)

ranged from a decrease of 18% from its initial value to an increase 193 Abdellah and Ammar 2019,
of 2.75% and was not correlated to any preoperative parameter. Lo- ~ Abd-Elaziz et al. 2018, Gatzio-

. \ . .. . L ufas et al. 2018, Guber et al.
calized infectious keratitis occurred in only 1 eye (4.8%), and incision 2018, Heikal et al. 2017, Yousif
opacification occurred in 8 eyes (38%). and Said 2018, Al-Tuwairqui et al.

2016, Bayoumy et al. 2014, Ja-
didi et al. 2015, Gharaibeh et al.

The clinical preoperatively and postoperatively data of these works and 2012, Kubaloglu et al. 2010a,b,

6 103

others can be observed in Table 2. Shabayek and Alio 2007
5.2. Ferrara to stabilise the keratoconus
Rocha et al. (2018) 104 showed how the new long—arc length of 320° 194 Rocha et al. 2018

of intrastormal corneal ring segment was efficient and safe for kerato-
conus stablization. A total of 34 keratoconic eyes of 31 patients were
enrolled in the study. Patients were divided into two groups based on
the strategy used for 320°ICRS thickness selection. In one group, this
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selection was based on spherical equivalent (SE group) and in the other
on the mean asphericity (Q group). For astigmatism improvement, they
analyzed the corneal tomographic vectorial astigmatism change preoper-
atively and at 6 months postoperatively. The mean follow—up period was
6.63+0.96 months. The mean UCVA and BCVA improved with a signifi-
cant spherical improvement (p<0.05), with no differences between the
320°intrastromal corneal ring segment groups. All corneal tomographic
parameters improved significantly (p<0.05) between the preoperative
and postopertatives intervals, with a significant better performance when
they used spherical equivalent for the 320° ICRS segment thickness
selecction. The mean vectorial corneal tomographic astigmatism im-
proved significantly after 6 monts, again wih no differences between
groups. They suggested that implanting a 320° ICRS was a safe and
effective procedure for treating patients with keratoconus. Besides, the
best strategy for thickness selection was the spherical equivalent.

1% Ferndndez-Vega et al. 2016 Fernandez-Vega et al. (2016) 105 ggsessed the efficacy outcomes of im-
planting ICRS to correct paracentral keratoconus. 409 patients were
evaluated before and after the implantation of Ferrara ICRS. The mean
UCVA and BCVA improved after the treatment. The spherical equivalent
declined steeply after ICRS insertion. Cylinder power decreased by
more than 50% in 71% of the eyes. Therefore, ICRS implantation is a
safe and effective procedure for treating patients with keratoconus that
meets the morphological characteristics of the sample under study.

1 Torquetti et al. 2016 Torquetti et al. (2016) 106 gvaluated the corneal parameters measured
with a dual Scheimpflug analyzer in 50 keratoconic eyes of 40 pa-
tients who were implanted Ferrara segments. The mean follow—up
after the procedure was 12.7 months. The mean UCVA improved from
0.82 to 0.31 (P<0.001); the mean BCVA improved from 0.42 to 0.05
(P<0.0001), the mean spherical refraction changed from -3.06+£3.80
D to -0.80+2.5 D (P<0.0001) and the mean refraction astigmatism re-
duced from -4.51+2.08 D to -2.26+1.18 D (P<0.0001). The changes
from preoperative to postoperative, in terms of anterior and posterior
cornea, were statistically significant except the posterior elevation at
the apex of the cornea and posterior asphericity. They concluded that
the implantation of Ferrara ICRS induced changes in both anterior and
posterior surfaces of the cornea.

197 Torquetti et al. 2013 Torquetti et al. (2013) 107 evaluated the clinical outcomes after Ferrara
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ICRS reoperation in patients with keratoconus. 37 keratoconic eyes in
which were implanted with ICRS, had an ICRS exchange, addition, repo-
sition or removal were implanted. The mean follow—up time after reoper-
ation was 30.54+9.7 months. The mean UCVA improved from 20/300
to 20/80 (P=0.005); the mean BCVA improved from 20/160 to 20/50
(P=0.0002); Kmean Was reduced from 49.33+4.19 D to 46.16+3.90
(P=0.0001); the mean pachymetry at the thinnest point increased from
450+£42.9 yum to 469+40.8 um (P=0.0001). The asphericity increased
from -0.84+0.74 to -0.351+0.81 (P=0.15) and the spherical equivalent
reduced from -4.6444.87 D to -3.04+3.45 D (P=0.137). The changes
in the asphericity and spherical equivalent were not statistically signif-
icant. They concluded as Ferrara ICRS implantation was a reversible
and readjustable surgical procedure for keratoconus treatment. Good
outcomes can be obtained even after removal, addition, reposition or
exchange of ICRS.

Kwitko et al. (2004) 198 assessed the oucomes of Ferrara intracorneal 198 Kwitko and Severo 2004
ring segment for keratoconus. In this retrospective noncomparative
interventional case series, 51 keratoconic eyes of 47 patients had Fer-
rara intracorneal ring segment implantation were analyzed. At a mean
follow—up of 13.0+8.7 months, the UCVA improved in 86.4% of eyes,
was unchanged in 7.8%, and worsened in 5.8%; the BSCVA improved
in 86.4% of eyes, was unchanged in 1.9% and worsened in 11.7%.
The mean spherical equivalent (SE) was reduced from 6.08+5.01 D
to 4.55+5.71 D and the mean refractive astigmatism, from 3.824+2.13
D to 2.161+2.07 D. The Kmnean Was reduced from 48.764+3.97 D to
43.17+4.79 D. Eyes with central keratoconus had statistically signifi-
cantly better results than eyes with inferior keratoconus in topographic
astigmatism, SE, and refraction cylinder. There were some problems
associated to ICRS decentration which occurred in 2 eyes (3.9%), seg-
ment extrusion in 10 eyes (19.6%), bacterial keratitis in 1 eye (1.9%) with
segment extrusion, and a disciform keratitis in 1 eye (1.9%). However,

penetrating keratoplasty (PK) was avoided in 38 eyes (74.5%) during the %% Alfonso et al. 2019, da Can-
delaria et al. 2019, Fernandez-
Vega et al. 2019, Rocha et al.
with keratoconus was a safe and reversible procedure that led to stable 2018, Sandes et al. 2018, Lyra
etal. 2017, Fernandez-Vega et al.
2016, Gauthier et al. 2016, Tor-

) ) ) ) quetti et al. 2016, Ameerh et al.
More information about the preoperatively and postoperatively data of 2012, Ancéle et al. 2011, Kwitko

these works and others address in Table 2.7.109 and Severo 2004

follow—up. They concluded that implantation of Ferrara ICRS in patients

results and avoided or delayed PK in many cases.
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10 Kang et al. 2019

"1 Shahhoseini et al. 2018

12 Pifiero et al. 2009

5.3. Intacs to stabilise the keratoconus

Kang et al. (2019) 110 analyzed the effectiveness of intrastromal corneal

ring segment to try to halt the keratoconus after five years. 30 eyes diag-
nosed with keratoconus and treated with Intacs were evaluated. UCVA
and spherical equivalent were improved for three years. However, they
worsened at five years to preoperative values. On the other hand, BCVA
was improved for five years. Topographic keratometry was flattened, and
corneal irregularity indices were improved after 5 years. Finally, coma
RMS was improved continuously for five years. ICRS has advantages in
improving BCVA with topographic stabilization and decreasing coma in
keratoconus for five years.

Shahhoseini et al. (2018) 111 compared the actual depth of the tunnel

created with femtosecond laser for ICRS implantation with the target
depth in keratoconus patients. The mean of the follow—up time after ring
implantation was 25.84+10 months. The implants were always Intacs
of 450um. They concluded that after implantation, ring segments were
placed at shallower depth that originally intended.

Pinero et al. (2009) 12 compared visual, refractive and corneal aberro-

metric outcomes in keratoconic eyes implanted with ICRS using either a
mechanical or a femtosecond laser—assisted procedure. It is a clinical
study where 146 eyes with keratoconus were included. Two groups
were created according to the surgical technique used for corneal tun-
nelization. 63 eyes formed the mechanical group and 83 completed the
femtosecond group. The Keraring models were used in 8 eyes and the
Intacs models were implanted in 55 eyes in the mechanical group, be-
sides 25 eyes were implanted with Inctacs and 58 eyes were implanted
with Keraring in the femtosecond group. UCVA improved in both groups
at 6 months (P<0.02) and BCVA improved in the Femtosecond group
(P<0.01). The refraction improved in both groups at 6 months (P<0.02).
The cornea on average was flatter in both groups at 6 months (P<0.01).
Root mean square astigmatism was reduced in the Femtosecond group
(P=0.03), but there was an increase in some higher—order aberrations
(P=0.03). Significant differences were found between the 2 groups
for eyes implanted with Intacs for primary spherical aberration, coma,
and other higher—order aberrations, favouring the Femtosecond group
(P<0.01). A significant negative correlation was found between the
preoperative corneal aberrations and the postoperative BCVA in the
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Mechanical group (r>0.63, P0.04).

Colin et al. (2007) 13 studied the long—term safety and efficacy of Intacs 113 Colin and Malet 2007
segments for the treatment of keratoconus in terms of intraoperative
and postoperative complications, visual outcomes, restoration of contact
lens tolerance, and inhibition of disease progression. The prospective
study of 2—year follow—up comprised 100 keratoconic eyes with clear
central corneas and contact lens intolerance. After 2 years, UCVA and
BCVA improved in 80.5% and 68.3% of the eyes, respectively (P<0.001).
The proportion of eyes with a BCVA>0.5 (20/40) increased from 22.0%
at baseline to 51.2% and 53.7% at 1 year and 2 years, respectively
(P<0.001). The MRSE improved from a mean of 6.93+ 3.91 D preoper-
atively to 4.01£3.16 D at 1 year and 3.801+2.73 D at 2 years (P<0.001).
The Kiean decreased from 50.1+5.6 D preoperatively to 46.4+5.3 D
at 1 year and 46.84+4.9 at 2 years (P<0.001). Contact lens tolerance
was restored in over 80% of the cases. They concluded that Intacs
implantation was a safety and efficacious treatment for keratoconus.
Significant and sustained improvements in objective visual outcomes
were achieved in most cases, with restoration of contact lens tolerance.

Alid et al. (2006) 114 gyaluated the long—term results and stability of in- 114 Alig et al. 2006

tracorneal ring segments implantation for keratoconus correction. The

retrospective study comprised 13 eyes, which were implanted with In-

tacs segments. The eyes were divided in 2 groups. The cones of Group

1 were limited to half of the corneal surface and were implanted with

1 segment (450 um), and the cones of group 2 exceeded the half of

the corneal surface and 2 segments were inserted. They concluded

the Intacs increased the BCVA and decreased I-S!1° asymmetry with 118 Inferior-Superior
stability up to 36 months. In spite of the decrease of the K—values at

6 months, a further significant increase was detected 36 months after

surgery.

Alio et al. (2005) 116 evaluated the effect of implanting 1 or 2 intracorneal 116 Alig et al. 2005
rings as a device to correct, stabilise, and/or improve the BCVA in
patients with clear cornea keratoconus. One Intacs was implanted
if keratoconus did not cross the 180°merdian (Group 1), and on the
other hand, two Intacs were introduced when keratoconus did cross the
180°meridian (Group 2). The Spherical equivalent error and refractive
astigmatism were significantly reduced. The Knean was reduced in both
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19 Rattan 2018

120 Daxer 2017

groups. They concluded that the treatment of keratoconus with 1 or 2
segments proved to be effective in decreasing the corneal topography
and astigmatism and improving the BCVA.

Colin et al. (2001) 17 studied the use of Intacs in 10 patients who were
contact lens intolerant and had keratoconus with clear corneas. After
reviewing corneal pachymetry and topography of each patient, Intacs of
450 pum thickness were placed in the inferior cornea to lift the cone and
Intacs of 250 um thickness were inserted superiorly to counterbalance
and flatten the overall anterior corneal surface. Spherical equivalent
error and refractive astigmatism were reduced with Intacs segment
introduction. The topographic corneal shape was improved for all sub-
jects after the insertion. Both uncorrected and corrected visual acuity
improved significantly. They concluded that Intacs micro—thin prescrip-
tion inserts seem to provide a viable method for treating clear corneal
keratoconus, getting a corneal stepping and astigmatism reduction.

More information about the preoperatively and postoperatively data of
these works and others are addressed in Table 2.8.118

5.4. MyoRing to correct Myopia and to stabilise KC
5.4.1. MyoRing to correct myopia

Rattan (2018) 1% is also a clinical study where only both eyes of one
patient are analyzed. The results were collected during a 4—year follow—
up period. One MyoRing of 5 mm OZ and 280 microns’ thickness was
implanted in each eye. The pocket created had 8 mm of diameter and
300 microns’ corneal depth and it was created by laser femtosecond.
The study showed a reduction of the myopia of 8 D and near of 5 D in
mean keratometry for both eyes.

Daxer (2016) 120 is a clinical study where 19 myopic eyes of 12 patients
were implanted MyoRing to reduce the Myopia and astigmatism since
they were not suitable for laser surgeries. 84% of them showed UCVA
greater than 0.5 and all of them kept the BCVA. Depending on MyoRing
implanted, different results could be observed: when MyoRing 5/280
was implanted, the myopia reduction was 10.8 D; when model implanted
was 6/280, the reduction was 6.17 D and, finally, when MyoRing was
implanted in 7 mm OZ with a thickness of 280 microns, the reduction
was 3.31 D.
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Daxer (2015) 12! is an analytic study where the corneal biomechanics, 12! Daxer 2015
based on biomechanics models and mathematic theory, were evaluated
in order to treat the myopia and keratoconus. In that work, Daxer
used the Laplace equation to calculate the corneal strengthening factor
(SFC), a mechanical marker based on the ratio between Cauchy stress
(0) in the corneal tissue before and after the ring implantation (SFC =
U'Before/U'After). Using this simple approach, he estimated a SFC of
2-3 for continuous rings and a SFC of 1 for ring segments. In his opinion,
this difference was explained by the fact that continuous rings restricted
the corneal movement acting as an auxiliary limbus, which was not the
case for ring segments.

Daxer (2008) 122 presented the novel surgical technique to insert their 122 Daxer 2008
own segments called MyoRing. He developed the steps to follow in
order to introduce the ring: (i) a pocket of 9 mm diameter and 300
um depths is created within the cornea with a tool called PocketMaker
microkeratome; (ii) to make an incision in the cornea with enough width
(calculated in Daxer et al. (2015)123 ) to introduce the Myoring; (iii) to 123 Daxer 2015
introduce the MyoRing located in its correct position within the stroma;
(iv) finally, the opening is closed without suture.

5.4.2. MyoRing to stabilise keratoconus

Yousif et al. (2018) 124 is a clinical study which aimed to compare the 124 Yousif and Said 2018
evolution of central keratoconus progression after the insertion of 3
different rings: 2 ICRS of 160° triangular cross—section symmetric, 1
ICRS of 320° and triangular cross—section and MyoRing introduced
within a pocket created with femtosecond laser. The statistical analysis
was composed by 73 eyes divided in 3 groups. The near total ring and
the continuous ICRS were more effective than the 2 symmetric segments
of 160°in improving UCVA and reducing the SE, especially in moderate
to severe cases of central keratroconus. Finally, the study concluded
that there was a strong correlation between the degree of post—operative
topographic and corneal asphericity and improvement and the degree
of postoperative BCVA improvement in cases with central keratoconus
that were managed using all 3 intracorneal implants.

Khosravi et al. (2017) 125 s a clinical study which aimed to evaluate and 125 Khosravi et al. 2017
compare the magnitude and the axis orientation of total and corneal
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astigmatism axis before and after MyoRing implantation in 34 eyes of 28
patients with keratoconus. MyoRings were implanted into a pocket which
was performed with the PocketMaker microkeratome. The study treated
the total astigmatism defining the axis as “with—the—rule” (60°—120°),
“against—the—rule” (0°-30°0r 150°-180°) or obligue whether the axis
orientation was neither WTR nor ATR. The study concluded the total
astigmatism decreased 2.08 D after MyoRing implantation. Finally, the
MyoRing surgical procedure was able to correct more optical changes
of spherical and cylinder than intrastromal corneal ring segments.

Jadidi et al. (2016) 126 5 a clinical study that involved 32 eyes of 32 pa-

tients and the aim was to evaluate the effect of mechanical implantation
of MyoRing in patients with severe keratoconus and high myopia. From
their own nomogram and the own features of the disease of the patients,
MyoRing implanted had 5 OZ and 280 um’ thickness or 6 mm OZ and
320 um’ thickness. Apart from UCVA and BCVA, which presented an
improvement after MyoRing implantation, the myopia reduced in near 8
diopters and the astigmatism reduced practically 3 diopters.

Daxer et al. (2016) 127 s a clinical long follow—up study, where MyoRing

is implanted in keratoconic corneas. Spherical and cylindrical power
presented an improvement during the first 5 months but then kept con-
stant during the next 5 years. Due to the UCVA and BCVA presented a
continuous improvement during 5 years, MyoRing implantation got to
detain the disease progression. Daxer assured that MyoRing acted a
second limbus, absorbing a meaningful load of the cornea. Also, an im-
portant conclusion of this study was there was no relationship between
type and location of keratoconus with the optical outcomes since the
pocket had 9 mm of diameter and the ring covered 360°.

Janani et al. (2016) 28 is a clinical study of 40 eyes of 37 patients, where

MyoRing was used to stop the keratoconus progression. MyoRing was
implanted by mechanical procedure using the PocketMaker microker-
atome. After a 3—year follow—up, the spherical and cylindrical power
reduced nearly 3 diopters, and both UCVA and BCVA improved 8 and 4

t129 (

lines in Snellen Char see Figure 2.21), respectively.

Hosny et al. (2015) 130 compared the complete versus incomplete ring

implantation for keratoconus correction. They investigated 25 kerato-
conic eyes, of which 15 had had femtosecond—-assisted MyoRing corneal
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implantation (Group 1) and 10 had femtosecond—assisted Keraring seg-
ments (Group 2). The main outcomes were measured preoperatively
and at 4 weeks postoperatively. Changes in mean of the main outcomes
(UCVA, BCVA, Knean) did not significantly differ between groups, except
Kmean change, which was significantly greater in Group 1 than in Group
2. Both complete ring and ring segment implantation were effective
for improving corneal and visual parameters in keratoconus. Complete
ring implantation could have a greater flattening effect on the anterior
corneal surface.

Alié et al. (2011) 131 is a clinical study of MyoRing implantation using
femtosecond laser to create the pocket. The pocket had a 9 mm of
diameter and 300 um corneal depth. The MyoRings implanted were 5
mm optical zone and 280 ym thickness. After some periods of follow—
up, 1 week, 1 month, 3 months, and 6 months after surgery, the study
concluded: Significant improvement of UCVA after 1 week but then
kept constant. The spherical, cylindrical and spherical equivalent power
presented a significant reduction but then, kept constant. BCVA did
not present significant changes during the follow—up. After 1 week of
surgery, the eyes presented a flattening in the apex zone. Then, between
1 week and 3 months, the flattening kept constant. However, 6 months
after, a regression of this effect could be observed. The aberrations of
first order increased 1 month after the surgery, but then reduced. Finally,
the CCT increased at the end of the follow—up.

The clinical preoperatively and postoperatively data of these works and

others can be observed in Table 2.9132

5.5 In—silico studies about ICRS surgery

Ebrahimian et al. (2019) 133 developed a novel methodology for numeri-
cal simulation of MyoRing surgery by adopting a simple representation
of the corneal geometry and material model. They considered both
the patient specific geometry and in vivo material model to assess the
effect of different types of MyoRing on surgery outcome. In the work, a
straightforward approach was addressed to analyze the effect of MyoR-
ing in keratoconus corneas using 3D finite element methods based on
anterior segment optical coherence tomography (AS—-OCT). The corneal
keratometry of the keratoconus cornea under intraocular pressure (IOP)
after MyoRing surgery was the result of diameter and thickness and
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their interactions. The target of the study was to investigate the relative
contribution of these parameters to the keratometry data of keratoconus
cornea predicted by a hyperelastic finite element model. The outcome
of MyoRing implantation was predicted by variations in the MyoRing
thickness and inserted optical zones showed enough influence of My-
oRing parameters on the patient’s post—operative result. Therefore,
well-characterized individual MyoRing selection and position could be
critical in cornea remodeling after MyoRing surgery.

'3 Kling and Marcos 2013 Kling and Marcos (2013) 134 analized the effect of the insertion of ICRS
in average healthy and ectatic corneas. A 2D axisymmetric model was
used including the external structures of the eyeball, i.e., cornea, limbus
and sclera, and triangular and hexagonal ICRS. The material behaviour
was assumed as hyperelastic and isotropic for all the ocular tissues.
For the insertion of the rings, a previous gap was included in the pre—
surgical configuration of the cornea. However, the pre—stress of the
ocular tissue due to the intraocular pressure was not accounted for.
Different ICRS thickness (150-350 um) and optical zone implantation
(4.4-6.6) mm were simulated. In addition, a central keratoconus was
introduced in the axisymmetric model, where corneal elasticity was
decreased locally. ICRS geometry had a significant influence on corneal
power. Changes from 4.08 to -17.7 D and 3.31 to -20.5 D for healthy
and keratoconic tissue, respectively were observed. They predicted an
increment of central corneal thickness of 38 um for healthy and 97.8 um
for ectasic. Spherical aberration also changed upon ICRS implantation.
The protusion of the posterior cornea behind the rings was well predicted.
The model followed the trends of clinical reports on the effect of ring
geometry. They concluded that a good combination between FE models
with individual biomechanical properties and geometry of patients could
assure a good predictability of ICRS surgery.

135 | ago et al. 2015 Lago et al. (2015) 135 puilt a patient—specific (PS) model of the cornea,
without additional structures, such as limbus or sclera, to predict the
pos—surgical effects of ICRS. As boundary condition, the displacements
of the corneal periphery were restrained. The material behaviour was
also assumed as hyperelastic and isotropic and included the pre—stress
of the ocular tissue. For the insertion of the rings, a previous gap was
included in the pre-surgical configuration of the cornea and the ICRS
were not simulated as solid inside the cornea, but the nodes of the gap
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were morphed into the shape of the ring instead. 7 patients diagnosed
with keratoconus and treated by implantation of ICRS were considered
in the study. Finally, the predicted curvature was compared with the real
curvature after the surgical intervention. The results showed a flattening
of the cornea which was in consonance with the real improvement of
the corneal curvature. The mean difference obtained was of 0.74 mm
using properties of healthy corneas. It was the first study, capable of
simulate the ICRS insertion in patient—specific models and to predict
the optical outcomes with clinical data.

Kahn and Shiakolas (2016) 136 tilized finite element analysis techniques 13 Kahn and Shiakolas 2016
to develop a high fidelity and computationally efficient two—dimensional
axisymmetric cornea model to study the relative effects of MyoRing
implant geometry and surgical conditions on the postsurgical shape of
the cornea utilizing corneal apical displacement results. The FE anal-
ysis results indicated that MyoRing implantation reduces myopia. The
amount of myopic rectification was dependent on the control parameters,
which MyoRing geometry and surgical condition were included. The
results showed that the greater MyoRing thickness, the greater incre-
ment of myopic rectification, and the greater MyoRing radius, the less
myopic rectification. The depth of MyoRing implantation suggested that
corneal depth of 40—75% provided steady myopic rectification. Corneal
pocket diameter analysis revealed that smaller corneal pockets lead to
an increase in myopic rectification. The results followed the trends of
clinical studies. Finally, the combined impact of the control parameters
on myopic rectification was studied by conducting a sensitivity analysis
and an equation relating myopic rectification with control parameters
was developed using a simple regression analysis.



Pre-Surgical Values

Post-Surgical Values

Study Ring (ZO/hICRS/Angle)
Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D) Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D)
Abdellah, . -eratoconus — Clinical Study, 38 eyes. 3 years follow-up
2019 —/~/355° ‘ 513+35 - —126+36  —974+31 —58+16 ( 475420 - —96+37 -75+£32 —43+12
Abd Elaziz, - -A0vance Keraloconus — Cliieal Study, 50 eyes. & menths folow—up. ..
2018 5/300/355° ‘ 521445 - ~103+3.1 —78+48  —64+22 ( 429442 27449 -16+48 —23+25
Gatzioufas, . ./eratoconus — Clinical Study, 11 eyes (patienis older than 40 year) ...
2018 5/150-300/— ‘ 514445 467 £ 39 —1174+45  —94426 —45+37 ( 484453  473+375  —444+40 31428 -28+22
Guber _IKeratoconus — Clinical Study, 10 eyes. 6 months folow-up
2018 i ‘ 532445  412+183  —128+51 —92+39  -73+24 ( 485+£58  416+£225 —65+41 —48+30 —33+22
Heikal . _/Keratoconus — Clinical Study, 30 eyes. 6 months follow-up
2017 5/150-350/90—120-160-210° 55.9+54 - —12.8+5.1 - - 441+1.6 - —244+10 - -
__Central Keratoconus — Clinical Results, 73 eyes (comparing between 3 different types — 23 eyes with Keraring)
Yousif, 2017 5/200/320°
' 5/250/320° 50.5+4.5 - —59+14 38407 47411 449+58 - ~15420  31+08 20+15
5/300/320°
A= Keratoconus — Clinical Study, 54 eyes. MyoRling (18 eyes) and Keraring (26 eyes) implantation (Only Keraring data are showr) ~
T“‘gg;’g“'* 5/150-350/90, 120, 160° ‘ 481430  478+26.6 —47430 26429 —44+18 ( 436421  481+334 —18425 —08+20 -22+16
Keratoconus — Clinical Study, 60 eyes. 6 months follow—up
Bayoumy, - - - T T L L o s oo
2014 5/150-350/160° ‘ 51.5+3.0 - 74425 —97+17  45+16 ( 474426 - —31+23  —44+15 —26+17
__Keratoconus — Clinical Study, 15 eyes. 6 months follow-vp
Jadidi, 2014 6/200-300/355° ‘ 481420 . 55415  -24+19 —43+13 ( 433423 . 20416 —03+23 —19+10
Gharaiben, . . eratoconus = Clinical Study, 85 eyes. 6 months follow—up
2012 6/150-350/90-120-160-210° | 51.8+4.1 - —68+29 —7.75 —5.35 ( 473+37 - —32+28 —457 —422
Kubaloglu, - _Keratoconus — Clinical Study 2 rings comparison (Only Keraring is shown), 100 eyes. 1 year follow-vp
2010a 5/~ 488+41  424+514 ~50+34 35430 -33+19 | 463+32  415+582 22416 —13+09 -20+13
__Keratoconus — Clinical Study 2 ways of performing the tunnel (Mechanical and Femtosecond), 100 eyes. 1 year follow-vp
Kubaloglu,  Mechanical  5/150-350/ 49948 - 58430 —40+23  -35+13 | 469+34 - —26+18 -15+11 -20+£12
2010b 90, 120,
Femtosecond 160, 210° 50.8 + 5.0 - 58442 41434  —34+18 | 474+45 - —26+14 -14+10 -18+11
Shabayek,  [eraoconus — Clinical Study, 16 eyes. 6 months follow-up
2007 5/150-350/160° ‘ 492+52 - —63+37 —39+34  —48+21 ( 46.54 - —3.96 —2.88 —2.15

Table 2.6: Pre- and Post-operatively clinical data of Keraring studies
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Pre—Surgical Values

Post-Surgical Values

Study Ring (ZO/hICRS/Angle)
Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D) Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D)
Pediatric keratoconus — Clinical study, 118 eyes, 36 months follow—-up
e sasa was2s - 18526 0111 se+2s | seexze - - 14219 4x01  2is12
90-120-150-210° - ) o o o ( co ) e e e
Candelaria, Keratoconus — Clinical study, 15 eyes, 12 months follow—-up
2019 ~ 5-6/200/160°(2rings) ( "50.84+34 496+372 < —76+36 @ - - ( "481+35 4954449 59431 - -
. Keratoconus with “bow-tie” shape — Clinical study, 20 eyes, 6 months follow—up
Fernandez— -------" B L R el e e e e
Vega Low ast!g.. -/-1150°(1 r.mg)
’ Med. astig.: -/-/120°(2 rings) 448+19 - —25+20 —-1.0+14 -3.0+12 439+1.6 - -15+17 -1.0+£15 —-1.0+04
2019 . ) S
High astig.: -/-/90°(2 rings)
Rocha, . .Keratoconus —Clinical study, 34 eyes, 6 months follow-up . ___________.
2018 ’ SE Group 6/150-300/ { 519439 - —85+41 - - { 46.95 - —39+46 - -
Q Group 320°(1 ring) 50.8 £4.4 - —64+4.1 - - 47.47 - —32+26 - -
Keratoconus — Clinical study, 58 eyes, 16 months follow—-up
Growp1 4025(')%{,2(204”93) 5444 6.6 . 103429 ; . 493443 . 57418 . ;
Sandes, Growpz 40_51"5‘5c/)1(51°/r - . . 63429 ; . - . 38422 . ;
2018 5-6/200/
Group 3 140-200°(1 ring) - - —-75+39 - - - - —37+22 - -
Al 499470 . 80435 ; . 473449 . 45425 . ;
Patients
Lyra, 2017  _Ieratoconus — Clinical retrospective study, 241 eyes, 30 months follow-vp
’ —/—-/— 48.6+4.4 - - - - ( 464+3.7 - - - -
Fernandez— Paracentral keratoconus — Clinical study, 409 eyes, 6 months follow—up
Vega, 6/150-300/ 462435 - 42451  —21+451 —42+21 ( 455432 - 28447 -19+46 —18+14
2016 90-120-150-210° i ) i i i i i i i i
. Keratoconus with irregular astigmatism — Clinical study, 32 eyes, 12 months follow-up
Gauthier, - - = B0 [ T T [ T T TS oS TS TS oooossooosoes
2016 90-120-150-210° 480+ 3.6 453 £65.9 —2.6+28 —02+27 —4.8+25 ( 46.1+3.3 465 £59.7 —13+£19 —04+21 —24+19
Keratoconus — Clinical study, dual Scheimpflug analyzer, 50 eyes, 12 months follow—up
Torquetti, 5/-/140°(13eyes) [~ 485+35 T —-73+27 [ 44938 o —-29+15
2016 5/-/160° (25 eyes) 484+19 482 £49.6 —45+39 —3.1+38 —42+18 444426 519 £53.8 —15+24 —0.8+26 —-21+13
5/-/210°(12 eyes) 50.9 +2.0 —6.0+15 455+1.8 -32+15
Keratoconus — Clinical study, 79 eyes, 6 months follow—up
ore _ semosey T 505451 - - 54434 33435 42416 | 46847 - - 20419 -07+15 -29+17
90-120-140-160-210° { ) ) i e ) o e { ) ) i - B B
Anceéle, Keratoconus — Clinical study, 25 eyes, 6 months follow—up
2011 5-160° [~ 514+61 - —66%£51 - —44+52 —42+21 [ 487+48 - 31433  -18%32 -26+15
Keratoconus — Clinical study, 51 eyes, 13 months follow-up
Kwitko, ~~ 5/250/120-160°(5eyes) [ T
2004 5/300/120-160° (43 eyes) 48.8+4.0 - —6.1+£5.0 - - 432448 - —3.8+4.0 - -
5/350/120-160° (3 eyes)
Table 2.7: Pre- and Post-operatively clinical data of Ferrara studies
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Pre-Surgical Values

Post-Surgical Values

Study Ring (ZO/hICRS/Angle)
Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D) Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D)
Kang. 2019 __/eratoconus = Clinical Study, 87 eyes, 12 months follow-up
9 6/~ (2 rings) 50.7 £ 2.6 - 554438 S52103  Z78%49 [ 885%727 - 50340 T 2353017 259439
Hashemian, Keratoconus — Clinical Study, 71 eyes, Intacs SK implantation, 6 months follow-up
2018 S 8/210450~ [ 497.7547.0”””:’”"”172?171”2.’8””:3’.7’£71f5’”:AI.()E?;O’(’47.2537.6’”"7’-’7”’7:()7.6’&’272’”:2’.6}’171’”72179}’2’2"
Shahhoseni, Keratoconus — Clinical Study, 30 eyes, 12 months follow-up
2018 7/450/— (1 ring) - - - - -16+23 | - - - - —-15£20
Amanzadeh, Keratoconus — Clinical Study, 42 eyes, 4 months follow-up
2017 715~ 180128 - g - Z39%17 [ 459%76 - - : 22015
__Keratoconus — Clinical Study, 34 eyes, comparison between Intacs and Intacs Sk~
A- Intacs (16 7510 450/150° | 457+17 . 26424  —31+11 —41+24 | 435+22 . —05+14 —29+12 —14+16
Muammar, eyes)
2015 :?g’;?ess’)( 6/400-450/— 477428 ; 33423 34413 50425 | 446+29 ; L06+19  —28+11 —17+19
__Keratoconus — Clinical Study, 33 eyes, comparison between Intacs and Intacs SK, 12 months follow-vp
Hashemian, g‘;:;s 07 71210-4501150° | 50.0+29 . 23400 52445 —49+23 | 480+34 . 16409  —40+26 —36+22
2014
:?tea:/ess})( 6/400~450/— 474+28 - —40+£07 —05+23 —42+18 | 463+42 - 20408 -32+£21 -36=+19
Kubaloglu,  Keratoconus — Clinical Study, 2 rings comparison (Only Intacs is shown), 68 eyes. 12 months follow—vp
2010a 7/-1150° [ 486135  410+548 33426 31413 S41X28 [ 455%727 T 41960460 T 13108 T 19X 09 T 22409
~_Reratoconus - Ciinical Study, 2 surgical techniques (mechanical vs femtosecand), 2 rings comparison (Keraring vs Intacs), 80 eyes with Intacs are shown. 24 monihs folow—up
Pifiero, ggcgfe’g)ca' —/450/~ (1 ting) 50.1+52 - —34+37 —43+23 56439 | 479447 - —25+451 27416 —39+52
2009 ¥ or —/250/— (S)
ersmg::fmd and 450 () | 490451 . 36445 37425 —54452 | 470450 - 12421  —27414 —25+21
Advance Keratoconus — Clinical Study, 14 eyes, 6 months follow—up
Shetty, - -=-= TIBBOABOT(S) and | e e T IS oo oooooooeoo e
2008 ZA50150°() 53.0+3.7 - —67+64 —494+19 -91+56 { 494+38 - 31431 -36+13 —49+32
Golin. 2007 __eratoconus — Clinical Study, 100 eyes. 24 months folow-vp
: —J400-450/~ [ 501%56  478£550 474338 461728 S69%39 [ 368%¥ 49  WiTa0 T T2Ii27 T S33¥18 0 S38%127
__Keratoconus — Clinical Study, 6 eyes. 48 months follow-vp
Al 2006 77450/~ (1 ring) -
’ 7/250/~(S) and 7/450/~(1) 485+33 28438 52432 —54441 | 459424 - 24435 -31+17 —39+£50
7/450/—(2 rings)
Kanellopoulos, Moderate and advance keratoconus — Clinical Study, 20 eyes. 12 months follow—vp
2006 Nomogram in study [ 495%T16 - 34431 38120  S53%34 [ 365%12 - {53220 T S13309 T S19418
__Keratoconus — Clinical Study, 1 and 2 rings implantation, 6 eyes. 48 months follow-up
y ! 7/450/150° 463+41  570+763 —23+36 54428 —50+38 | 426429 - ~03+08 -29+14 -17+15
Alié, 2005 Segment
gegmems 7/250-450/150° | 50.8+45 5424502 32439 47423  —55+43 | 467+50 - 21419 -23+12 —33+26
~_Keratoconus — Clinical Study, 10 eyes. 12 months follow—up
Colin, 2001 72501150°(S)and [ o0 LA io9ia00 . R
21450/150°) ( 50.6+3.6 479 +32.0 - - - ( 465426 - - - -

Table 2.8: Pre- and Post-operatively clinical data of Intacs studies
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Pre—Surgical Values Post-Surgical Values
Study Ring (ZO/hICRS)
Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D) Kmean (D) CCT (um) SE (D) Sph (D) Cyl (D)
Rattan,  MyopaTreatment
2018 ’ RE 5/280 447 501 —10 —-8.0 —4.0 l 39.8 - —-1.13 —-0.5 -13
LE 5/280 45.2 496 -9.75 —-8.0 -35 404 - -0.75 0.0 -1.5
Myopia Treatment — Statistical Analysis 19 eyes of 12 patients
Daser 2016 5280 | - e —11.72+26 —11.0+27 145+12 | - . - —088+12 —-045+04 —-088+£09
’ 6/280 - - —6.83+0.8 —7.58+25 1.75+1.3 - - —0.67+£08 —-1424+20 —133+£0.6
7/280 - - —2.81+0.3 —7.58+25 1.75+1.3 - - 05+0 —-1.00+04 —-1.00+0.7
Myopia Treatment — Statistical Analysis 32 eyes of 32 patients
Jadidi, 2016 OB | 511433 . TIO% 8226 46419 l 475436 : ~13423 03422  -20+15
Khosravi, Keratoconus — Clinical Results, 34 eyes—Astigmatic axis
2017 e [ - e —68 - —474+38 43 ] - - =252 15437 - 21
Central Keratoconus — Clinical Results, 73 eyes (comparing between 3 different types — 12 eyes with MyoRing)
Yousi, 2017 S0 or 511424 - —6+45  —47424 51411 | 45424 - 13412 —21411  —24+11
Pithadi, . [eratoconus - Clinical Results, 39 eyes ~ Manual Mechanical Pocket (18 eyes) and Microkeratome PocketMaker (21eyes)
2017 ! Manual - ‘ 53.2+5.1 421 +45.6 —10.7+43 —79+45 —56+21 l 46.6 +3.5 448 +£279 —28+34 —15+35 —27+14
PocketMaker - 50.8 +4.9 452 + 60.4 —97+£29 —75+£3.0 —44+13 448+29 468 +44.6 —11+£15 —04+16 —15+08
Keratoconus — MyoRing and MyoRing + CXL, 41 eyes (only MyoRing Data)
Bikvova, 5/240 [~ ooy
2017 5/280 512+54 - —9.0+4.1 —9.0+4.1 —49+4.1 431427 - —-1.3+32 —13+32 —15+23
5/320
Daxer, 2016 _ _Keratoconus — Clinical results, 83 eyes folow—vp
’ - | 507+11 440+9 —76+13 —52+11 —48+04 | 458+07 442 +7 —15+0.7 —09+£05 —12+03
Janani, Keratoconus — Clinical results, 40 eyes follow—up
2016 e | 499435 - —65+45 ~ —40+36  -51+£17 | 475+34 - - —20+26  —-1.0£22  -21+09
Al- Keratoconus — Clinical Study, 34 eyes. MyoRing (18 eyes) and Keraring (26 eyes) implantation (Only MyoRing data are shown)
T“‘gg;rg“" - ‘ 498+36  473+36 51456  -33+53 —36+13 l 426+18  463+464  —14+23  —04+22  —21+14
Keratoconus — Clinical Study, 47 eyes. 18 month follow—up
Mohebbi, ~~ 23eyes 5320 [ Ty e
2016 15 eyes 5/280 51+£3.3 440 £34.3 —5.76 —-3.37 —4.78 463 +29 446 £33.8 —0.39 —0.87 —2.52
9 eyes 6/280
Nobari, Keratoconus — Clinical Study, 54 eyes. 18 month follow—up
2014 e [ 502+31 -~ —61+35 =~ —46+37 = —52+1 | 458+24 - - -01+09  06x01  15£07
Saeed, Keratoconus — Clinical Study, 23 eyes.
2014 e | 513436 - - - -] 458+£30 0 - - e -
Ali6, 2011 _Keratoconus ~Clinical Study, 12 eyes.
’ 5/280 | - 457 £45.9 —82+49 —48+55 —68+3.0 | - 469 +£53.4 —09+£23 03+26 —25+14
Table 2.9: Pre- and Post-operatively clinical data of MyoRing studies
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Chapter 3

Pressure—based ICRS implantation’

I he chapter aims to implement the first methodology of the ICRS insertion
within corneal stroma. Different surgical scenarios are built so as to
evaluate the behaviour of both average cornea and central keratoconus

cornea after ICRS insertion.
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1. Introduction

Cornea is the outermost, transparent layer of the eye that is responsible
of two—thirds of the optical power, as you can see in the previous chapter. It
is structured in different layers that are the epithelium, the Bowmann layer,
the stroma, and the endothelium, from the outermost to the innermost. Be-
tween them, the stroma represents almost the 90% of the corneal thickness
and it is composed of water (= 90%) and collagen fibres embedded in
a ground substance called extracellular matrix.2 Collagen fibres, which
are organised in a network, alongside with the extracellular matrix provide
structural integrity and transparency to the cornea.?

Keratoconus (KC) (see Section 3 of Chapter 2 is summarized as an
idiopathic, non—inflammatory and degenerative corneal disease that typ-

ically develops in the inferior—temporal and central zones.*

5

Despite its
ethiology is still partially unknown,” corneas with keratoconus or ectasia
present a loss of organisation in the corneal collagen fibrils that results in
a localised thinning and a conical protrusion.6 In KC, the corneal surface
presents a progressive asymmetric deformation with irregular astigmatism
and high myopia that worsens visual acuity.7 KCis ethnic—dependent8 and
targets on young to mid—age patients, appearing during the adolescence
and progressing until maturity.9 Although its incidence is low, 0.05-2.5%,
the absence of a cure and its long—term blinding effects put KC on the spot.

There are different techniques to treat the disease depending on the
severity of the ectasia (see Section 3.3 of Chapter 2), although this study
focus on the ICRS insertion.!% Their main clinical setback is related to
the planning of the clinical procedure (see Section 4.1 of Chapter 2). The
treatments usually rely on the experience of the ophthalmologist11 and
population—based nomograms that implicitly account for the mechanics,
but explicit patient—specific information is missing. Hence, unexpected
outcomes can arise such as corneal extrusion in which, from 24 hours to
few weeks after surgery,12 ICRS are expelled out the cornea, or imprecise
post—surgical visual acuity that results in patient discomfort.3

Rings are surgically placed depending on the location and degree of
severity of the ectasia. Different surgical parameters must be accounted
for to achieve the desired effect such as the distance from the corneal
centre where rings will be placed, the diameter and shape of the ring’s
cross—section, the angle embraced, or whether single or paired ICRS
should be inserted.! In actual practice, both triangular and hexagonal
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cross—sectioned ICRS are used.!® The former are inserted close to the
optical axis whereas the latter are inserted at a larger distances due to their
bigger cross—section.

Despite the interest and novelty of previous in—silico methodologies,
commented in Section 5.5 of Chapter 2,16 two main points could be im-
proved: i) a mechanical weakness is introduced beforehand when consid-
ering the gap of the tunnel from the beginning, which could be inaccurate
when representing the mechanical equilibrium prior to the surgery; ii) the
solid rigid motion of the ICRS after its insertion is missing if the rings are
not represented as a foreign body inserted in the incision and interacting
with the surrounding tissue.

In the present work, we present the first semi—automatic tool that is
template—based to simulate the 3D implantation of ICRS in human corneas.
Our numerical framework allows for simulating the optical and mechanical
effect of three different key parameters of the ICRS surgery that are the
stromal depth at which the ring is inserted (sDI - stromal depth of insertion),
the horizontal distance with respect to the corneal centre where the rings
are placed (hDRI - horizontal distance of ring insertion), and the diameter
of the cross—section (¢;crs). Besides, the pretension of the tissues is

included,”

the gap associated to the laser incision is not present in the
pre—surgical configuration of the cornea, and the rings are introduced as
solid bodies that contact with the corneal stroma.

For the sake of simplicity, and since the target of this work is to show a
numerical methodology, we assume three main simplifications: the use of
an average human cornea,!8 the description of the cornea as a hyperelastic

I,19 and the use of ICRS with circular cross-section, which

isotropic material
are seldom applied in clinic. Independently of these simplifications, the
procedure remains valid whether more complex scenarios are introduced,
e.g., patient—specific corneas, anisotropy of the tissues, or other ICRS
cross—sections such as triangles or hexagons.

To determine whether our computational model is behaving physio-
logically, we perform a 3F full-factorial parametric study20 that analyses
the impact of these three key parameters (i.e, sDI, hDRI, and ¢cgrs) in
the optics, the mechanics and the kinematics of the cornea. Using an
in-house ray—-tracing algorithm,2! we also analyse the optical effect in the
post-surgical cornea including the aberrations of the eye related to the
Zernike coefficients, and the spherical and cylindrical powers, which are
typically used to assess in the visual acuity of the patient. Based on this 3k

'S Pifiero et al. 2009, Shabayek
and Alio 2007

'8 Kahn and Shiakolas 2016,
Kling and Marcos 2013, Lago
et al. 2015, Guarnieri et al. 2015

7 Ariza-Gracia et al. 2016

'8 Navarro et al. 2006

'8 Ariza-Gracia et al. 2016

20 Montgomery 2019

2! Ariza-Gracia et al. 2017a
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22 Navarro et al. 2006

parametric study, we also try to discern the most influential parameters that
affect patient’s optics.

Finally, the methodology is applied to an average cornea that presents a
central keratoconus to determine whether the methodology can be further
applied to assess in the management of the disease. The kinematics, the
mechanics and the optics of the post-surgical cornea are analysed for
two different ring diameters (¢;crs) and two different stromal depths of
insertion (sDI).

2. Material and methods

In this section, the template—based computational methodology is pre-
sented. In particular, the methodology gathers the following aspects: i)
the definition of the average finite element templates and their numerical
features, i.e., mesh, boundary conditions and material behaviour; ii) the
definition of the finite element model of the ICRS; jii) the computational
procedure proposed to simulate the long-term insertion of the ICRS in the
cornea; and iv) the optical criteria used for analysing the results.

Then, a 3* full-factorial parametric analysis is used to study the influence
of different ICRS’s parameters in the corneal optics, and whether our
models and procedure yield physiological outcomes. Finally, a theoretical
study in keratoconus (KC) corneas is performed to discern whether the
computational framework could help in its management by determining the
mechanical and kinematic response of the cornea after the insertion of
ICRS.

2.1. 3D finite element template of the human eyeball: mesh,
constitutive behaviour, and boundary conditions

Two geometries of reference are considered to build the finite element
(FE) templates: an average healthy cornea and an average cornea with
central keratoconus. All structures in the model, i.e., cornea, sclera and lim-
bus, present symmetry of revolution (see in Figure 3.1.a). The dimensions
of the healthy cornea are based in an emmetropic eye:22 radio of curvature
of 6.7 mm and 7.5 mm for the posterior and anterior surfaces respectively,
and a variable and incremental thickness from the centre to the periphery
with a fixed central corneal thickness of 600 um. The thickness of the
limbus is variable, from 1 mm in the interface with the sclera to 0.7 mm in
the interface with the cornea. The keratoconus is derived from the healthy
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cornea simulating that the healthy patient develops the disease. It has a
central thinning of 400 zm, and a mechanical weakening that is affecting 2
mm in diameter (see in Figure 3.1.b). The inner diameter of the sclera is
set to 24 mm?23 with a constant thickness of 1 mm. The limbus is defined
as the short strip of tissue that acts as transition between the cornea and
the sclera.

Our methodology is semiautomatic as it relies on previously generated
templates that gather a discrete set of surgical scenarios. Meaning that,
if one specific set of surgical parameters is desired to be evaluated and
was not previously associated to a particular template, the methodology
would not be able to evaluate the surgical scenario unless a new template
is generated ad hoc. In particular, nine templates were build by combining
three variations of hDRl, i.e., 5, 6, and 7 mm, and three variations of sDI,
i.e., 50%, 65%, and 80% (see in Figure 3.1.c).

All geometries are meshed with 8—-node linear hybrid hexahedral ele-
ments (C3D8H). To determine the optimal size of the mesh, a convergence
analysis has been carried out with three different meshes with a different
level of refinement. The point of interest in our analysis, i.e., the corneal
apex, showed a percentage variation of less than 2% between the finest
and the coarsest mesh. As the problem is dominated by the biaxial stress
state induced by the intraocular pressure (IOP) and the bending is negli-
gible,24 the mesh size at the centre of the cornea is not critical. However,
areas close to the insertion of the ICRS undergo great deformation and,
thus, precise of a fine mesh definition (see in Figure 3.1.b). Hence, the
cornea is overmeshed in some regions to avoid a bad mesh transition
between the fine mesh surrounding the ICRS and the ideal coarse mesh
in the rest of the cornea. Depending on the combination under analysis,
the number of elements of the mesh will vary from 184,572 to 311,052
elements, i.e., from 773,055 to 977,604 degrees of freedom (d.o.f).

To simulate the material behaviour of the ocular tissues, we use hyper-
elastic isotropic strain—energy functions. Despite the fact that the human
cornea presents two orthogonal families of fiores,? the limbus presents
one circumferential family of fiores,2® and the sclera presents a random
distribution of fibres far from the optical nerve insertion, %’ they are not
modelled as fibre—reinforced materials. This assumption does not affect
the proposed methodology to simulate the insertion of the ICRS, but allows
for a less time-consuming analysis. While the cornea and the limbus are
modelled using Neo—Hookean strain—energy functions, 1PN,28 the sclera is

23 Navarro et al. 2006

24 Ariza-Gracia et al. 2016

25 Ariza-Gracia et al. 2016, Pan-
dolfi and Vasta 2012

% Ariza-Gracia et al. 2016, Pan-
dolfi and Vasta 2012

27 Coudrillier et al. 2015

28 Ariza-Gracia et al. 2015
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Figure 3.1: Definition of the fi-
nite element templates: (a) 3D
numerical model of the eyeball
including cornea (red), limbus
(blue), and sclera (green); (b) De-
tail of the mesh in the surround-
ings of the ICRS. Elements in
blue will be removed during the
simulation to allow the insertion of

the ring; (c) Schematic transver-
sal section of the cornea highlight-

ing two of the variables controlled
in the template: stromal depth of

insertion (sDl), and horizontal dis-
tance of ring insertion (hDRI). De-
tail of KC geometry with a cen-
tral thickness (CCTkc) of 400 mi-

crons.

2 Ariza-Gracia et al. 2016

30 Ariza-Gracia et al. 2016

31 Ariza-Gracia et al. 2016

| hDRI =5 mm |

T

“CCTKE™
Combinations of sDI: 50%, 65%, and 80%

modelled using a Yeoh strain—energy function, l[)y.29

_! i1 1 cN (1, -3 3.1
‘PN—B' T—n(]el) +Cqo- (I1 = 3) (3.1)
Yy =Y Di-(Ja—1)*"+ Y Ciy- (I, - 3)’ (3.2)

i=1 i=1

where I is the first invariant of the modified right Cauchy—Green tensor
C = ];2/3C, J.1 is the elastic volumen ratio, and D% is the bulk mod-
ulus. The material constants for the healthy tissues are retrieved from
our previous work:3? CI' = 0.05 MPa, C],=0.81 MPa, C},=56.050 MPa,
C1,=2,332.26 MPa, D; = 0 MPa~!. The material weakening associated
to the KC is assumed to be a 50% of the stiffness of the healthy material:
CKSC = 0.025 MPa.

As model-dependent boundary conditions, i.e., not related to the sur-
gical procedure, there are two main restrictions: the intraocular pressure
(IOP) that is set to a physiological pressure of 15 mmHg (2 kPa), and a
condition of symmetry on the equatorial plane of the sclera.3! Moreover,
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the initial pre—stress of the corneal tissue is introduced by using an iterative
algorithm previously reported.32 The free—stress algorithm determines a
reference geometry, generally smaller, such that when the eyeball is pres-
surised to the physiological IOP, the corneal shape returns to its original
shape but including the stress and stretch fields.

2.2. 3D finite element model of the ICRS

For the sake of simplicity and numerical stability, ICRS with three differ-
ent circular cross—section diameters (¢crs = 200, 300 and 500 microns)
and a fixed opening angle, «, of 150°are used. The diameter of the circular
rings corresponds to the maximum limiting dimension of clinical rings (i.e.,
triangular or hexagonal, see in Figure 3.2). In this vein, we ensure that
the minimum size of the laser incision will house any ICRS typology, even
when commercial triangular or hexagonal ICRS geometries are introduced.

ICRS are made of PMMA isotropic polymer and modelled as an elastic
material with a Young’s modulus of 3,300 MPa and a Poisson’s ratio of
0.4 (data from Addition Technology, Inc., Sunnyvale, CA, USA). They are
meshed using 8—-node linear hexahedra (C3D8) with a variable number of
elements ranging from 3,343 to 9,024, i.e., from 12,783 to 32,460 DOF. Re-
garding their model-dependent boundary conditions, there are not special
considerations as they will lay over the cornea until their insertion inside the
laser incision. Once inside, a frictionless, hard—contact, surface—to—surface
contact between the rings and the incision is activated.

2.3. Computational simulation of the insertion of ICRS

Three stages of the surgery must be simulated in Abaqus 6.13-5 (Das-
sault Systemes Simulia Corporation) to mimic the surgical procedure: i) the
creation of the laser incision in the stroma, ii) the widening of the incision
to introduce the rings, and iii) the insertion of the ICRS. Since our interest
is in the long—term impact of the ICRS in the mechanics and the optics
of the cornea, and not in the damage mechanisms of the photodisrup-
tion, incisions are already “included” in the FE template but “filled” with
corneal stroma (see Figures 3.1 and 3.3). In this way, the pre-stress of
the pre-surgical geometry of the cornea can be done without introducing
a fictitious weakening due to the gap.33 After pre—stressing the cornea,
the elements of the incision are removed using the Abaqus Standard tool,
*Model Change, that allows erasing elements during a simulation step. As
a mechanical instability is introduced, a new mechanical equilibrium needs

32 Ariza-Gracia et al. 2016

STOETA 5D

%
RICRS

Figure 3.2: Finite element
model of the ICRS. The main
variables are the radius of the
ring (Rjcrs), the opening angle
(«), and the diameter of the trans-
verse section of the ring (¢icrs.-
The diameter of the circular ring
is set to the maximum limiting di-
mension of commercial rings (tri-
angular and hexagonal).

% Kahn and Shiakolas 2016,
Kling and Marcos 2013, Lago
etal. 2015
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to be achieved.

Once the incision is empty, it is enlarged using a pressurisation to give
room for the ICRS. In particular, the *Fluid Cavity boundary condition
that allows for introducing a hydrostatic pressure is used. This hydrostatic
pressure can be either controlled by fixating the pressure degree of freedom,
or by introducing a volume of fluid in the cavity. Since, the amount of fluid
to introduce is not known beforehand, the pressure is fixed and the volume
flowing in the cavity is monitored (see in Figure 3.3). When the incisions
are expanded, their centre lines are calculated and the rings are registered
into the correct position. Finally, the pressure is slowly released allowing
the incision to shrink and to establish the contact with the ICRS.

There are two critical computational restrictions that must be satisfied
to obtain the convergence of the problem. First, the incision must be
sensitively bigger than the diameter of the ICRS (¢;crs) or the surface
normals will not cross, the contact will not be detected, and meshes will
penetrate. Second, different levels of pressure are needed to obtain the
same volume inside the cavity depending on the material stiffness of the
area surrounding the incision, the hDRI, and the sDI. A preliminary analysis
is carried out to define the level of pressure needed to open the incision and
to insert the ICRS without violating any of the computational restrictions.
To allow the insertion of the different ICRS at different sDIs and hDRls, the
following levels of pressure are needed: i) at 50% depth, 400 kPa with an
average volume of 5.0354-0.569 mm®; ii) at 65% depth, 385 kPa with an
average volume of 5.0344-0.605 mm3; iii) at 80% depth, 275 kPa with an
average volume of 4.774 + 0.494 mm?.

The complete procedure (see in Figure 3.3) consists of the following
steps: i) determining the free—stress configuration of the cornea (1st simu-
lation); /i) physiological pre—stressing of the cornea due to the intraocular
pressure (2nd simulation); iii) removing the elements inside the laser inci-
sion (2nd simulation); iv) expanding the incisions (2nd simulation); v) cal-
culating the centre lines of the incisions (2nd simulation);vi) registering
the ICRS to the incisions (3rd simulation); vii) closing up the incisions to
force contact with the ICRS (3rd simulation); viii) achieving the mechanical
stability (equilibrium step)

During the simulation, the elevation of the anterior and posterior corneal
surfaces are saved. For the pre- and post—surgical geometries, the Carte-
sian coordinates (x, y, z) of the points defining the anterior and posterior
surfaces are saved to a text file using the URDFIL subroutine. With this
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information, the optical assessment of the pre- and post—surgical influence
of the ICRS is carried out.

2.4. Determination of corneal optics

To use metrics that are of clinical relevance, our in—house ray—tracing
software3* is used. Such software allows for the numerical simulation of

clinical topographers35 and aberrometers3® using as input information the
corneal elevation of both surfaces.

In particular, we use the concept of wavefront aberration in optical
systems.37 The wavefront aberration is the measure of the degree of
imperfection of the optical system: while in a perfect system planar waves

transform into perfect spherical waves, in real systems the same planar

Figure 3.3: Clinical and com-
putational surgical procedure:
(a) Clinical procedure: a pat-
tern is marked so as to the
laser can perform the incision
and the rings can be manually in-
serted; (b) Computational proce-
dure: (1) the numerical template
is built; (2) the reference config-
uration is achieved and the ocu-
lar tissues are pre-stressed using
an iterative algorithm;(3) the in-
cisions, which were already pre-
sented in the model, are removed
using *Model Change and in-
flated using *Fluid Cavity; (4) the
ICRS is inserted and the pressure
slowly released; (5) the ICRS
reaches the equilibrium inside the
incision.

34 Ariza-Gracia et al. 2017a

% Fangjun et al. 2016, Garzén
and Galan 2013, Hong et al. 2013
% Pifiero et al. 2009, Lakshmi-
narayanan and Fleck 2011

%”Dai 2008, Malacara and
Malacara 2003
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Figure 3.4: Zernike representa-
tion of the geometries of ref-
erence: (a) summary of the
most representative Zernike co-
efficients (Z,;,) and their graphi-
cal representation. The cylindri-
cal power (astigmatism) and the
spherical power (defocus) are re-
lated to the second-order Zernike
coefficients (Z;z—oblique astig-
matism, Z9-defocus, and Z3-
vertical astigmatism). Kerato-
conus is related to vertical and
horizontal coma (Zl’3 and Z%);
(b) Zernike coefficients of the av-
erage healthy (blue) and aver-
age KC (red) geometries. The
healthy geometry only presents
primary and secondary spherical
aberrations (Z9 and ZJ). The KC
geometry, as it is derived from
the healthy geometry, worsens
the primary and secondary spher-
ical aberrations and introduces
high order spherical aberrations
(Z9). Moreover, astigmatism is
not present as the KC is of cen-
tral type.

% | akshminarayanan and Fleck
2011

3 Thibos et al. 2004
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waves would transform into distorted spheres. This distortion gives direct
information of the imperfections of the system, either in geometry or in the
transmission of the light, i.e., refraction indexes. Importantly, the wavefront
aberration can be represented as a surface and, thus, it can be fitted to
Zernike polynomials.38

These polynomials have a direct relation to clinical practice since some
of their coefficients (Z]') are indicator of common pathologies such as
astigmatism, which is related to Z;Z and Z2, or keratoconus, which is
related to Z1_3 and Zi’ (see brief summary in figure 3.4).

In ophthalmology, the spherical (Sph) and cylindrical (Cyl) powers
(diopters, D) are used to assess on the visual acuity of the patient, for
example in the prescription of lenses.3? Patient’s astigmatism can be de-
termined with the second—order coefficients of Zernike, i.e., Z;z, ZO, and
Z%, by calculating the cylindrical power and the axis of orientation of the
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cylinder (¢) (Eq.3.3):40

_ 72343 cyl
PP =~
—722\/6 ~7522\/6
Cyl(D) = =2+ | (—35—)2 + (—2 )?
R3 R3 (3.3)
~Z,%2\6
1 R2
0y _ — P
¢( ) - Zatan( —Z%Z\/é )
Ry

where Ry is the radius of the pupil under analysis, i.e., typically 3 mm.41

The optical outcomes of the FE templates are gathered in Figure 3.4.b.
The initial average cornea presents primary and secondary spherical aber-
rations (Zg, and Zg), whereas the evolution of the central KC worsens the
previous aberrations (Zg, and Zg) and promotes new high order aberra-
tions (Zg). As the case of study is a theoretical perfect central KC, primary
astigmatism (Zz_z, and Z%) is not present in the relation of aberrations.

2.5. Benchmark studies

A 3K full—factorial protocol is used to design a batch of experiments that
is based on the FE templates of the healthy cornea and in the in-silico
surgical methodology. This parametric study presents 3 levels (low, mid,
high) of combinations of k variables to assess in the impact of one, or
several, objective variables.*2 In particular, our parametric study is build
using a 3° full-factorial analysis with 27 simulations that combines three
levels of: sDI (50%, 65% and 80%), hDRI (5, 6 and 7 mm), and ¢crs (200,
300, and 500 microns).

With this parametric study, we analyse the impact of different clinical
scenarios on two optical variables: the spherical power (Sph), and the
cylindrical power (Cyl). Note that the astigmatic axis (¢) was not analysed
since we are using average corneas and rings are always placed in the
same corneal meridian. Thus, the astigmatic axis will always align with the
ICRS axis and will not present variation between clinical scenarios. Thanks
to the level-wise structure of the dataset, the main effect of the principal
variables and their interaction on the optical response is analysed.43

Finally, the kinematics, the mechanics, and the optics are studied for
both the healthy and KC corneas. In particular, three cases are analysed:

40 Thibos et al. 2004

#! Herndndez-Gémez et al. 2014

*2 Montgomery 2019

5 Montgomery 2019
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i) Case 1: 200 micron ICRS placed at 80% depth; ii) Case 2: 500 micron
ICRS placed at 80% depth; and iij) Case 3: 200 micron ICRS placed at 50%
depth. The main outcomes of interest are: the movement of the corneal
apex, the stress field in the corneal stroma next to the ring, the stress
relaxation of the anterior and the posterior cone, and the corneal optics.

FE simulations were performed using Abaqus, whereas the optical analy-
sis and data management were performed using Matlab (Matrix Laboratory,
Mathworks).

3. Results

In this section, benchmark studies are discussed. First, the parametric
study used to discern whether the model behaves physiologically and to
study the impact of different ICRS features on corneal optics. Second, the
kinematic, mechanical, and optical analysis of different clinical scenarios
in KC corneas. For the sake of clarity, only the results for KC corneas
are showed since both corneal configurations, healthy and KC, behaved
similarly.

3.1. Results of the parametric study

The most influential parameter of the surgery is the stromal depth of
insertion (sDI). The impact of the variation of the sDI represents slightly
more than a 70% of the variation of spherical power and more than a
50% of the variation in cylindrical power (see in Figure 3.5.a—b). This is
in line with several clinical studies where depth was reported to be critical
in the definition of the ICRS surgery.44 The deeper the location of the
ICRS, the greater the impact in both powers but, interestingly, with opposite
slopes (see in Figure 3.5.c-d). This is essential when performing a surgery
since there is not an optimal trade—off when minimising aberrations: if the
spherical aberration aims at being minimised, the astigmatism (cylindrical
power) will increase and viceversa. Physically, this means that the curvature
of the surface is greatly affected due to the kinematics and mechanics of
the cornea after the insertion of the ring. As we consider the material fixed,
we do not know exactly how much of this contribution is derived from the
material or the shape, but we can infer that mechanics is playing a role
that is driving the response. Furthermore, the cylindrical power presents a
nonlinear behaviour with a transition zone at 65% depth from which there
will be negligible changes (see sDl in Figure 3.5.d).
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The influence of the hDRI ranges from 10 to 20% for the spherical and
cylindrical powers, respectively (see in Figure 3.5). Also this feature af-
fects the spherical and cylindrical powers with opposite linear trends, being
impossible to obtain an optimal trade—off between both powers when per-
forming a surgery. For example, if the astigmatism wanted to be minimised,
the optimal hDRI would lie between 6 and 7 mm, but this would imply that
a certain amount of spherical aberration would be induced.

The diameter of the ICRS (¢ crs) only affects the spherical power
whereas the cylindrical power presents much less sensitivity to it (see in
Figure 3.5.a-b). Besides, both power could be minimised in terms of ¢;crs
as they present linear positive trends (see in Figure 3.5.c—d). At this point,
we must stress that the ICRS with a diameter of 500 #m was calculated but
removed from the statistical analysis as they resulted in anomalous values
and distorted the analysis. In fact, the inclusion of such rings is related to
the 3* full-factorial analysis where the levels of variation must be fixed and
complete. Nevertheless, this is not affecting either the conclusions or the
results, since such ICRS are scarcely used in clinics and always far away
the centre (i.e., > 7 mm).*

When observing the interaction between ICRS’s features, we can con-
clude that the spherical power is mainly controlled by the sDI whereas it

Figure 3.5: Parametric analy-
sis (1): Pareto chart and main
effect of the variables under
analysis in the spherical and
cylindrical powers. (a-b) Influ-
ence of the variation of the vari-
ables under analysis (sDI, hDRI
and ¢;crs) in the spherical (a)
and the cylindrical (b) powers. (c-
d) Main effect of the variation of
the variables under analysis in the
spherical (c) and the cylindrical
(d) powers.

“ Al-Tuwairqui et al. 2016,
Fernandez-Vega et al. 2016,
Jadidi et al. 2015, Torquetti et al.
2016
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is almost independent from hDRI and ¢;crs. In particular, rings located
farther and deeper affect more to spherical aberration than other combi-
nations (see in Figure 3.6.a). Regarding the cylindrical power, sDl is also
controlling the overall astigmatic change (see in Figure 3.6.b). In particular,
sDI presents a nonlinear variation with hDRI, with a great variation for rings
placed at 50% depth and a null variation for rings placed at 80% depth.
Despite different diameters of ICRS affect the cylindrical power, the differ-
ence between using 200 or 300 um is negligible. Once more, the inversion
of behaviour between 65% and 80% depth is observed in the interaction
between sDI and hDRI, and sDI and ¢;crs. This fact also suggests that
a mechanical change in the cornea is occurring when overpassing 65%
depth, which is modifying its overall behaviour.

3.2. Effect of ICRS in KC corneas: kinematics, mechanics,
and optics

The average KC cornea (see Case 0 in Figure 3.7) presented an api-
cal displacement after pressurisation of 0.17 mm, 3 times bigger than in
the healthy average cornea, i.e., 0.05 mm. The apex moved back when
inserting two ICRS of different diameter, 200 and 500 ym, at 80% depth.
The backward movement of the smaller ICRS is larger than the one of the
bigger ICRS, i.e., 61 =-0.12 and é, = -0.03 mm respectively (see cases 1
and 2 in Figure 3.7.e). Results previously reported46 support the behaviour
of the numerical model after the insertion of ICRS. It is worth to note that,
when inserting the 200 um ICRS at 50% depth, the apex moves forward
instead of backwards with d3 = 0.12 mm (see Case 3 in Figure 3.7.d—e).

When the ring is placed at 80% depth, i.e., the recommended insertion
depth in therapeutic treatments, the corneal stroma mostly works in a
(heterogeneous) biaxial stress state that does not vastly differ from the
physiological stress state of the cornea solely subjected to the eyeball’s
intraocular pressure47 (see in Figure 3.8.a). However, when the ring is
placed at 50% depth, the cornea is working in a mixed stress state where
the anterior stroma is compressed and the posterior stroma is in tension
(see in Figure 3.8.b). The stresses in the cone also outline the inversion
of the stress field depending on the sDI. The anterior stroma bears more
load whereas the posterior stroma unloads when the ring is placed to the
clinical depth, and viceversa when it is placed at 50% depth (see C; and
C3 in Figures 3.8.c—d). This inversion in the mechanical behaviour of the
cornea leads to a change in the corneal surface and kinematics that could
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Figure 3.6: Parametric analysis (2): Interaction of the variables under analysis in the spherical (a) and cylindrical (b) powers.
Row values are hold constant while column values present 3 levels of variation. Note: diameter of 500 microns is an outlier and was
removed from the plots for the sake of clarity.
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Figure 3.7: Kinematics of the KC cornea: (a—d) Transverse section of the vertical displacement field of the cornea in four different
cases. Case 0 is the pre—surgical configuration, Case 1 is the equilibrium configuration after the insertion of 200 um rings at 80%
depth, Case 2 is the equilibrium configuration after the insertion of 500 um rings at 80% depth, and Case 3 is the equilibrium
configuration after the insertion of 200 xm rings at 50% depth; (e) Displacement of the apex during the simulation procedure. Due to
the pre-stress of the cornea the apex raised to 0.17 mm. After the insertion of the rings, the apex moved backward (Case 1 and 2) or
forward (Case 3) a d;, decreasing or increasing the axial length of the eye. The displacement of the corneal apex for Case 1 is also
reported in the video provided as supplementary material (lower left panel).
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explain the differences observed in the transition from 65% to 80% depth
(see Figures 3.5-3.8).

However, this hypothesis cannot be supported entirely by experimental
facts*® as rings placed at 50% are usually rejected by the cornea. When an
ICRS is inserted at 50% depth (see in Figure 3.8.a), the tissue surrounding

it is abnormally tense resulting in a higher stretch of the corneal stroma.

The positive tension in the posterior stroma and close to the endothelium
is causing the tissue to push the ICRS up to the epithelium, whereas the
positive tension in the anterior stroma is causing the tissue to excessively
stretch in the surroundings of the surgery, i.e., the hole through where ICRS
are inserted. On the contrary, tensions in the anterior stroma do not appear
when the ICRS is placed at 80% depth (see in Figure 3.8.b). In this case,
the ICRS is equilibrated and fastened by tensions in the posterior stroma
and intraocular pressure, whereas the fibrous weak tissue of the scar in the
epithelium does not support an excessive load bearing. We hypothesise
that this mechanical behaviour close to the scar is promoting, among other
factors, the extrusion of the ICRS.

The insertion of ICRS will also cause the corneal optics to worsen (see
in Tables 3.1, 3.2, and Figure 3.9). Any ICRS generates different optical
aberrations: primary, secondary, and tertiary spherical aberrations (Z(z),
79, Z9) and first and second order astigmatism (Z3, Z3), which are low
order aberrations (LOA), and high order aberrations (HOA: Z3, Z2, Z8).
Optical powers and low order aberration values are shown in Table 3.1 and
high order aberration values in Table 3.2. In particular, the 500 ym ICRS
generates the larger aberrations and affects all Zernike coefficients (see
Case 2 in figure 3.9). The 200 micron ICRS at 50% depth is generating
larger high order aberrations, and affecting less to the spherical power
(related to Zg). On the contrary, placing it at 80% depth is barely affecting
the spherical power while is inverting the sign and magnitude of the Zernike
coefficient related to the cylindrical power (Z%). This worsening of the

Optical powers LOA
Sph(D) Cyl(D) @) Z9(Zs) Z3(Zs)
Pre-H -16.9 0.0 20.680  9.310 0.000
Pre-KC  -21.1 0.0 0.13 12.060 0.000
Casel  -195 09 00 11940 0392
Case 2 -18.5 -8.2 0.0 14.044 3.608
Case 3 -5.7 -3.0 0.0 93.476 1.034

4 Zare et al. 2007, Liu et al. 2015,
Colin and Kili¢ 2012

Table 3.1: Optical Powers
(Cylinder and Sphere) and Low
Order Aberrations (LOA). Pre—
surgical healthy (Pre-H) and
KC (Pre—KC) configurations, and
post—surgical KC configurations:
Case 1 (200 um, 80% Depth),
Case 2 (500 um, 80% Depth),
and Case 3 (200 um, 50%
Depth).
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Figure 3.8: Mechanics of the KC cornea: (a) Stress field (MPa) in the stroma for Case 1 (200 zm and 80% depth) in which cornea
presents an heterogeneous biaxial stress state. (a—zoom) Principal stresses (MPa) in the surroundings of the incision. Above
the ICRS there is almost no stress while under the ring there is maximum traction. This state of stress will fasten the ring in the
incision; (b) Stress field (MPa) in the stroma for Case 3 (200 #m and 50% depth) in which cornea presents a mixed stress state with
compression in the anterior surface and tension in the posterior surface. (b—zoom) Principal stresses (MPa) in the surroundings of the
incision. There is traction above and under the ring. This state of stress could tear up the fibrous tissue of the scar in the epithelium
while pushing the ring out of the incision from the posterior stroma; (c) Relaxation of the cone in the anterior cornea. The cone is
more tensioned in Case 1 while it is relaxed in Case 3; (d) Relaxation of the cone in the posterior cornea. The cone is more tensioned
in Case 3 while it is relaxed in Case 1. The gradient of the maximum principal stress around the ICRS (upper right panel) and the
temporal evolution of the maximum principal stress in the anterior and posterior cone (lower right panel) for Case 1 is also reported in
the video provided as supplementary material.
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visual acuity of the numerical models is also supported by different clinical
studies*? that showed an increment in astigmatism, related to the cylindrical
power, although there is a slight improvement in defocus, related to the
spherical power (see in Tables 3.1 and 3.2).

Z) (Z1z) 73 (Z13) Z3(Zaa) Z(Zoa) Z§(Zze) Z§ (Zay)
Pre-H 0.605 0.0 0.0 0.023 0.0 0.0
Pre-KC -1.950 0.0 0.0 2.897 0.0 0.0
Casel | -3397 0299 0175 3404 0076 0082
Case 2 -4.584 -0.773 2.457 3.109 -0.708 1.584
Case 3 -3.149 0.191 0.788 3.699 0.105 0.604

4. Discussion

A novel template—based methodology for the simulation of the long—term
effects of ICRS is presented. The main advantage of the methodology is
that is suitable for a semi—automatic simulation of different clinical scenarios
and allowing for setting up an optimisation procedure straightforwardly.
Moreover, we go beyond the current state of the art® by solving key
aspects such as avoiding the subtle weakening of accounting for a gap
in the pre—surgical corneal configuration, and allowing for the free three-
dimensional solid rigid motion of the ring after the insertion. Moreover,

Figure 3.9: Zernike coeffi-
cients of the KC corneas. Pre—
surgical configuration is depicted
in black and white. The inclu-
sion of the rings worsened the
spherical aberrations (Zg, Zg,
and Z2) while introducing astig-
matism (Z%, and Zﬁ) and high or-
der aberrations (Z§, Z#, and Z9).

“ Al-Tuwairqui et al. 2016,
Fernandez-Vega et al. 2016,
Jadidi et al. 2015, Torquetti et al.
2016

Table 3.2: High Order Aber-
rations (HOA). Pre—surgical
healthy (Pre—H) and KC (Pre—KC)
configurations, and post—surgical
KC configurations: Case 1 (200
um, 80% Depth), Case 2 (500
um, 80% Depth), and Case 3
(200 pum, 50% Depth)

% Kahn and Shiakolas 2016,
Kling and Marcos 2013, Lago
etal. 2015
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thanks to our opto—mechanical analysis,?! our methodology is capable of
providing a comprehensive optical assessment of different post-surgical
scenarios that improves the translation of in—silico models to clinic.

We assumed three main simplifications since our interest is in the com-
putational methodology and we are not presenting a numerical framework
for clinical application. Nevertheless, the methodology is designed to easily
cope with further and more complex characteristics.

First, the inclusion of patient—specific geometries is the next natural
step and can be done, based on our previous experience,®? by morphing
the FE template into the patient—specific corneal topography provided
by commercial topographers. In addition, we did not take into account
epithelium redistribution as its mechanical contribution has been suggested
to be minimum.>3

Second, as the previous works in the Iiterature;”_’4 we use an isotropic
hyperelastic material behaviour for the ocular tissues. Despite the sclera
could be assumed as such far from the optical nerve insertion,55 the cornea
and the limbus are still anisotropic. In this line, an anisotropic hyperelastic
material behaviour with two families of orthogonal collagen fibres in the
cornea and one family of circumferential collagen fibres in the limbus will
be included. This will modify the kinematics and the optics of the cornea,
and the stress field in the stroma and, thus, it must be further investigated.

Third, we use circular—shaped ICRS with a diameter that is equivalent
to the maximum dimensions of commercial triangular or hexagonal rings
(see in Figure 3.2). In terms of methodology, we ensure that the incision is
big enough to house any typology of ICRS. The next steps of our research
will focus on including triangular and hexagonal rings and on solving the
contact with the incisions.

A final remark regarding the limitations encompasses the semi—automati-
sation of the methodology. As it is a template—based approach, we are
constrained by the number of FE templates available, which are discrete
and do not allow for continuous inspection of the different parameters. In
the future, we will fully automatise the procedure allowing to set a complete
clinical scenario in a non—supervised process.

The methodology generates outcomes that behave as expected based
on clinical findings.56 The 3 fullfactorial analysis outlined this physiolog-
ical behaviour through different key findings (see in Figures 3.5 and 3.6).
First, the sDl is the most influential parameter in the post—surgical visual
acuity of the patient,57 representing between a 50 and a 70% of the im-
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pact in the spherical (see in Figure 3.5.a) and cylindrical powers (see in
Figure 3.5.b). Second, the farther the hDRI, the higher the impact on the
spherical power but the lower in the cylindrical power.58 Third, the ¢jcrs
does not present a large variability when using 200 or 300 xm. Moreover,
500 pm rings should not be used in diameters lower than 7 mm as they are
causing incredible aberrations.

The kinematic and optical behaviours are also in line with those reported
in the literature®® and support the physiological behaviour of the model and
the methodology. In terms of kinematics, when the ICRS is inserted at 80%
depth, i.e., the insertion depth used in clinic, there is a move backward of
the corneal apex that changes the axial length of the eye and the curvature
(see in Figure 3.7). Optically, the insertion of the ICRS seems to regularise
the corneal surface as the spherical power decreases. However, it worsens
the overall visual acuity of the patient and, in particular, astigmatism and
high order aberrations.

Interestingly, there is a transition zone between 65 and 80% depth where
the mechanical behaviour of the cornea completely changes. When the
rings are inserted close to the anterior stroma, the cornea tends to slightly
bend as the anterior surface is in compression and the posterior surface is
in tension. However, when the rings are inserted close to the endothelium,
the corneal stroma is still working in a (heterogeneous) biaxial stress state
similar to the physiological stress state of the cornea.®?

As the evolution of KC is suggested to be stress—driven,®! we hypothe-
sise that its progression could be differently affected depending on where
it spatially develops. If the KC rises from the posterior surface and propa-
gates towards the epithelium, it would be advisable to place the ICRS at
80% depth as it would relax the posterior cornea and stretch the anterior
cornea. However, if the origin of the pathology is in close to the epithelium,
it would be advisable to place a ring at 50%. However, rings placed at 50%
depth presented corneal extrusion of the ICRS in clinic.62

Thanks to our study of the mechanical influence of the stromal depth
of insertion (sDl), we also hypothesise that corneal extrusion is related
to the gradient of principal stresses in the surroundings of the incision
(see in Figure 3.8). When the ICRS is placed at 50% depth, the positive
stresses above the ring tend to tear up the tissue in the surroundings of the
scar through where the ring was inserted. At the same time, the positive
stresses under the ICRS tend to stretch the tissue and push the ring up. In
combination, both behaviours could cause the fibrous tissue of the scar to

%8 Abdelmassih et al. 2017

% Kahn and Shiakolas 2016,
Kling and Marcos 2013

% Ariza-Gracia et al. 2016

61 Zare et al. 2007, Colin et al.
2001, Rabinowitz 1998

62 Zare et al. 2007, Liu et al. 2015,
Colin and Kilig 2012
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tear up and the corneal stroma to expel the ring. Although we are using
an isotropic material and further research must be done, this is the first
mechanics—based hypothesis that, to the best of our knowledge, explains
the corneal extrusion and is supported by an in-silico study.

In conclusion, the methodology proposed is suitable for simulating the
long—term mechanical and optical effects of ICRS insertion. Currently, we
are investing further efforts in extending the methodology to cope with
patient-specific geometries, to instruct material models with anisotropy, to
use different commercial rings, and to achieve a fully automatic methodol-
ogy with continuous inspection of the ICRS’s parameters involved in the
surgery.
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1. Introduction

The surgical procedure for the implantation of intrastromal corneal ring
segments (ICRS), or complete ring segments (ICR), is considered as an
additive refractive surgery which primarily attempts to regularize pathologi-
cal corneas with keratoconus (KC)2 or post-LASIK ectasia.® Not only that,
but several clinical studies report the use of intrastromal rings to stabilise
the progression of keratoconus.? In addition, these implants can be used
to correct corneal disorders such as high myopia when patients cannot be
treated using a laser refractive interventions,? astigmatism,6 or marginal
pellucid degeneration.7

There are two groups of commercially available intrastromal rings. First,
intrastromal complete rings (ICR) which are 360—degree continuous im-
plants. Within this group, clinicians can find Intacs SK (Additional Tech-
nology, Inc. USA) and the MyoRing (Dioptex, GmbH.), with elliptical and
proprietary (combination of a parabola and a circumference) cross—sections,
respectively. Second, instrastromal corneal ring segments (ICRS) which
account for different angles and that can be placed either alone or in pairs,
depending on the arc—length of the implant and the type of pathology. Many
different commercial options with two different cross—sections are avail-
able: triangular (Keraring, Mediaphacos, BeloHorizonte, Brazil; Ferrara,
AJL Ophthalmic Ltd.) or hexagonal (Intacs, Additional Technology, Inc.).
Regardless the group, there are several implant diameters (optical zones
of implantation) and cross—section thicknesses available depending on the
degree of corneal ectasia and the amount of refractive correction to achieve
(see the Section 4.2 of Chapter 2).

Choosing the ring usually drives how the surgical procedure will be
performed. When ICRS are chosen, segments are lodged in the stroma
within a canal (or tunnel). When ICR are chosen, implants are lodged in a
dissection stromal plane (pocket). In both situations, the dissection planes
(or tunnels) can be either manually performed using a micrometer diamond
knife or the PocketMaker microkeratome® or created using a femotsecond
laser (see the surgical techniques in Section 4.1 of Chapter 2).

A well calibrated in—silico model can really help to clinicians to better
plan the surgery of the rings into the corneal stroma. Currently, the surgery
plans are based on empirical models which depended on commercial
manufactures, and rely on the surgeons experience.

Until now, different computational simulations have been used in an
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attempt of predicting the post—surgical opto—mechanical outcomes of this
refractive surgery. The summarised characteristics of those simulations’
are: corneas were mostly simulated as an axisymmetric solid, except for
Lago et all0 and Flecha-Lescun et a/.;ll

behave as isotropic hyperelastic materials, such as Neo—Hokean, Mooney—

soft tissues were considered to

Rivlin or Yeoh models, always neglecting anisotropic material models;
implant’s cross—sections were not commercial; contact between the implant
and the corneal tissue was considered as frictionless; and pre—stretch of
the corneal tissue due to the eyeball’'s intraocular pressure was disregarded.
None of the studies presented all the characteristics.

Eventually, there is not a clear, easy—to—follow methodology for the
simulation of the intrastromal ring insertion surgery and all the studies pre-
sented different pitfalls. Kling and Marcos!2 presented a two—dimensional
incrustation method in which the ring was press—fitted inside the dissec-
tion plane whose main pitfall was lacking of corneal pre—stretch. Lago
etalld presented a three—dimensional methodology in which the nodes
of the dissection plane were forced to move to create the shape of the
implant cross—section. However, the main pitfall of this methodology was
to not consider the implant as a foreign three—dimensional body inside the
corneal stroma, neglecting the post—surgical mechanical accommodation
of the implant within the stroma and, thus, the post—surgical mechanical
equilibrium of the cornea. Finally, Flecha—Lescun et all4 presented a
three—dimensional pressure—based methodology (Chapter 3) to create a
hole in the corneal stroma to lodge the rings. The main pitfalls of this
methodology were related to the convergence of the method, the impossi-
bility of completely removing the pressure boundary condition, and the use
of non—commercial circular cross—sections. More information about the
most relevant in—silico studies are summarised in Section 5.5 of Chapter 2.

The present work arises from the need to simulate the introduction of
commercial rings in the corneal stroma and to improve the convergence
problems that appeared in the simulations of Chapter 3. Therefore, the aim
of this chapter is to establish a generic methodology for the simulation of
any intrastromal ring implantation, which is inspired by the approach used
to simulate endovascular stents in balloon angioplasty.15 Using the pro-
posed methodology, we will first validate the models using the post—surgical
refractive outcomes at a population level and, then, we will study what
are the minimum requirements needed to simulate this refractive surgery.
In particular, we will focus on determining when to use two—dimensional

9 Ebrahimian et al. 2019, Kling
and Marcos 2013, Kahn and Shi-
akolas 2016, Lago et al. 2015,
Flecha-Lescun et al. 2018

01 ago et al. 2015

" Flecha-Lescun et al. 2018
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axisymmetric or three—dimensional models, whether accounting for the
anisotropy of the tissue is needed for a sufficient opto—mechanical simula-
tion, and whether accounting for the friction between the implant and the
stroma modifies post—surgical refractive outcomes.

2. Material and methods
2.1. Corneal geometry

For the sake of comparison, the same cornea was used to set up
the methodology and to compare across models. The corneal topology
corresponds to a virtual healthy patient with high myopia (>8D) and typical
values for healthy corneas: a central corneal thickness (CCT) of 550 um,©
average corneal keratometry (Kmean) of 45 D, an axial length (AL) of 26.5
mm,” a scotopic pupil size of 4 mm and a refraction error (spherical
equivalent, SE) of -9.4 D.18

For the two—dimensional axisymmetric models, the cross—section of the
cornea was modelled as a spherical dome with a symmetry of revolution
around the optical axis (see in Figure 4.1.a—b). This geometric description
was enough to capture the average curvature at the cornea centre (Kmean)
and the overall defocus of the optical system (Zernike coefficient, Z9, and
Spherical Equivalent, SE). For the three—dimensional models, the spherical
cross—section of the cornea was revolved along the Y-axis to create a
three—dimensional spherical cornea.

Surgical features were introduce in the two—dimensional corneal cross—
section depending on the implants: for ICRS a femtosecond laser tunnel of
500 um in length was created, while for ICR a full intrastromal 8—mm pocket
cutting through the stroma was created (see in Figure 4.1.a-b). Dissection
planes were located at a clinical recommendation depth19 corresponding
to the 75% of the corneal stroma thickness where the implants are inserted.
The thickness of the dissection planes was 5 um, the size of the bubble
created by the vaporization of the tissue using the femtosecond laser.20

Corneal meshes for the different surgical scenarios were automatically
generated using a python scripting (see Appendix Ill). Axisymmetric models
were built based on the anterior and posterior radius of curvature and the
central corneal thickness. The axisymmetric models were meshed with
~29,000 4—node hybrid bilinear axisymmetric quadrilateral elements with
reduced integration (CAX4RH) and had ~18,000 degrees of freedom
(d.o.f.), depending on the automatic meshing (see Figure 4.1.a—b). The
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Figure 4.1: Geometries and meshes of the models. (a) Axisymmetric cornea with surgery as a tunnel. This geometry is used to
simulate the Keraring—355° (almost complete ring) and Intacs in 2D; (b) Axisymmetric cornea with surgery as a pocket. This geometry
is used to simulate the MyoRing; (c) 3D Cornea model, where 2 Intacs segments of 150°were implanted. Due to symmetry, only
a quarter of cornea is necessary, saving computational and resources time; (d) Cross—section ring implanted; left—top Keraring;
right—top, MyoRing and bottom, Intacs.
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three—dimensional (3D) quarter models of the cornea (Figure 4.1.c) were
meshed with ~115,000 8-node linear hybrid hexahedral elements (C3D8H)
and had ~370,000 d.o.f. However, the 3D—meshes were built with a
semi—automatic process controlled by the user, revolving the axisymmetric
models taking as reference to the optical axis (axis Y in Figure 4.1.c).

Two boundary conditions were considered. First, the physiological
intraocular pressure (IOP) was set as a distributed pressure of 2 kPa
(15 mmHg)21 in the posterior surface. Second, an encastred boundary
condition (no displacement) at the interface between the cornea and the
limbus was considered. The physiological pre—stretch of the cornea was
accounted for following a previously reported iterative procedure.22 Finally,
the corresponding symmetry conditions (x = 0 and z = 0 planes in
Figure 4.1.c) were accounted for in the three—dimensional models.

2.2. Corneal mechanics

A hyperelastic isotropic strain—energy function (SEF) was used to si-
mulate the non—linear mechanical response of the corneal tissue in the
two-dimensional axisymmetric models. For this particular case, we used
a previously validated Yeoh strain—energy function (yy) (see in Flecha—
Lescun et al*® and in Equation 2.2, Section 2.3.4, Chapter 2).

Although cornea is highly anisotropic, the orthogonal distribution of
collagen fibres cannot be included in two—dimensional axisymmetric mod-
els. 2 Despite this limitation, Yeoh’s strain energy function presented a
non-linear stiffening behaviour for increasing deformation similar to other
fibre—reinforced strain energy functions (see in Figure 4.2).

Moreover, the few small regions in the models that were in compression
did not present a high compressive deformation and, thus, the strain energy
function did not suddenly stiffen in compression and behaved mostly linearly.
The constants of the Yeoh’s strain energy were calibrated so as to the
average keratometry (Kjeqn) was 45D: Cqg = 35.53 kPa, Cy = 3.22 kPa,
C3p =1.87kPaand Dy, = 107 kPa, corresponding on a tangent modulus at
corneal pre—stretch of 210 kPa.2>

To study the impact of accounting for the anisotropy of the corneal
tissue we introduced in a modified version of the model proposed by

127 , where

Glasser—HoIzapfeI—Ogden26 developed by Ariza-Gracia et. a
the Neo—Hookean term has been replaced by an exponential term (see the
Equation 2.3, Section 2.3.4, Chapter 2).

The material parameters for the anisotropic model were estimated us-
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ing an optimisation procedure. First, using the previously calibrated Yeoh
model, the stress—stretch relationship for a uniaxial tensile test was cal-
culated. Afterwards, an iterative procedure was set up for the anisotropic
material model in order to approximate the isotropic stress-stretch relation-
ship. Parameter’s estimation resulted in D1 = 194.59 kPa, D, = 0.17237,
k1 =10.116 kPa, k = 0.0834 kPa and « = 0.05.

2.3. Implants: geometry and material model

Three different geometries were used in this study: Keraring (Media-
phacos, BeloHorizonte, Brazil), MyoRing (Dioptex, GmbH.), and Intacs
(Additional Technology, Inc.). In particular, their cross—sections are tri-
angular, proprietary (a combination of circumference and parabola), and
hexagonal (see Figure 4.1.d), respectively. Details on the ring models, i.e
geometry and mesh, can be found in Table 4.1.

The mechanical behaviour of the implants was considered as linear
elastic with a Young’s modulus of 3,300 MPa and Poisson’s ratio of 0.4
(data from Addition Technology, Inc., Sunnyvale, CA, USA).

No boundary conditions are directly specified on implants, being free to
move inside the surgery. The contact between the corneal stroma and the
different ring typologies was considered as a hard contact, with a friction
of 0.1.28 However, it was examined how the optical change (JSE) would
evolve when the friction coefficient (y) varied between frictionless (1 = 0)
and u = 1 for the MyoRing of 6 mm in diameter and 200 um in thickness.

Figure 4.2: Behaviour of
corneal material in uniaxial
test. Left Panel, fibres oriented
along pull direction; Right panel,
fibres arrangments at 45°. Blue
line represent the stress of
anistropic model and the dashed
red line represent the stress of
isotropic model.

28 Flecha-Lescun et al. 2018
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Typology  Cross—  ArcLength ¢ [mm] H [pm] Elements d.o.f
Section [°]

. . 5 280 CAX4R 1,884 3,972
Keraring  Triangular 355 5 300 CAX4AR 2,196 4,604
S 5 280 CAX4R 644 1368
MyoRing Proprietary 360 5 300 CAX4R 695 1,470

6 200 CAX4R 622 1,320
S 6 210 C3D8 37,200 121,914
Intacs Hexagonal 150 5 300 CAX4R 1,937 4,024
6 210 CAX4R 1,511 3,172
Table 4.1: Geometry and

mesh features of the different
ring typologies. Depending on
the ring typology, ¢ would be
4)ICRS or (P[CR, and H would be
Hikeraring, HMyoRing» OF Hintacs- The
proprietary cross—section of the
MyoRing is a combination of a
parabola and a circumference.

29 Gokgél et al. 2017

30 Ariza-Gracia et al. 2016

2.4. Expansion tool: geometry and material model

The proposed methodology includes an additional component solely
used for simulation—purposes: a rigid expansion tool used to open a hole
in the corneal stroma and allow for the insertion of the implant. This
element for the simulation was inspired by the approach used by Gékgdl et
al?? for the simulation of a stent implantation in balloon-angioplasty. In
particular, an elliptical expansion tool was automatically built, with small
enough dimensions so as to fit within the dissection plane (both tunnel and
pocket), and considered as a solid rigid.

Two—dimensional axisymmetric models were meshed with 4—node bi-
linear axisymmetric quadrilateral elements with reduced integration and
consisted of 100 elements and 200 d.o.f. Three—dimensional models were
build by revolving two—dimensional models around the optical axis and
were meshed with 3,600 linear hexahedral elements (C3D8) and 22,200
d.of.

2.5. Simulation steps for ring implantation

The whole simulation procedure encompasses four main stages. All
stages were simulated in Abaqus 6.13-5 (Dassault Systemes Simulia
Corporation).

First, the corneal tissue is pre—stretched to its physiological intraocular
pressure using an iterative algorithm previously developed (see Figure 4.3—
1).30 In short, a smaller reference configuration is determined such that,
when pressurised to the a physological IOP (15 mmHg or 2 kPa), it recovers
the original shape of the cornea and includes the tissue pre—stretch (see
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Figure 4.3-2).

Second, after the corneal pre—stretch, the creation of the dissection
planes is simulated by using *Model Change in order to remove the ele-
ments belonging to either the pocket (ICR) or the tunnel (ICRS). At the
same time, the expansion tool is included within the gap created in the
stroma and the contact (frictionless and hard contact) between both is
activated. An intermediate mechanical equilibrium is reached due to the
mechanical instability create by the gap (see Figure 4.3-3).

Third, in order to create a gap in the corneal stroma, the expansion tool is
augmented by applying a displacement vector field (see Figure 4.3, detail).
The displacement field (ﬁj) is calculated for each individual commercial ring
in such a way that, after deployment, the implant fits inside the stroma. In
particular, 77; is calculated as the difference between the coordinates of the

micro—expansion tool introduced in step 2 (R]-), and the final coordinates of
the expansion tool which would house the desired commercial implant (7).

Fourth, the implant is lodged inside the gap using *Model Change
and the contact between implant and tissue is activated. After that, the
displacement filed is slowly removed (—ii;) in order to establish a smooth
contact between the stroma and the implant (hard contact with and without

friction). Eventually, the post—surgical mechanical equilibrium is achieved.

2.6. Optical and mechanical analysis

To analyse corneal optics, the coordinates of the anterior and posterior
corneal nodes were extracted using a Python31 script for both the physi-
ological state and the post—surgical mechanical equilibrium. Two optical
metrics were used: the average keratometry (Knean) and the spherical
equivalent (SE).

Kmean32 was calculated by considering only the refraction of the central
part of the anterior cornea (see Equation 4.1)

n—1
R
where n = 1.3375 is the keratometric index of the cornea, R is the radius
of curvature (in meters) of the sphere that best fits of the anterior corneal

Kmean(D) = (4.1)

surface in a diameter of 3 mm around its centre.
The wavefront error of the optical system was calculated using an in—
house ray tracing algorithm33 and fitted using Zernike polynomials34 to

calculate the SE,°

3" van Rossum and Drake 2009

32 Savini et al. 2017

% Ariza-Gracia et al. 2017a

34 Lakshminarayanan and Fleck
2011

% Jaskulski et al. 2017
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Figure 4.3: Computational surgical procedure with tunnel. The initial state of the cornea free of stress es reached by an iterative
algorithm; 1. the cornea is pressurized to physiological state; 2. the surgery is created by means the Abaqus tool “Model Change and
the expansion tool is introduced in it; 3. the expansion tool is increased by applying a displacement vector field in order to create the
enough gap to introduce the implant; 4. the implant is introduced within the gap and the contacts involved are activated. Finally the
displacement field is slowly removed and the contact between the imapland and corneal tissue is established and the post—surgical
mechanical equilibrium is reached.
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SE(D)

—4/3.79
=——2 (4.2)

o

where Zg (um) is the Zernike coefficient corresponding to the defocus and
7o (mm) is the radius of the exit pupil of the optical system.

To analyse mechanics, the Cauchy stress tensor and principal stresses
were extracted at the centroid of each element using the same Python36
script for both the physiological state and the post—surgical mechanical
equilibrium. Stress analysis was mostly focused at the corneal centre in
which main human refraction occurs.

2.7. Case studies

All the following in—silico cases studied have been validated with the
results of the different clinical cases according to the type of ring.

The first study aims to compare both optical and mechanical results
between three—dimensional (3D) anisotropic and isotropic behaviour of the
cornea. In addition a comparison between 3D model and 2D—axisymmetric
models is added to discern whether it is necessary to increase the complex-
ity of the model. The hexagonal cross—section ring of 6 mm in diameter,
210 pum in thickness, and 150° was the ring chosen to make the study.

The goal of the second study is to see the effect of the different ty-
pologies of the ring within corneal stroma. The triangular, hexagonal and
MyoRing with the same dimensions, i.e. 300 um in thickness and 6 mm in
diameter are compared. In this case, the differences between both surgical
techniques arise.

Finally, the purpose of the third study aims to see what is the effect of
the friction between the implant and the corneal tissue. The model chosen
to evaluate the friction was the MyoRing of 200 m in thickness and 6 mm
in diameter.

3. Results
3.1. Optical impact of different modelling strategies

In—silico models were calibrated for MyoRing (ICR) using clinical data for
two eyes (see Myoring 5 mm-280 um in Figure 4.4, Chapters 5 and 6),37
and validated using data for patients with high myopia at a population level
(see empty in—silico boxplot and filled Daxer 2016 boxplot in Figure 4.4).38

% van Rossum and Drake 2009

37 Rattan 2018, Flecha-Lescun®
et al. 2020

% Daxer 2017
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Figure 4.4: Validation of the
in—silico results with clinical
results. In red, the validation
with the results of the MyoRing is
shown; in blue, the validation with
the results corresponding to the
Keraring are shown; and in green,
the validation of the results of the
Intacs rings is shown.
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Tuwairqui et al. 2016, Yousif and
Said 2018
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All predictions for realistic in—silico models fell inside the clinical range for
MyoF{ing,39 Keraring,40 and Intacs.*!

From a simulation standpoint, two—dimensional axisymmetric models
were valid for MyoRing and Keraring as they both predicted a change
in spherical equivalent (SE) within the clinical range reported. Intacs
presented a great over correction in SE when using axysimmetric models,
falling out of the clinical range. In terms of material model, both isotropic
and anisotropic hyperelastic models presented no optical difference (see
Intacs in green in Figure 4.4).

From a clinical standpoint, MyoRing provided the maximum change in
SE, followed by Keraring and Intacs, respectively. In fact, Keraring provides
less correction than MyoRing for roughly the same amount of added volume,
which suggests that the surgical technique (tunnel vs pocket) might be
differential. For different cross-section shapes but the same conditions (300
um cross—section size and continuous rings), a hexagonal cross—section
introduces more material volume than a triangular cross—section and, thus,
increases in 1.5 D the refractive correction.
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3.2. Mechanical impact of different modelling strategies

From a mechanical point of view, the main difference between axisym-
metric and three—dimensional models, or between isotropic and anisotropic
models, was related to the behaviour of the shear stresses. On the one
hand, using an isotropic axysimmetric model instead of a three—dimensional
isotropic model resulted in 10% increment in the circumferential stresses
at the posterior stroma and almost a 30% in the out-of-plane shear. On
the other hand, using an isotropic material law resulted in virtually not
difference in normal stresses whereas shear stress was mostly existent in
the fibres plane (fibres at 90°, see Ty in Figure 4.5). Nevertheless, after
corneal pre-stretch, all the models presented the same level of stretch (see
in black in Figure 4.2).

From a clinical point of view, using a stromal pocket as a dissection
plane for the corneal stroma introduces a discontinuity in shear stress
which results in an more compliant cornea (see Tyy in red, Figure 4.6).
Not only that, but the pocketing procedure relaxes the stresses in the
anterior stroma (see oyx and o in red, Figure 4.6) instead of increasing
the level of stress through the entire stroma as implants in tunnels do.
When comparing implants in tunnels, Intacs presented a higher increment
in stress than Kerarings, mostly related to the 35% additional volume
introduced by hexagonal sections for the same cross—section size.

An increment in friction of only 0.1 increased the stress distribution in the
cornea (see top—left panel in Figure 4.7). This change in stress distribution
and, therefore, mechanical equilibrium introduced an error of more than 1
D in the optical predictions of the surgical model (see top—right panel in
Figure 4.7). When the friction increased up to % = 0.3 (friction between
contact lens and cornea),42 the prediction error increased up to 2.5 D. 2 Roba et al. 2011
Beyond a i = 0.4 the prediction error stabilised around 3 D (change below
5%).

A discontinuity in the stress distribution can be observed at the interface
of the dissection plane (pocket) as the transmission of shear stresses
between the anterior and posterior regions of the corneal stroma are limited.
Accounting for the friction between the implant and the stroma does not
affect the distribution of shear stress or radial forces (Y-axis). However, it
modifies up to a 10% the in—plane stresses behaviour (see bottom panel in
Figure 4.7).
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Effect of 2D and 3D FE models and material model
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Figure 4.5: Effect of the in-silico simulations: axisymmetric versus 3D model and material model. (First row) Main principal
stress of axisiymmetric model with isotropic behaviour (in red), 3D model and isotropic model (in blue) and 3D model and anisotropic
model (in green); (Second row) Stress diagram in the apex zone (Line AB) for stress compounds in the main direction, 0xx, 0y, and
0zz; (Third row) Shear compound of stress in the apex zone (Line AB), Tyy, Tyz, and Tyz.
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Effect of Cross-section in axisymmetric models
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Figure 4.6: Effect of the cross—section of the rings in axisymmetric models. (First row) Main principal stress of the corneal

cross—section of MyoRing (red), Keraring(blue) and Intacs (green), respectively; (Second row) Stress diagram in the apex zone for
stress compounds, 0yy, Txys Oyys and 0.
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Effect of friction between MyoRing and Stroma
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Figure 4.7: Effect of the friction between corneal tissue and ring. (First row) First and second scheme show the main principal
stress of the corneal cross—section of i = 0 (red) and ;1 = 0.1 (blue); the third scheme show the parabolic behaviour between friction
and change in SE, taking the frictionless as baseline; (Second row) Stress diagram in the apex zone for stress compounds, Oxx, Txy,
Oy, and 0zz.
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4. Discussion

A novel methodology to simulate the surgical implantation of intrastromal
corneal segments has been developed. This methodology has proven
to be stable and allowed us to simulate different commercially—available
intrastromal corneal ring segments or continuous implants in both two- and
three—dimensions. Not only that, but our methodology allowed for the use
of anisotropic material models for the corneal tissue. After a proper model
calibration, our approach allowed to estimate the clinical change in corneal
refraction after the intervention.

From a purely methodological perspective, two—dimensional axisym-
metric models were accurate enough in estimating the overall change in
refraction of the cornea for continuous and almost-continuous rings (>
320°). However, three—dimensional models were needed to estimate an
accurate change in refraction for intrastromal ring segments. Using two—
dimensional axisymmetric models resulted in an excessive estimation of the
refractive correction. On the other hand, from a mechanical standpoint of
the simulation of 3D intrastromal rings, using either isotropic or anisotropic
material models for the corneal tissue yielded an almost identical estima-
tion of the post—surgical refractive correction even though corneal shear
stresses were different.

Traditionally, the friction between the implant and the stroma has been
long disregarded.43 However, our parametric study suggested that taking
into account the friction between the ring and the corneal stroma was a
key feature that could result in an underestimation of up to 3D in refractive
correction depending on the friction coefficient. Thus, further experiments
and studies should address this issue.

From a clinical perspective, our simulations supported that the MyoRing
implant (i.e., continuous implant) achieved the highest refractive correc-
tion,** followed by 320—degree Keraring implants (almost continuous).45
Since our simulations considered both as continuous rings, this difference
was mainly related to the presence of a dissection pocket through the
corneal stroma, which modifies the mechanical equilibrium of the cornea by
making it more compliant. In this regard, dissection tunnels should always
provide less correction because the cornea is not “weakened” by a complete
dissection plane. For the same implant conditions (i.e., cross—section size
and diameter) and surgical technique, the shape of the cross—section leads
the amount of volume introduced in the cornea and, in general, the greater

3 Kling and Marcos 2013, Kahn
and Shiakolas 2016, Ebrahimian
etal. 2019

“ Rattan 2018, Daxer 2017, Ja-
didi et al. 2016

4 Gatzioufas et al. 2018, Al-
Tuwairqui et al. 2016, Yousif and
Said 2018



138 Chapter 4: Displacement—based ICRS implantation

6 Flecha-Lescun® et al. 2020

47 Daxer 2015

“ Yousif and Said 2018, Al-
Tuwairqui et al. 2016, Gatzioufas
et al. 2018, Kang et al. 2019,
Colin and Malet 2007, Alio et al.
2005, Daxer 2017, Jadidi et al.
2016, Rattan 2018

9 Flecha-Lesctin” et al. 2020

% Flecha-Lescun® et al. 2020

5" Kling et al. 2014, Fraldi et al.
2010, Simonini et al. 2016

the volume, the greater the refractive correction. 40 Interestingly, such a
dissection pocket as the one used for MyoRing implanatation introduces
an in—plane stress relaxation in the anterior stroma. If the progression of
the keratoconus disease would be stress—driven and would developed an-
teriorly, only the surgical techniques creating an intrastromal pocket could
slow down its progression as it has been suggested in clinics.”

Finally, the results are consistent with the clinical results*® and can
help to answer clinical questions (see the Chapter 5).49 In addition, both
mechanical and optical changes followed the tendencies of the results of
the Chapter 3.

Although the present study is not exempt of limitations, our methodology
should cope with all of them successfully. First, all the corneal models used
in the present study were average models of healthy corneas with high
myopia. Although additional information about astigmatism and coma could
be retrieved by using patient—specific geometries, the overall estimation
of the spherical equivalent would remain mostly unchanged as it mostly
depends on the spherical aberration (Z%). Second, for the sake of simplicity,
the mechanical description of the pathological weaker tissue in the region of
the keratoconus has not been accounted for. Nevertheless, previous studies
suggested that implants would correct healthy or pathological corneas in a
similar fashion.>? Third, viscoelasticity was not accounted for as the target
of the study was to analyse the long—term effects of the surgery (i.e., > 6
months) and not the transient effects.>?

In summary, we have developed a stable methodology that can help to
estimate the post—surgical corneal refraction after the surgery. It can be
applied to any commercial implant and can make use of corneal anisotropy.
In the near future, this tool could be extended to cope with patient—specific
geometries and to help to design the surgical intervention with the best
optical outcomes for each patient.
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1. Introduction

Intrastromal ring segments (IRS or ICRS) or intrastromal continuous
rings (ICR) are small polymeric devices placed in the corneal stroma to
regularize the corneal surface and correct high refractive errors. This tech-
nique was originally introduced to treat patients suffering from keratoconus
(KC),2 but it was extended to other conditions such as marginal pellucid
degenerations,3 post—LASIK ectasia,4 and high myopia where laser refrac-
tive correction is not possible.5 Three main types of rings are now on the
market (see Section 4.2 of Chapter 2): continuous rings (e.g., MyoRing,
Dioptex GmbH), almost continuous ring segments covering an arc with
a central angle between 320°and 355°(e.g., Keraring, Mediphacos, Belo
Horizonte, Brazil), and intrastromal ring segments that cover angles below
210°and can be placed by pairs depending on the classification of the cone
and the amount of correction (e.g., Ferrara, Ophthalmic Ltd.; or Intacs,
Addition Technology Inc.). Besides their difference in angular coverage,
the existing systems differ in the design of their cross—section and diame-
ter. Nomograms based on morphological parameters, such as the central
corneal curvature, minimum corneal thic:kness,6 or the KC classification,7
are used to plan the intervention and select the appropriate implant.

Surgical outcomes are characterized by a high variability, thus con-
trolling the post—operative biomechanics is a challenging issue. Several
authors® have reported that the shape and size of the cross—section of
the implant, its diameter and arc length (in the case of IRS), as well as
its implantation position affect the post—surgical shape of the cornea and
the respective refractive correction. Also, mechanical factors such as in-
traocular pressure (IOP) and tissue biomechanics play a role and should
be accounted for when designing a nomogram.10

The implantation depth is one of the surgical parameters that was eval-
uated clinically. The recommended implantation depth is 75-80% of the
stromal thickness. Hashemi et al. (2013)11 stressed that, for IRS, there
was an optimal range of stromal depth between 60% and 79% for which
the refractive correction was maximal, while any other implantation depth
had a low impact on the topographical outcomes. Barbara et al. (2015)12
pointed out that the actual insertion depth observed in patients treated
with IRS was shallower (=60%) than the intended insertion depth (=80%).
This observation could be partly explained by the local variation of corneal
thickness while the surgical incision remains at a constant distance from the
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anterior surface, but it highlights the difficulty of comparing and interpreting
existing clinical data. This 20% mismatch in implantation depth or the
uncontrolled post—surgical rotation of the implant within the stroma!3 could
impact the refractive outcomes.

Unlike the placement of ring segments inside an intrastromal tunnel,
continuous rings require a complete intrastromal pocket,14 which has im-
portant consequences for the mechanical stability after treatment as the
pocket cuts a large surface of the cornea that can include both normal and
pathological tissues.1® Despite providing a higher refractive correction than
ring segments, the mechanical impact of the intrastromal pocket remains
unclear as it cannot be quantified in clinics. In an attempt to estimate the
mechanical impact of this treatment, Daxer (2015)16 used a simple marker
based on the ratio between the Cauchy stress in the corneal tissue before
and after ring implantation (see the retrospective study in Section 5.4.1 of
Chapter 2). Based on this calculation, Daxer suggested that continuous
rings were able to introduce a corneal strengthening that should avoid
the progression of KC while ring segments would not, as other clinical
studies pointed out.1” Nevertheless, other authors have stated the need
for additional evidence to confirm this claim.!®

Clinical studies have shown that these implants regularised the corneal
surface and provided a noticeable correction even for high myopia (> 6D).
However, planning the surgery to achieve a specific refractive outcome
remains challenging.19 The mechanical principle underlying this treatment
remains poorly understood and it is difficult to extract it from clinical studies
alone.2Y As clinical studies often present mixed populations with different
degrees of myopia, KC severity, or implant typology, it is not possible to
isolate the contribution of each parameter to the refractive outcomes. In
addition, mechanical properties of the cornea play an important role in
the procedure but, unfortunately, it is not possible to characterize corneal
biomechanics in vivo with current clinical devices. In—silico models have
been proposed to study the insertion of intrastromal rings21 but, to the
best of our knowledge, no study has systematically reported the individual
contribution of the implant geometry, the surgical and the mechanical
parameters to the post—surgical refractive outcomes.

In the present study, we use a calibrated in—silico model to understand
the mechanical response of the cornea to the treatment and to estimate
how different geometrical and biomechanical parameters affect the refrac-
tive outcomes. Our hypothesis is that implants do not induce a corneal

'3 |bares-Frias et al. 2015

4 Daxer 2008, Abdellah and Am-
mar 2019, Rocha et al. 2018

'S Daxer et al. 2016

6 Daxer 2015
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'8 Bikbova et al. 2018

% Daxer 2017

20 Janani et al. 2019

21 Kling and Marcos 2013, Lago
et al. 2015, Kahn and Shiakolas
2016, Flecha-Lescun et al. 2018,
Ebrahimian et al. 2019
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Table 5.1: Pre-surgical mor-
phological description of the
in-silico models. CCT: central
corneal thickness; Knean: aver-
age central keratometry; AL: axial
length; SPS: scotopic pupil size;
SE: spherical equivalent.

strengthening (change in stresses) but a local mechanical effect, which is
a combination of the added volume and the position of the implant with
respect to the corneal centre. This modifies the corneal kinematics and
regularises the corneal surface without producing any great change in the
central stromal stresses. More peripheral implants should have a lower
impact on refraction as the localised mechanical effect will dissipate before
reaching the corneal centre.

2. Methods

2.1. In—silico model of intrastromal corneal rings surgery

A normal cornea modelled as a spherical dome with a symmetry of rev-
olution around the optical axis (Y-axis, in Figure 5.1.a.1). This geometric
description is sufficient to capture the average curvature at the corneal
centre (Kmean) and the overall defocus of the optical system (Zernike coef-
ficient, Zg and Spherical Equivalent, SE). For the sake of simplicity, only
corneas with central keratoconus were considered in order to preserve the
symmetry of revolution even if they are exceptional cases in clinics. Four
different corneal topologies were considered in this study: one cornea with
high myopia and three pathological corneas with a central keratoconus of
different severity. The mechanical properties of the cornea corresponded to
those of a normal tissue except in the region of the cone, described by the
radius of extension of the disease (between 0.5 mm and 1.5 mm), where
the tissue was modelled with weaker properties to represent the pathologic
tissue (Table 5.1).

Generic implants with an elliptical cross—section were used instead of
commercial rings to focus on studying the size and diameter of the implants.
However, the dimensions and volumes of the generic implants were similar
to those of their analogous commercial rings (see in Figure 5.1.e a and
supplementary Table IV.1-1V.3 in Appendix V). Three different typologies
were considered: generic intrastromal continuous rings implanted in a

Case Cone Radius CCT Kiean AL SPS SE

[mm] [pm] [D] [mm] [mm] [D]
High myopia - 550 45 26.5 4 9.4
KCys 0.5 436 50 26.5 4 -11.1
KCy 1.0 503 50 26.5 4 -11.9
KCi5 1.5 528 50 26.5 4 -11.5
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pocket (gICRP, analogue to MyoRing), generic intrastromal continuous ring
implanted in a tunnel (gICRT, analogue to a 355—degree Keraring), and 2
symmetric 150—degree generic intrastromal ring segments (gIRS, analogue
to Intacs/Ferrara inserts). The pocketing procedure was assumed to be
performed with a femtosecond laser generating stromal bubbles with a size
between 1 and 5 ym.zz The diameter of the intrastromal pocket (¢p,ciet)
was set to 8 mm and its thickness (Tpycket) 10 5 ym.23 The diameter of the
intrastromal tunnel (¢,,,1,¢1) varies to match the implanted segment. For
all configurations, the implantation depth varied between 55% and 75% of
the stromal thickness (see in Table 5.2) for more details on the simulated
scenarios).

In—silico models were built automatically in Abaqus (Dassault Systémes,
France) using the finite element (FE) method (see Appendix Ill). This
modelling approach allows the calculation of the complex mechanical inter-
action between the corneal tissue and the implants placed in the stromal
bed. Taking advantage of the symmetry for the different ring typologies
(Figure 5.1.a.2), the in—silico model of the cornea can be reduced to a sym-
metric model, saving computational resources and time. For intrastromal
ring segments, the cornea was reduced to a three—dimensional symmet-
ric quarter model by applying appropriate symmetry boundary conditions.
For continuous rings, the symmetry of revolution around the visual axis
was exploited to simulate the full corneal response by using a simple two—
dimensional section (see in Figure 5.1.a.2). A physiological intraocular
pressure (IOP) of 15 mmHg was set as loading condition in the posterior
surface of the cornea. Corneal tissue was pre—stretched to its nominal
IOP by using an iterative algorithm.2* After pressurization of the cornea,
the elements of the pocket (resp. tunnel) were removed, the stroma sep-
arated using a simulated surgical tool, and the implants lodged in the
corneal stroma either in a pocket or a tunnel (see in Figure 5.1.b,c,d and in
Chapter 4, Figure 4.1).

The stroma of the cornea with high myopia was considered as a normal
tissue, while KC presented a central area (¢xc) with degenerated mechani-
cal properties. Although the cornea is highly anisotropic due to the collagen
fibre distribution,25 it is not possible to introduce the distribution of corneal
collagen fibres in an axisymmetric model. A Yeoh isotropic hyperelastic
strain energy function?® was used to simulate the mechanical behaviour
of the corneal stroma. Further information regarding the in—silico model
(mesh, material model or boundary conditions) can be found in Chapter 4.

22 | ubatschowski et al. 2000
23 Rattan 2018

2% Ariza-Gracia et al. 2016,
Elsheikh et al. 2013

25 Forrester et al. 2015, Winkler
etal. 2013

% Yeoh 1993
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Figure 5.1: Schematic representation of the in—silico models used in this study. (a) Symmetry of the model for different ring
typologies. Y-axis is the axis of revolution (optical axis); (b, €) In—silico models for implants in pocket: segments (gIRS) and continuous
(9ICRT); (d) In—silico model for implants in pocket (MyoRing and gICRP); (e) Implant’s cross-section: generic and MyoRing.
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2.2. Optical and mechanical analysis

The analysis of the results of the in—silico models was done using
the following optical parameters: the average curvature of the central
cornea (Kmean) and the spherical equivalent (SE). Kmean27 was calculated
by considering only the refraction of the central part of the anterior cornea
(see Equation 4.1 in Chapter 4).

The wavefront error of the optical system was obtained from our in—
house ray tracing algorithm28 and fitted using Zernike polynomials29 to
calculate the SE3C (see Equation 4.2 in Chapter 4).

The mechanical analysis of the cornea was inspired by the concept of
corneal strengthening factor (SFC) introduced by Daxer.3! In this study, a
generalized three—dimensional of the local strengthening factor (SFCsp)
was used rather than a single value describing the global behaviour of
the implant, which allows us to quantify the mechanical effects of ring
implantation. In short, the SFC3p was defined as the ratio of an equivalent
stress at the centroid of each FE element, after (Uggsct) and before (agfc)
the insertion of the implants (see Equation 5.1);

Osrc = \/(01 —)? + (01 — 03)? + (02 — 03)?
post 5.1)
SFCap = —re
Uskc

where o; are the maximum principal stresses in directions (i=1, 2, 3).
Therefore, SFC3p > 1 implies an increment of stress in the stroma while
SFCsp < 1 corresponds to a relaxation of the corneal stroma.

The probability of corneal stiffening —p(SFC3p > ©)— was derived
from SFC3p as a quantification of the overall increase in corneal stresses.
p(SFCsp > ©) measures the volume of corneal tissue that presents a
post—surgical strengthening factor above a given threshold ®. For example,
p(SFCsp > 2) reports the volume of corneal tissue with a post-surgical
stress two times higher than in the pre—surgical configuration.

2.3. Model calibration and validation

MyoRing simulations were performed to calibrate the numerical model
against clinical data, and to provide a numerical benchmark to compare
generic implants. The tissue properties of the numerical model were
calibrated using clinical data available for two eyes of the same patient

27 Savini et al. 2017

28 Ariza-Gracia et al. 2017a
29 Savini et al. 2017
%0 Jaskulski et al. 2017

3" Daxer 2015
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treated for high myopia using a MyoRing of 280—um thickness and 5 mm in
diameter, that were implanted inside an 8—-mm intrastromal pocket.32 The
average changes in the central curvature, 6Kmean, were 4.9 D and 4.8 D for
the right and left eye respectively. Pre—surgical in—silico models were built
for both eyes and the mechanical properties of the corneal stroma were
adjusted using an iterative optimisation procedure until the post—surgical in—
silico outcomes matched the clinical data.3> Optimal mechanical properties
were determined when, for both eyes, the Knyean Obtained numerically
matched the clinical measurement with a precision below the resolution of
clinical topographers (£0.25 D).

After calibration of the mechanical behaviour in these two eyes, the
behaviour of the in—silico model was verified using retrospective data
obtained from 15 patients treated with MyoRing for high myopia.34 A virtual
cohort of patients with high myopia (SE: 10 £ 2D) was created using the
following population data: CCT (525 &= 31um), Kmean (44.5 = 1.5D), axial
length (26 & 1mm)3® and anterior chamber depth (3.3 + 0.42mm).36 Each
virtual patient received a 280 ym MyoRing with a diameter of 5 mm, and the
change in SE (4SE) was used to compare the predictions of the numerical
model with the published clinical data.

Mechanical properties for the pathological tissue were calibrated using a
similar optimisation procedure to the one introduced by Kling et al. (201 3)37
in which the normal mechanical properties were reduced by a factor F of
up to 100. Starting from a normal in—silico model (Kmean: 45 D), a tissue
weakening was introduced in the region ¢ of the predefined KC. The
mechanical properties of the weakening were iteratively modified until the

D.38

Kmean for the KC reached a typical value of 50 The material properties

for the cone were accepted once the calibration error was below +0.25D.

2.4. In-silico scenarios

Seven scenarios were designed to assess the effects of i) the ring design
and positioning (Scenarios #1 — #4 in Table 5.2) and ii) the biomechani-
cal environment (Scenarios #5 — #7 in Table 5.2). First, the geometrical
parameters of the intrastromal rings and the surgical procedure were stud-
ied such as the individual effect of the implantation depth (Scenario #1),
the diameter of the ring (Scenario #2), and the size of its cross—section
(Scenario #3). Also, the rotation of the ring after surgery was studied for
different manufacturing angles of the cross—section (Scenario #4). These
evaluations were performed on a cornea having a high myopia. Contin-
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uous rings inserted in a tunnel and in pocket as well as ring segments
inserted in a tunnel were studied. The second set of scenarios focused
on the effect of the biomechanical environment on the surgical outcomes.
Specifically, we studied the effect of the circadian variation of intraocular
pressure (Scenario #5), the stress increase after ring implantation (Sce-
nario #6), and the impact of the tissue mechanical properties (Scenario #7)
on the optical and mechanical outcomes of the procedure. In particular,
the Scenario #7 compared the effect of the treatment between normal
mechanical properties found in myopic cases, with pathologic properties
found KC corneas. In particular, Scenario #7 compared the effect of the
treatment between normal mechanical properties found in myopic cases
and pathologic properties found in KC corneas.

Table 5.2: Summary of the pa-
rameters used for the simula-
tion of each scenario. The geo-
metric parameters are described
in Figure 5.1. Additional infor-
mation can be found in the Ap-
pendix IV (Table IV.1-IV.3).
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Table 5.3: Material parameters
for the normal and pathologi-
cal tissue. KC presents differ-
ent degrees of tissue weakening
depending on the affected area
of the cornea (¢kc). Ep: tan-
gent modulus at the physiological
pre—stretch; Cqg, C20, C3p: pa-
rameters of Yeoh material model.
Compressibility of the cornea, Dy,
was set to 10 (MPa™') to model
a nearly incompressible tissue.

% Kling and Marcos 2013, An-
dreassen et al. 1980

40 Ariza-Gracia et al. 2017b

4 Daxer 2017
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25% 0% 759,
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Figure 5.2: Validation of in—
silico model. In—silico models
(red) predict the change in Spher-
ical Equivalent (JSE) observed
clinically by Daxer (2016).

50% 5% — in silico
I clinical

Topology Tissue Ep [kPa]  Cyg [kPa] Cy[kPa] Csg [kPal
High myopia Normal 210 (100%) 35.5 3.2 1.9
KCys Severe weakness 14 (7%) 2.1 0.2 0.1
KCy Mild weakness 65 (30%) 10.7 1.0 0.6
KCis Low weakness 118 (55%) 19.5 1.8 1.0

3. Results

3.1. In—silico model validation

The properties describing the mechanical behaviour of normal corneas
sustaining MyoRing implantation were identified in two eyes. The itera-
tive approach used to identify the mechanical properties describing the
pathology was able to reproduce the morphological alteration observed in
KC patients. The Kmean Obtained at the end of the identification was 50
D, and the identified properties resulted in an important reduction in the
stiffness of the tissue® (

corneal pre—stretch (Ep) was used to provide an estimate and compare the
40

see in Table 5.3). The tangent modulus at the

biomechanical response of the tissue in the different cases.

The assessment of the predictive power of this model conducted on
a cohort of patients with high myopia showed that the numerical model
was able to predict the change in SE measured in patients treated with
MyoRing,41 with an overall prediction error below 0.6 D (see in Figure 5.2).

3.2. Ring design and position

Depending on the selected surgical technique, the change in the spheri-
cal equivalent (0SE) was driven by different sets of factors. For implants in
an intrastromal tunnel (gIRS, gICRT), the size and diameter of the implant
were the most important factors affecting the §SE while the intrastromal
implantation depth did not have an effect when implanted following clinical
recommendations (blue and orange lines in Figure 5.3.a, c). The amount
of correction ranged between 1 and 3.5 diopters (see in Figure 5.3.b, c)
when individually increasing the size, or decreasing the diameter of the
implant. For implants inserted in an intrastromal pocket (gICRP), all the
parameters individually contributed to the change in refraction. A 20%
variation in depth would have a noticeable impact on visual acuity of up to
5D (see in Figure 5.3.a). The JSE decreased for larger ring diameters with
a change of up to -4D when the diameter of the implant increased from 5
to 7 mm (see in Figure 5.3.b). The JSE increased for bigger diameters with
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Depth (scenario #1)

— gICRT
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a change up to +6D (see in Figure 5.3.c).

Once any effect of the intrastromal depth is ruled out by selecting the
surgical technique, the size and diameter of the implant remain as the most
important parameters controlling the refraction. For a given implantation
depth of a 75% of the stromal thickness, Figure 5.4 represents a generic
nomogram in which the §SE can be determined based on the surgical pro-
cedure and different combinations of implant size and diameter. There are
regions in which the §SE can be kept constant by non—linearly increasing
(resp. decreasing) the size of the cross—section while increasing (resp.
decreasing) the diameter or, being the same thing, the distance from the
local effect of the ring to the corneal centre where the refraction occurs.
Care must be taken as this non—linear correlation could include factors
such as IOP or mechanical properties of the stroma. Although the trends
were similar for all the typologies. Implants in a tunnel were able to achieve
less than half of the correction achieved with continuous rings in a pocket.
In our case, these higher refractive corrections were all associated with the
intrastromal pocket.

The post—surgical rotation of the ring (ag) was mainly determined by the
manufacturing angle (« 1) of the ring’s cross—section (see in Figure 5.5).
The highest post—surgical rotation was close to 20°when the ring was
designed without consideration for the corneal curvature (xp; = 0°). Cross—
sections with a manufacturing angle that was tangential to the curvature
of the posterior corneal surface (s ~ 25°) presented a post—surgical
rotation close to zero. These results indicate that a threshold at around

Figure 5.3: Main individual
effect of positioning on the
change in spherical equivalent
(0SE) between pre- and post—
surgical corneas (Scenarios
#1-#3). (a) Influence of intrastro-
mal depth of implantation on dSE;
(b) Influence of the diameter of
the implant on SE; (c) Influence
of the size of the implant on JSE.
Results are reported for generic
intrastromal ring segments (gIRS
in orange) and generic continu-
ous ring in tunnel (9ICRT in red)
and in a pocket (gICRP in blue).
Results for the MyoRing (dashed
green) are reported for compari-
sSONn purposes.
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Figure 5.4: Effect of the in-
teraction between size and di-
ameter of the implant on the
change in spherical equiva-
lent (/SE) between pre- and
post-surgical corneas (Sce-
narios #2—#3). Simulations com-
bined different ring sizes (150,
200, and 300 pm) and diam-
eters (5, 6, and 7 mm) for
a given intrastromal depth of
75% of the stromal thickness. gl-
CRT: generic intrastromal con-
tinuous tunnel; gICRP: generic
intrastromal continuous ring in
pocket; gIRS: generic intrastro-
mal ring segment. Dashed con-
tour lines represent increments of
+0.5D.

25°determines whether the ring would rotate towards the corneal centre
(apgr < 25°) or towards the periphery (ap; > 25°). Post—surgical intrastro-
mal rotation of the implant could induce between 1D to 2D of uncontrolled
refractive correction.

3.3. Effect of corneal biomechanics

A circadian variation of intraocular pressure (IOP) of +=20% around
the baseline of 15 mmHg induced a physiological radial displacement in
the surroundings of the implant for the pre—surgical cornea whose vertical
component (i.e., vertical displacement) was ~40 um. Right after laser
pocketing, the cornea was mechanically weaker due to tissue vaporization
and experienced a 50% increase in vertical displacement (=60 yum). THis
displacement was 25% lower (/=50 ym) after continuous ring implantation
regardless of whether it was implanted in a pocket or tunnel (gICRP and
glCRT). The vertical displacement of continuous ring occurred simultane-
ously with a radial expansion of the cornea under the variation of IOP. As
continuous implants are much stiffer than the cornea and can only move
along the in vertical direction, gICRP experienced a tangential sliding of



Computational planning tools in Ophthalmology: ICRS Surgery 151

(am, SE) (8.2,5.9 D)%’
5r ,/,

g TLimb“s 06,47D
g o PRATIS
z lApex R
o ,
2 & g
q) e
;C—l //
S 10 $(9.3,6.4 D)
o .7
g .
€ -15} v

-20<3(-19.7, 6.6 D) as =0.75-ay - 19.2

0 5 10 15 20 25 30 35
Manufacturing angle (degrees)

30—um inside the pocket caused by this corneal radial expansion. This
sliding behaviour was not present for gICRT implanted in tunnel.

Circadian corneal kinematics further impacted visual perception. In
terms of the amount of refractive error induced by a 1—-mmHg increment
(6SE/JSIOP), normal corneas presented refractive stability against IOP
variations (0.03 D/mmHg). Due to the corneal weakening derived from the
pocketing procedure, this ratio increased up to 0.2 D/mmHg. Immediately
following ring implantation, the ratios increased up to 0.67 D/mmHg for
gICRT and up to 0.83 D/mmHg for gICRP. Daily variations of IOP induced
a qualitatively similar displacement in the region of the implantation, regard-
less of whether or not an implant was present, but the refractive error was
greatly affected in corneas with implants.

Mechanically, the corneas did not present a dramatic increase in stro-
mal stresses at the corneal centre after ring implantation, but just a slight
relaxation in a small volume of tissue for gICRP implantations (SFC ~
0.9). The three—dimensional distribution of the corneal strengthening factor
(SFC3p) showed that the main stiffening effect occurred in the surround-
ings of the implant, whereas the centre of the cornea did not present a
strengthening greater than 1.5 (Figure 5.6). Moreover, the likelihood of
finding corneal strengthening factors greater than 2 at the central cornea
was almost non—existent for all typologies (gICRT and gICRP in Figure 5.6;
glIRS in Figure IV.1). Accounting for the diminished mechanical properties

Figure 5.5: Post-surgical ro-
tation (xs) of gIRS depend-
ing on the manufacturing an-
gle (xpr) of the cross—section
(Scenario #4). Cross—sections
were oriented according to man-
ufacturing angles of 0°, 12.5°,
25.9°and 37.5°. Positive rota-
tions turn gIRS towards the lim-
bus while negative rotations turn
9IRS towards the corneal centre.
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Figure 5.6: Spatial distribution
of corneal strengthening fac-
tor (SFC3p). SFC3p after implan-
tation of generic intrastromal con-
tinuous ring in tunnel (gICRT —
top) and a generic intrastromal
continuous ring in pocket (gICRP
— bottom). The overall mechani-
cal strengthening is similar for the
high myopic cases (left) and for
the pathological cases that have
weakened mechanical properties
in the central cornea (right).

3D Corneal Strengthening Factor (SFC3D =0post / Opre)

gICRT (analog. to 355-degree Keraring)
High myopia

P(SFC3p=2.0) =71.14 %
p(SFC3p=1.50) = 77.38 %
Min. SFC3p (R=1.0) = 1.01
Max. SFC3p (R=1.0) =1.25
Mean SFC3p (R =1.0) = 1.08

p(SFC3p=2.0) = 69.25 9
p(SFC3p=1.50) = 75.84 %
Min. SFC3p (R=1.0) = 1.03

Max. SFC3p (R=1.0) = 1.12
Mean SFC3p (R=1.0) = 1.07

gICRP (analog. to MyoRing)

P(SFC3p=2.0) = 3.32 % p(SFC3p=2.0) = 2.70 %

p(SFC3p=1.50) = 14.18 % p(SFC3p=1.50) = 12.44 %
Min. SFC3p (R=1.0) = 0.88 Min. SFC3p (R=1.0) = 0.92

Max. SFC3p (R=1.0) =1.25 Max. SFC3p (R=1.0) =1.37
Mean SFC3p (R=1.0) =1.11 Mean SFC3p (R=1.0) =1.14

Relaxation Traction

1 Vo < T > 1 Vo
0.00.20.40.60.81.01.21.41.61.82.0

in KC did not affect the SFCsp, nor the probability of finding strengthening
values higher than 2. Corneal strengthening values for the rest of the
combinations are provided as Appendix IV (Table IV.4).

The intrastromal pocket produced a discontinuity in the Cauchy stress
distribution of the cornea that resulted in higher stresses in the posterior
stroma while the anterior stroma slightly relaxed (max. ~10% relaxation).
Such discontinuity was even more noticeable when the pathological weak-
ening of a KC was present (Figure 5.6). When a gICRT was implanted, the
SFCsp gradient at the corneal centre was smooth and mostly homogeneous
through the corneal cross—section even if a biomechanical discontinuity
such as central KC was present. In any case, the SFC3p at the centre
never exceeded 1.5, even for the most severe cone (see in Table IV.4),
which indicates that the pre- and post—surgical stress distribution was only
slightly affected by the ring implantation at the corneal centre.

Trends for the correction of the spherical equivalent (SE) were not sensi-
tive to the change in biomechanical properties of the tissue or the extension
of the disease and, therefore, the refractive correction for each simulated
patient was similar (see in Figure 5.7). Changing the ring design and
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-#- gICRT (5 mm)
-o~ gICRT (6 mm)

position produced similar refractive changes for normal and pathological
corneas. As outlined previously (see in Figure 5.3), changing the diameter
of the implant from 5 to 6 mm produced a constant shift in §SE (/2 D for
glCRP; =3 D for gICRT). A change in the shape of the cross—section from
elliptical to MyoRing produced a constant shift of ~0.75 D.

For both, high myopia and keratoconus, continuous rings introduced
a fairly constant 6SE between 10 and 11.5 D which corrected the pre—
surgical SE with a maximum error of 0.6 D for high myopia (SE = -9.4
D) and of 0.8 D for keratoconus (SE = -11.9 D for KC1 ). However, ring
implantation in tunnel fell short of the targeted SE by 50% (5—mm diameter)
and 100% (6—mm diameter), presenting a refractive correction that was
mostly constant during changes in mechanical properties and extension of
the disease.

4. Discussion

An in—silico model of the cornea was used to study corneal mechanics
after intrastromal ring implantation. This approach enabled us to study
the individual impact of the implant design and surgical parameters on
the optical and biomechanical outcomes of the procedure, which is not
directly possible in clinical practice. The results of the study confirmed
our hypothesised that implants do not strengthen the cornea globally but
introduce a localised mechanical deformation that regularises the corneal
surface by adding volume to the stroma. The correction achieved by the

Figure 5.7: Impact of the stro-
mal biomechanical properties
on refractive outcomes after
continuous ring implantation
(diameter of the implant of 5
and 6 mm, 75% depth and 300
um size). The change in spher-
ical equivalent (0SE) was calcu-
lated for different severities of KC
(KCp5, KC1, and KC15) as well
as a reference cornea with high—
myopia. Results for the MyoRing
(dashed green) are reported for
comparison purposes.
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Seleet et al. 2015

implantation therefore depends on the amount of added volume and the
distance from the corneal centre at which the ring is implanted.

In—silico simulations showed that the stress in the stroma was mostly
modified in the surroundings of the implant with little to no impact on the
level of mechanical stress in the central region of the cornea. This fact
implies that the improvement of the optical outcomes does not result from
an overall strengthening of the stromal tissue, but from localised mechanical
deformations. The low dependence of the change in spherical equivalent
on variations of the mechanical properties of the stroma, even for the large
reduction in the mechanical properties used to simulate the different KC
cases, supported this finding.

In addition, since an implant only modifies the stress in the vicinity of
its implantation, the change in the corneal shape does not result from
a general stretching of the tissue but it is rather a consequence of the
increased volume associated with it. The size of the intrastromal rings is
comparable to half the stromal thickness, which mechanically introduces an
important deformation of the cornea and, especially, to the anterior surface
located above the ring. Our results showed that the surface regularisation
induced by this bulking effect is associated with a change in the optical
properties, which is stronger when the ring is placed close to the corneal
centre and to the anterior surface as well as for larger ring heights. Our

42 in which the amount

hypothesis is also supported by clinical nomograms
of correction is controlled by the appropriate selection of the ring thickness
and diameter. In particular, simulations showed refraction changes of ~1.5
D per mm increase in diameter and 0.05 D per ym increase in thickness.

The main difference between surgical techniques is related to the pres-
ence of a pocket. Unlike intrastromal tunnels, cutting a pocket across the
corneal stroma induces a discontinuity in the stress distribution, which limits
the transmission of shear stresses across the cut interface and reduces
the apparent corneal stiffness (Figure 5.8). This reduced load—bearing
capability makes the cornea more compliant and it therefore presents less
resistance to the bulking effect induced by the implant, which allows to
achieve higher refractive corrections to be achieved. Although from a me-
chanical standpoint the corneal centre is barely affected by the treatment,
if we assume that KC growth is triggered by an increased level of stress
in the tissue and that it develops anteriorly, our results suggest that only
intrastromal pocketing could have the potential of limiting KC progression,
as stress would relax in the anterior stroma.
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Figure 5.8: Conceptual diagram of corneal kinematics and biomechanics after ring implantation (based on FE simulations).
Stress behaviour (left) Physiological pre-stretch of the cornea due to IOP induces a membrane stress with a homogeneous
distribution of stromal stress. gICRT increased the corneal stress and slightly thinned the cornea. gICRP increased the stress in the
posterior stroma but relaxed it in the anterior stroma, and slighlthy thinned the cornea. Bulking effect (pushing the corneal stroma, in
gray) created an uneven stress distribution above and below the implant. Stromal pocket introduced a shear stress discontinuity at the
interface. Corneal Kinematics (right) Limbus acts as a fixed pivot point (no displacement) around which the cornea can adapt to
balance mechanical changes. An intrastromal implant introduces a dynamic pivot (it can move and may rotate) that changes the
physiological corneal kinematics by modifying how the stroma can adapt and move in its surroundings. As a result, cornea can flatten.
However, this effect is local and looses strength when the implant is located far from the corneal centre.
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The presence of the intrastromal implants also modified the physiologi-
cal kinematical response of the cornea. Our results showed that, while a
normal cornea would not present a noticeable change in refraction due to
circadian variations in IOP (0.03D/mmHg), corneas with an implant would
present modified kinematics that would produce a great change in refraction
(0.8D/mmHg). This behaviour is a direct consequence of the rigidity of
the implant that restricts the physiological radial and circumferential dis-
placements (see in Figure 5.8). In the surroundings of continuous implants,
and since their diameter remains constant, changes in IOP will no longer
deform the cornea in the radial direction but will do so in the vertical direc-
tion. For implants in intrastromal pockets, a possible stromal sliding might
occur depending on the friction between the ring and the stroma. Thus, the
overall spherical shape of the cornea cannot be preserved resulting in a
straightening of the peripheral region of the tissue and a flattening of its
central part. In this context, the implant acts as a dynamic pivot that can
move and rotate within the corneal stroma modifying corneal kinematics.
However, it is important to note that the ring cannot be considered as an
auxiliary limbus since it moves during circadian variation of the pressure,
even if this motion is restricted along the visual axis.

At a population level, our calibrated in—silico model was able to predict
the refractive correction in high—myopic patients with MyoRing. Also, the
optical results for generic rings were in good agreement with several clinical
studies in which little difference between healthy and keratoconic outcomes
at a population level was reported.43 Unfortunately, clinical studies often
report mixed ring typologies, corneal geometries and degrees of pathology
and, therefore, results for keratoconic corneas would require an in—silico
population study to fully support that optical results have little difference
between healthy and pathological corneas.

The size of the cross—section and the diameter of the implant were
key on regulating the amount of refractive correction as reported by many
authors. Recommended intrastromal implantation depths are close to the
posterior corneal surface (=70%), which creates an uneven distribution
of tissue above and below the implant that stabilizes it. For ring segments
implanted within an optimal clinical range (60%—79%), refractive correction
did not vary with the implantation depth, as reported by Hashemi et al.
(2013).44 For continuous implants in pockets, our results suggest that
the refractive correction could increase up to two times if implants were
to be placed at shallower depths (=50% of corneal thickness) instead
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of at deeper depths, which could be one of the reasons why MyoRing is
advised to be placed at 300 microns with respect to the anterior surface.®>
Post—surgical rotation of ring segments in the stroma was driven by the
manufacturing angle of the cross—section (« ;). Implants that were tangent
to the curvature of the posterior corneal surface (xp; ~ 26°) presented
higher stability. Due to the local stress distribution, the over—stressed
corneal stroma results in forces and angular momentum on the implant,
which will tend to rotate inside the cornea as reported by Ibares—Frias et al.
(2015).46

Mechanically, our results showed that implants did not cause any remark-
able change in stresses at the corneal centre, which is not in agreement
with the current literature. Daxer®” suggested that continuous rings should
act as an auxiliary limbus that constrains and strengthens the cornea by
limiting its movement. In particular, he reported that continuous rings would
strengthen the cornea up to three times in the corneal centre for continuous
rings while there would be no strengthening for ring segments. However,
his initial approach used the Laplace equation which disregarded complex
physics (e.g., the interaction between the implant and the stroma, or the
stress distribution in corneal thickness) and characterized the mechanical
behaviour of the whole cornea as a single ratio between the diameter of
the cornea and the diameter of the implant. Our results showed that the
level of stress at the corneal centre remains close to pre—surgical values
with strengthening values of less than 1.5, and that the ring could move
along with the corneal stroma even if it modifies the corneal kinematics.

To the best of our knowledge, few in—silico studies introduced actual
solid implants in the stroma and these only addressed continuous rings
using axisymmetric simulations.*8 All the mechanical models were isotropic
hyperelastic, and some of them neglected the corneal pre—stretch due to
the intraocular pressure.49 Kahn et al. (2016),50 Ebrahimian et al. (2019)51
and Kling et al. (2013)52 came to the conclusion that for the smallest
diameters, implants could change refraction about 10 D for keratoconus
and 12 D for normal corneas while, for the largest optical zones, implants
were not effective (0.5 D). All these numerical results are in good agreement
with the results provided in the present study.

Although our in—silico model was able to reproduce the clinical data
described in a small cohort study, it is not exempt from limitations. The
main limitation is that the geometry of the model is based on an idealized
spherical representation of the cornea that prevents evaluating changes in

# Daxer 2015

 Ibares-Frias et al. 2015

47 Daxer 2015

* Kling and Marcos 2013, Kahn
and Shiakolas 2016, Ebrahimian
etal. 2019

“ Kling and Marcos 2013, Kahn
and Shiakolas 2016

%0 Kahn and Shiakolas 2016

51 Ebrahimian et al. 2019

%2 Kling and Marcos 2013
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astigmatism after ring implantation. The design of the ring used in this study
was also based on a simplified cross—section, and not on the geometry of
commercial products. This choice allows to draw generic conclusion on
the effects of ring implantation and to bulking, but is unable to analyse and
compare the performance of specific commercial products.

Other limitations are related to the mechanical material model used for
describing the mechanical response of the cornea. First, unless used with
care, axisymmetric models could provide a stiffer mechanical response
than three—dimensional models. Second, to use axisymmetric models
and alleviate the computational costs, we did not use a fibre—reinforced
anisotropic model that would take into account the collagen network within
the cornea. Although this assumption might modify post—surgical mechani-
cal outcomes in the surroundings of the surgery and might fine—tune optical
outcomes (mostly related to astigmatism), we do not expect a change in
the global trends as we are comparing pre- and post—surgical situations at
the central cornea in which the stress state is not greatly modified. Third,
the mechanical model for KC was not validated but simply calibrated to
reproduce the typical curvature reported for KC patients. A proper morpho-
logical and mechanical characterisation of the cone is needed to assess
these particular patients. Nevertheless, the range of variation of mechani-
cal stiffness for the cone ranged from 10% to 50% of the normal corneal
stiffness®® which should encompass the most extreme cases and ensure
that our general conclusions hold.

5. Conclusions

This study showed that implants do not stiffen the cornea but rather
create a local bulking effect that regularises the corneal shape, with a
stronger effect when the implants are placed close to the central cornea
and when their size is thicker. Implants in intrastromal pockets yield the
highest refractive correction and this might be the only surgical technique
that could limit KC progression providing that it is stress—driven. Implants
modify corneal kinematics but without restricting corneal motion: they only
affect how the corneal stroma can move and rotate in the surroundings
of the implant which, in turn, results in a corneal flattening and a surface
regularisation. In-silico models are powerful tools to better understand
corneal biomechanics and could be used to better plan patient—specific
interventions, to create nomograms that explicitly account for the mechanics,
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or to help optimise the design of implants without the need for expensive
experiments.
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I he chapter aims to be a preliminary study in the use of numerical
models for the generation of nomograms. These nomograms are used
by doctors to better plan surgeries and, in addition, takes into account
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1. Introduction

A nomogram, alignment chart, or abaque, is a graphical calculating
device in the form of a two—dimensional diagram designed to approximate
a mathematical function. These graphs present several scales arranged
so that, using a ruler, the user can trace a line that intersects with the
different scales in order to determine a desired output: often, any pair
of two variables can be used to find the values of the other interrelated
variables.

In the field of Ophthalmology and, more specifically, on the implantation
of intrastromal corneal ring segments (ICRS) or intrastromal continuous ring
(ICR), current clinical nomograms used to plan which ring to implant are
based on empirical data that only take into account anatomical factors such
as the anterior curvature of the cornea, the central corneal thickness or
the pre—surgical refraction error (spherical equivalent —SE—). Unfortunately,
they do not take into explicit consideration corneal biomechanics, such as
the stiffness of the corneal tissue or intraocular pressure (IOP).

To date, table—like nomograms used to select the size of the cross—
section and the optical zone of implantation (ring diameter) are mainly
based in two biomarkers: pre—surgical average keratometry (Kjeqr) and
spherical equivalent (SE).1 In the present study, which is preliminary and
has not been published, we focus on understanding the role of biomarkers
used in MyoRing nomograms (Dioptex, GmbH.) on planning the surgery.
Besides, we aim at shedding light onto whether explicitly including mechan-
ical factors as input biomarkers for the nomograms is necessary.

In order to do so, in—silico models can help to analyze complex biological
models as MyoRing surgery and help on exploring whether mechanically—
driven ophthalmic nomograms can be designed in order to better plan
surgeries by virtually predicting post—surgical optical outcomes.

Therefore, the goal of the study is to explore whether it is possible to
create a mechanically—driven nomogram that accounts for anatomical (cen-
tral corneal thickness, anterior and posterior curvature, axial length) and
mechanical (corneal stiffness and intraocular pressure) features. By study-
ing the correlations between pre- and post—surgical variables (anatomical,
mechanical and optical), we try to discern which is the set of minimum
features needed to create an effective nomogram.

It is important to remark that, as this chapter is an application of the
methodology developed in Chapter 4, the aim of the current chapter is to



Computational planning tools in Ophthalmology: ICRS Surgery 163

focus on how these models are of use and can be applied on a population
study rather than on explaining the technical methodology. As such, readers
are referred to Chapter 4 for the technical details on the in—silico model.

2. Methods

2.1. MyoRing surgery

The surgery to implant a continuous ring, as the MyoRing, is explained
in Section 4.1.2 of Chapter 2 and is summarized in four steps: i) a pocket is
created within the corneal stroma with a diameter of 8 or 9 mm at a depth
estimated by the surgeon (normally 300 xm). The pocket can be done

manually with the Pocketmaker microkeratome? or using a femtosecond 2 Daxer 2008
laser;’ i) a small incision is made on the side of the cornea in the Nasal— 3 Alié et al. 2011
Temporal plane whose length is calculated in Daxer 201 5:4 iii) The MyoRing * Daxer 2015

is folded with a forceps before being implanted within corneal stroma; iv)
The implant is centered within the pocket with a forceps or a hook, and the
incision is self-sealing and does not require suturing.

2.2. Mechanical and material model

In—silico surgeries were simulated using the methodology previously
described in Chapter 4, Section 2.5 and Chapter 5, Section 2.1. In short,
keypoints are:

» Corneas and MyoRing implants are modelled as two—dimensional ax-
isymmetric solids.

» Corneas and MyoRing implants are automatically meshed using Abaqus
Python with a variable number of elements which in average are 6,767
and 659, respectively.

« To simulate the surgery, the displacement—based strategy described in
Chapter 4 was used.

As described in Chapter 4, although the material behaviour of the
corneal tissue is anisotropic due to the presence of two families of col-
lagen fibres that conforms a collagen network, an isotropic Yeoh strain
energy function (see Chapter 2, Equation 2.2). The choice of this material
law was motivated by two main reasons,

+ We chose to use 2D axisymmetric models to alleviate the computational
effort of the simulations and, as such, an anisotropic hyperlastic material
law with orthogonal arrangement of fibres cannot be used.
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» As suggested in Chapter 4, the anisotropy seems not to play a funda-
mental role in the refractive outcomes of this surgery. Since the stress
state at the corneal centre remains mostly invariant between the pre-
and post—surgical configurations, it is sensible that the material role will
play a minor role in the change of refraction in this particular surgery.

Although the base mechanical properties were the same as the ones
described in Table 5.3 (Chapter 5), in the present study we introduced a
perturbation of the mechanical properties of the corneal tissue in order
to quantify the impact of the corneal stiffness on the refractive outcomes
and to simulate different patients. As the Yeoh model is parameterised
by three constants (Cy1g, Cog, C3p), a simultaneous random perturbation
on them would be impossible to control. Instead, we directly controlled
the perturbation on the tangent modulus E, at the corneal pre—stretch
(A = 1.2). From a continuum mechanics framework, the tangent modulus
is defined in Equation 6.1,

&

- 6.1)

Ex
for the most simple load case (uniaxial extension) and considering that the
material is incompressible (] = 1), we can find a relation between a given
tangent modulus at the corneal stretch and a given set of Yeoh parameters
described in Equation 6.2

Ex—12 = f(C0, Ca0, C30, A =1.2) (6.2)

Using this relationship, we set up an iterative process that will look for a
set of Yeoh constants that will match a given (random) value of the tangent
modulus at the corneal stretch. This approach assumes that the stress—
stretch perturbation in the region of interest (corneal centre) will be mostly
linear and, therefore, the corneal stiffness will be bound within reasonable
limits of Ey—1, except in the surroundings of the surgery. Regardless
this assumption, our previous analysis supports that the stress ratio at
the corneal centre between the pre- and post—surgical configurations will
not vary more than a 50% (see Figure 5.6, in Chapter 5) and, thus, this
hypothesis is deemed as reasonable.
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2.3. Virtual cohort of patients

To create a mechanically—driven population—based nomogram it is nec-

essary to have an extensive database with variations in anatomical, me-

chanical, and optical features. Using a stratified latin hypercube sampling,5

5 Saltelli et al. 2008

a cohort of 2,000 virtual patients was designed accounting for the most
relevant features that are currently used to assess in the planning of the
surgery and might influence on the surgery planning and outcomes. In
particular, there are variables that were taken from population studies (see

[J) while others where derived from the population—based variables or set

as design variables (see W). All the variables are summarized in Figure 6.1.

¢ Pocket

¢Myoring |

TPocket

Figure 6.1: Cornea and MyoR-
ing cross—section. Template
used to prepare overall simula-
tions. The data table are para-
metric.

Detail A
HMyoring
R8
0.5

Abbrev. Definition Value Ref.
HuyoRing MyoRing size (um) 200, 240,280  Alio et.®
DryoRing MyoRing diameter (Optical Zone) (mm) 56,7 Ali6 et.”
Dpocket Pocket diameter (Optical Zone) (mm) 8,9 Rattan®
Trocket Pocket thickness (um) 5 Lubatsch. et®
Zpocket Stromal insertion depth U (60, 75) Daxer'®

(% of stromal thickness)
Kinean Average corneal curvature N(44.5,1.5)  Sorkin et.

(Keratometry) of anterior surface (D) Wadhwa et. '
Pr Ratio of anterior and posterior radius N(1.19,0.02) Hasegawa et.'?

of curvature of the cornea (-)
AL Axial length high myopia (mm) N(26.66,1.9) Wadhwa et.”®
Rac Curvature radius of anterior Rac = 337.7  Olsen™

cornea (mm) Kmean
Rec Curvature radius of posterior Rpc = Bac  Hasegawa et.’®

cornea (mm) PR
CCT Central Corneal Thickness (um) N(527.7,35)  Pedersen et. 1®
IOP Intraocular Pressure (mmHg) N(15, 3) Wadhwa et."”
Exio Young's modulus at physiological 14(60,100)  Ariza et.”®

stretch (kPa)
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5 Ali6 et al. 2011

7 Alié et al. 2011

8 Rattan 2018

9 Lubatschowski et al. 2000

% Daxer 2017

" Sorkin et al. 2019, Wadhawa
and Karambelkar 2019

'2 Hasegawa et al. 2018

8 Wadhawa and Karambelkar
2019

" Olsen 1986

5 Hasegawa et al. 2018

2.3.1. MyoRing

[] Size of the cross-section (HMyoRing) is given by the manufacturer,
being the most relevant sizes 200, 240 and 280 ym.°

[J Diameter of the MyoRing (Pmyoring) is given by the manufacturer, being
the most relevant sizes 5, 6 and 7 mm.”

O Pocket diameter (¢p,cker) Was set to 8 mm as reported by Rattan
(2018).8

[J Thickness of the pocket dissection line or laser bubble size (Tpockgt)
was set to 5 ym.9

B Stromal insertion depth of the implant (zp,q.¢) was uniformly varied
between 60% and 75% of the stromal thickness where the implant was
inserted (i.e., the stromal thickness at an optical zone of 5, 6, or 7
mm).10

2.3.2. Anatomy

[ Average keratometry of the cornea (Ky;¢2,;) was assumed to follow a
normal distribution with an average 44.5 diopters (D) and a standard
deviation of 1.5 D.11

00 Ratio between the anterior and posterior radius of curvature (pg =
R c/Rpc) was assumed to follow a normal distribution with an average
of 1.19 and a standard deviation of 0.02.12

[J Axial length of the eyeball (AL) was assumed to follow a normal dis-
tribution with an average of 26.66 mm and a standard deviation of 1.9
mm.13 These values were chosen in such a way that the pre-surgical
refractive error (Spherical Equivalent — SE —) of the patients ranged
between -6 and -20 D, which is considered as high myopia.

B Radius of curvature of the anterior cornea (Ryc = (1 — 1)/ Kyean)
was calculated for a given average keratometry and a refractive index
n=1.337.14

B Radius of curvature of the posterior cornea (Rpc = Rac/pRr) was
calculated for a given R 4¢ and a given pR.15
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[0 Central corneal thickness (CCT) was assumed to follow a normal
distribution with an average of 527.7 um and a standard deviation of 35
16
um.

2.3.3. Mechanics

[0 Intraocular pressure (IOP) was assumed to follow a normal distribution
with an average of 15 mmHg and a standard deviation of 3 mmHg.17

B Tangent modulus at the corneal pre— (E, = 1.2) was designed as a
uniform distribution!® between 157.5 kPa and 262.5 kPa (which corre-
sponds to a + 25% permutation with respect to the mechanical proper-

ties baseline).19

Eventually, the cohort of 2,000 patients was evaluated for 3 different ring
sizes and 3 different ring diameters resulting in a dataset of 18,000 cases
containing pre- and post—surgical in— silico information of the MyoRing
surgery. The full pipeline made use of GNU Octave?’ and Python 321
for file manipulation and post—processing while mechanical simulations
were performed in the finite element software Abaqus 6.13-5 (Dassault
Systémes, France).

The opto—mechanical analysis of the population was done as described
in Chapter 5 of Biomechanics. First, the optical analysis was performed with

an in—house ray tracing software?2

in order to determine the change in av-
erage keratometry (0K,;,¢21,) and the change in spherical equivalent (0SE).
Second, the three—dimensional corneal strengthening factor (SFCsp) was
calculated fore each cornea and averaged over the entire dataset in order
to determine the degree of corneal stiffening after MyoRing insertion at a

population level.

3. Results

3.1. Validation of in—silico models

Our in—silico model for MyoRing was calibrated previously using the
patient reported by Rattan (see Chapter 4 and 5).23 Maintaining the My-
oRing prescribed by Rattan (ring size of 280 microns, diameter of 5 mm
and insertion depth of 75%) but accounting for anatomical and mechanical
variations resulted in a average prediction of 6Kj;eq, of 4.6 D (see Fig-
ure 6.2.left), being close to the range reported for those MyoRing features
(see Figure 6.3).

'6 Pedersen et al. 2005

"7 Wadhawa and Karambelkar
2019

'8 In Monte Carlo analysis, uni-
form distributions assume that
there is not prior knowledge about
the distribution of a parameter
and, thus, all of them are equally
probable

'8 Ariza-Gracia et al. 2017b

20 Eaton et al. 2020
2" van Rossum and Drake 2009

22 Ariza-Gracia et al. 2017a

25 Rattan 2018
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Figure 6.2: Calibration (left)
and verification (right) of opto—
mechanical simulation of My-
oRing. After calibrating the
model with data from Rattan et al.
(model error within +/- 0.25 D), in—
silico population outcomes were
able to predict clinical changes in
keratometry (Kmean) and Spheri-
cal Equivalent (SE) reported by
Jadidi et al. and Daxer.

24 Rattan 2018, Daxer 2017

25 Saad and Somali 2019, Yousif
and Said 2018, Daxer et al. 2016,
Jadidi et al. 2016, Mohebbi et al.
2016, Nobari et al. 2014, Saeed
2014

26 Daxer 2017

10 —_ 6Kmean (D)
8 L
4.6 (0.6)
8° 8
§ 4.8 4.9 % L
:<E - A
0 s N
ol L
I in silico L
I Rattan LE 2018
I Rattan RE 2018
ok s

Interestingly, although our simulations did not include explicitly kerato-
conus cases, our optical predictions for K4, Were in line with both high
myopic pa’tients24 and patients with keratoconus® for the same level of
refractive error (see Figure 6.3). This preliminary result has tremendous
implications as it would suggest that the main refractive correction achieved
with these implants is related to its geometry regardless how healthy or
how pathological a corneal tissue is (see results in Chapter 5).

Eventually, our in—silico predictions were also able to predict the change
in spherical equivalent reported by DaxerZ® ata population level and without
a priori information (see Figure 6.2.right). In sum, our in—silico models were
able to predict the changes in spherical equivalent (JSE) and average
keratometry (6 Ky,0q1) for a given MyoRing, enabling us to explore the effect
of different ring configurations and the impact of different variables on the
refractive outcomes.

3.2. Contribution of mechanics and anatomy to the
nomogram

Often, clinical results are wrongly analyzed and manipulated as ring
sizes and diameters are mixed in the same statistical group. When nomo-
grams are designed, performing a correct statistical analysis is important
or the analysis will give more weight to factors that might not contribute as
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6Kmean (D)
0 -

size: 280 pm; diameter: 5 mm; depth: 75%

much or neglect variables that should be accounted for. In fact, if we ana-
lyze the Spearman correlation matrix2’ between input factors (anatomical
and mechanical) and output factors (6 Kyeq, and dSE) one might think that
only the diameter (inverse correlation) and the pre—surgical optical values
such as SE and K,;¢q, (direct correlation) are relevant in order to plan the
surgery.

When populations are grouped by known variables such as ring diameter,
other variables such as ring size, IOP or mechanics seem to have an
impact on the change in keratometry and spherical equivalent and cannot
be disregarded. In particular, when grouping by diameter size, intraocular
pressure (inverse correlation) and mechanics (direct correlation) are of
similar importance than the size of the cross—section of the ring (direct
correlation). Also, grouping by diameter shows that ring size has a huge
impact when implants are located close to the centre (diameter of 5 mm)
but its importance decreases quickly towards the periphery. Contrarily, the
importance of the pre—surgical refractive error, mechanics and IOP does
seem to be constant independently on the diameter of the ring. In any case,
central corneal thickness (CCT) does not seem to have a great impact in
the post—surgical refractive error and its use as biomarker in a nomogram

Figure 6.3: Prediction of
change in mean keratometry
for three different MyoRing
diameters (5, 6, and 7 mm). /n—
silico simulations (left) predicted
the change in mean keratometry
within those changes reported
for patients with High Myopia
and Keratoconus. Note that
clinical cases contain different
ring configurations and, as such,
it increases the uncertainty.

27 High Spearman’s coefficient
means that two variables are
monotonically related (even if the
correlation is nonlinear). A Spear-
man correlation of zero indicates
that there is no tendency for the
independent variable to increase
(or decrease) when the depen-
dent variable increases.
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Figure 6.4: Spearman correla-
tion between input parameters
and refractive post—surgical
outcomes. Only correlations
with a significant p-value are
shown (p—value < 0.05).

28 Daxer 2015

should be reconsidered (not its inclusion as limiting factor for the surgery).

3.3. Corneal strengthening factor of MyoRing

It is an open discussion in the community whether implants stiffen
the cornea or not. In particular, it has been estimated that introducing
continuous rings in the cornea (i.e., MyoRing) can result in an strengthening
factor of two to three.?8 At a population level, MyoRing introduces an
average strengthening factor at the corneal centre of approximately a 11%
(see definition in Equation 5.1, Chapter 5, and in Figure 6.5) which would
never reach an increment of 200% even for the worst—case scenario.
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3.4. Predictions of refractive outcomes: towards a
mechanically—driven nomogram

Once the model has been validated, it can be used to predict the optical
outcomes for different ring combinations. Figure 6.6 outlines that the farther
the ring from central cornea, the lower the correction for both 6 Ky;e4, and
JSE. In the same vein, the size of the cross—section helps on fine—tuning
the average amount of correction achieved by choosing a ring diameter.

Regarding the change in spherical equivalent, the average dSE for a
280—um MyoRing of 5 mm in diameter at a 75% depth is =~ 10 D (see
white boxplot in Figure 6.6.right) which can be decreased or increased
between by + 1.6 D depending on the implanted ring size (average éSE of
~8.5 D for 200—um — red boxplot — or average 6SE of ~12D for 280-um
—green boxplot—). It is noteworthy that, as soon as the diameter of the ring
increases beyond 5 mm in diameter, the size of the ring plays a minor role
and can control a change in diopters of 0.4 D.

Regarding the change in average keratometry, the average dK;,eqy, for a
280—um MyoRing of 5 mm in diameter at a 75% depth is ~ 4.3 D (see white
boxplot in Figure 6.6.left) which can be decreased or increased between by
=+ 0.55 D depending on the implanted ring size (average dKjeq, of ~3.6
D for 200—um — red boxplot — or average dKjean of ~24.7 D for 280—um
—green boxplot-). In this case, the increment in diameter of the ring does not

Figure 6.5: Corneal strength-
ening factor of MyoRing. Ratio
between post- and pre—surgical
corneal stress in the full cornea.
Maximum stiffening occurs close
to the ring while the centre of
the cornea remains almost un-
changed (up to a 20% stiffening
on average). The probability of
stiffening more than 2 is lower
than a 1% and it would occur on
the surroundings of the Myoring.
Colours in the histogram (left) cor-
respond to colours in the cornea
(right).
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Figure 6.6: Influence of
Myoring’s diameter and
size on refractive outcomes
(average Keratometry and
Spherical Equivalent). Change
in refraction is mainly dominated
by the diameter of the Myoring
(greatest change in both Kmean
and SE). The size of the Myoring
helps in fine-tuning the optical

change induced by the diameter.

On a population level, the size of
the ring would be only decisive
for diameters of 5 mm.
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seem to dampen the effect of the change in the size of the cross—section.

At this point, Figure 6.7 can be regarded as a first preliminary nomogram
in which the clinicians can control the diameter of the ring, the size of the
cross—section and the implantation depth in order to achieve a desired
refractive correction and, at the same time, explicitly including mechanical
information such as IOP and mechanics.

In this nomogram the clinicians can observe that, when the implantation
depth is a 75% of the stromal thickness, the maximum change in average
keratometry will be achieved with highest ring’s cross—section and the
lowest diameter (= 5 D in average and at a population level), being the
12 D). More-
over, anatomical and mechanical variations would result in a dispersion in
correction below 4 0.5 D (see faded confidence bands around average
correction).

Also, by controlling the stromal depth of insertion, the clinician could

same for the maximum change in spherical equivalent (=~

fine—tune the amount of refractive correction. In particular, changing the
implantation depth would always reduce the change in keratometry up
to 1.5 D (for MyoRings implanted at a 60%). Regarding the change in
spherical equivalent, changing the implantation depth could increase the
final refractive correction up to 5 D only for MyoRings of 5 mm in diameter
(for MyoRings implanted at a 60%). For MyoRings with higher diameters,
changing the implantation depth would decrease up to 2 D the refractive
correction in SE (for MyoRings implanted at a 60%).
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Figure 6.7: Influence of depth on Kmean (left) and SE (right): error introduced on the refractive outcomes of the population
due to a change in depth. The depth of reference (ground truth) is 75% of the stromal thickness. The refractive outcomes for the
population have been shifted by their average for each diameter (i.e., for a 75% depth, the error has a mean of 0). For example, for a
Myoring of 280 microns and 5 mm in diameter, changing the depth by a 15% (from 75% to 60%) would result in a variation of the SE
of +6D with respect to its average value (i.e, increasing from 11.5 D in average to 17.5 D).
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4. Discussion

Even with the current limitations of our model already described in
Chapters 4 and 5, our calibrated in—silico simulations were able to predict
clinical changes in average keratometry and spherical equivalent at a

population level?

and without a priori knowledge of the post—surgical
outcomes. This predictive ability enable us to study the effect of different
anatomical, mechanical and optical variables in the post—surgical refractive
outcomes for MyoRing implantation in high myopia.

Our in—silico study in a virtual cohort suggests that mechanical mark-
ers should be included as part of the biomarkers used to plan MyoRing
insertion. In fact, the study of the correlation matrix outlines two key factors:
first, that nomograms must be grouped by surgical features such as ring
diameter (otherwise, statistical nomograms can be misleading); second,
that apart from the pre—surgical keratometry and spherical equivalent, in-
traocular pressure and tissue mechanics plays a role in the prediction of
the post—surgical outcomes. Nevertheless, our research points towards
the direction that it is mainly the amount of added intrastromal volume the
one controlling the overall refractive change (see Chapter 5). In particu-
lar, MyoRing diameter does seem to be the leading factor in achieving a
great refractive correction followed by the size of the cross—section or the
intrastromal depth implantation which help to fine—tune the final amount of
refractive correction.

From a mechanical standpoint, and contrarily to what it has been sug-
gested in other theoretical studies,3’O implants do not seem to introduce
a corneal stiffening at the corneal centre and, in fact, the ratio between
the post- and pre—surgical stress remains below 1.5 at a population level.
Not only that, but it does seem that tissue mechanics or the inclusion of
pathological tissue would not be decisive on predicting the average change
in refraction at a population level (see Figure 6.3).

Overall, this population study strengthened previous conclusions regard-
ing the effect of the ring diameter (see Chapter 5): the farther the ring
is located from the corneal centre, the lower is the achieved correction.
These results are strongly related to the quick dissipation of the mechanical
bulking effect introduced by the ring, which occurs at a local level. For those
cases in which it is necessary to achieve a great refractive correction as it
is the case of patients with high myopia, it is advised to place a ring of 5
mm in diameter. Once the ring diameter is bigger than 5 mm, only patients
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with a moderate myopia can be treated (= 6 D).

Eventually, the present study allowed to propose a first preliminary
mechanically—driven graphical nomogram in which the clinician can con-
trol the size of the ring, its diameter and its stromal implantation depth at
a population level. This nomogram allows to control the expected aver-
age correction at a population level while controlling the prediction error
(confidence interval) due to anatomical and mechanical uncertainties.
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1. Introduction

Polymethilmethacrylate (PMMA) is a synthetic resin produced from the
polymerisation of methyl methacrylate. PMMA is often used in contacts
lenses, spectacle lenses, laser lenses, eye lenses, micro—structured arrays,
etc. All these applications require high quality, accuracy and super finish
surface profile. Some features more representative of PMMA are low
thermal conductivity, optical characteristics, low cost and biocompatibility.2

PMMA is one of the more widespread materials used in components
and implants in Ophthalmology. One of those implants are the intrastromal
corneal ring segments (ICRS) used to correct myopia3 or to stabilise
and slow down the progression of keratoconus (KC),* by regularising the
corneal shape.® There are different typologies of ICRS depending on the
cross—section (triangular or hexagonal) or covered arc (MyoRing).

The complex manufacturing process of PMMA starts with propylene,
which together with benzene forms the cumene (isopropylbenzene). The
cumene is oxidised and treated with acid to form acetone. The acetone
is in turn converted in methyl methacrylate (CH, = C[CH3CO,CHj]),
a flammable liquid. Finally, the methyl methacrylate polymerised (its
molecules linked together in large numbers) under the influence of free—
radical initiators to form solid PMMA. The mechanical characteristics of
PMMA are determined by its elastic modulus or Young’s modulus, between
1,800-3,300,° the Poisson coefficient, normally 0.4,7 and the stress frac-
ture. These mechanical properties of the raw material can be modified by
using high precision modelling processes such as intrastromal corneal ring
segments milling technology.

Dhakad et al. (2017)8 studied the most influential parameters which af-
fected the surface of the PMMA samples after cutting them with a CNC lathe
machine. The mechanical properties of PMMA were a Young’s modulus of
686 GPA, Poisson’s ratio of 0.22 and a fracture toughness of 3.8 MPA1/2.
The variables which affected the cutting process were the cutting speed,
feed rate and depth of cut. They concluded that the surface roughness
is mostly influenced by the feed rate, followed by the cutting speed and
depth of cut. The depth of cut had a very negligible effect on the surface
roughness of PMMA material. Also, to obtain a better surface roughness by
facing operation of PMMA material the cutting speed should be maximum,
feed rate should be minimum and depth of should be moderate. Korkmaz et
al. (2017)° presented an experimental investigation on micromachinability
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characteristics of PMMA when using single—crystal diamond microendmills
towards enabling rapid, accurate, and reproducible fabrication of PMMA
parts for a broad range of applications. They made an experimental analy-
sis including a 3* full factorial design using a straight single-crystal diamond
microendmill with a diameter of 450 microns. The variables included in
the design were the spindle rotational speeds, the feed rates, and axial
depth of cut. The outcomes were the process forces, surface roughness,
burr formation, and shape retention. The study showed that micromilling
using single—crystal diamond microendmills reduces surface roughness,
burr formation, and force magnitudes, while creating high—quality features
as compared to those obtained when using commercially available tung-
sten carbide microendmills. Favorable cutting conditions and machining
strategies for effective creation of micro—scale features on PMMA can be
identified using the presented micromachinability study. Finally, Nigrovic
et al.(2017)10 focused on the characterisation of the influence of laser 19 Nigrovié et al. 2017
cutting on the material made from the PMMA. They made a comparison
of mechanical properties between the samples cut by the laser beam and
those obtained after the conventional method of cutting by milling. The
study concluded that the way of cutting has a strong influence on the PMMA
samples mechanical properties. The outcome of the experiment is a direct
assessment of roughness of the cut samples. It is shown that the laser
cutting produces lower values of the surface roughness. However, for man-
ufacturing the structural elements, the more suitable would be application
of the milling technology since it results in better mechanical properties of
the cut sample.

Experimentally, the traditional mechanical characterisation tests are
uniaxial, shear, and biaxial tests. However, sometimes, due to the size
of the samples or the final shape of the implant, such as for intrastromal
corneal rings, it is very difficult to use traditional methods to characterise
material properties. In those cases, experimental trials become more
complex as properties cannot simply be derived from the mechanical test
and must be supported by an optimisation procedure in order to determine
the mechanical properties of the sample.

To the date, there is only one study about the mechanical characterisa-
tion which focused on the analysis of the holes which exist at the ends of
the rings.11 They are used to handle the rings by the surgeons and locate ! Keravision n/y
them within the corneal stroma. The study established that the minimum
material strength requirement for the ICRS product was a maximum load
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of 2.22 N.

It is important to know the properties of ICRS after the milling to plan
better the handling of the implants, the logistics processes of manufacturing
or packaging, and the computational consequences related directly with
the rigidity of the PMMA which is considered: convergences problems.

Our study aims at evaluating, for the first time, the mechanical properties
of a final ICRS and whether the milling procedure affects its raw mechanical
properties. First, the force—displacement relationship for individual implants
is determined using an experimental tension test procedure set up to test
different ring configurations (triangular, or hexagonal) and sizes. Second,
to determine the material parameters, a numerical optimisation pipeline
based on finite element simulations is used to map the numerical and
experimental responses. Based on the experimental characterisation we
assumed that the implant presented two well differentiated parts. Initially, a
linear elastic behaviour could be observe, but then, the samples presented
an hyperelastic behaviour with damage. From an optimisation standpoint,
two numerical approaches were used in order to determine the mechanical
properties: i) a Monte Carlo approach was used to perform an uncertainty
analysis on the material parameters (Young’s modulus, Poisson coefficient
and damage) and determine which one should be included in an optimisa-
tion loop; ii) an inverse finite element optimisation (iFEM)12 was performed
for each one of the samples in order to determine the sample-specific
material properties.

2. Material and methods

The Material and Methods section is divided in two subsections: the ex-
perimental and the numerical protocol. On the one hand, the experimental
test gathers all information about the samples of ICRS, their preparation,
and the tension test experiment. On the other hand, the numerical protocol
section gathers the information regarding the simulations used to perform
the material characterisation. First, a Monte Carlo analysis was performed
in order to determine a population—based distribution of the mechanical
parameters and the influence of each material parameter on the force—
displacement behaviour of the implant. Afterwards, the knowledge yielded
by the Monte Carlo analysis was used to tune the material parameters used
in the inverse finite element methodology (iFEM). Figure 7.1 outlines the
pipeline of the methodology developed.
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2.1. Experimental protocol
2.1.1. Intrastromal Corneal Ring Segments samples

An overall of fifty tension tests (n=50) were carried out for different
ICRS. In particular, two commercial ICRS were analysed: Intacs (Addition
Technology, Sunnyvale, USA), whose cross—section is hexagonal, and
Ferrara (AJL Ophthalmic, Vitoria, Spain), whose cross—section is triangular.
To study the effect of the cross—section size and shape, two different
cross—section thicknesses (250 and 350 um) were analysed for each
cross—section shape (n=40 in groups of 10; arc length diameter of 6 mm).
Additionally, to study the impact of the change in diameter, a Ferrara of
5-mm in diameter and 250 pum (n=10) was evaluated. The covered angle
of each sample was always 150°. The geometry of each sample analysed
is shown in Figure 7.2 whose dimension are shown in Table 7.1.

2.1.2. Tension test

An INSTROM MicroTester model 5548 was used to characterise the
samples. The system is very versatile, since it performs tests with very low
forces with very high displacement resolution, and is suitable for loads of at
up to 2 kN.

ICRS have a small hole in each extreme, called Sinkey’s hole, that aids
in manipulating the segments during the surgical procedure. In our case,
those holes were used in order to prepare each sample before the tension
test. The braided silk suture of 5/0 was threaded into each ring hole and
the loose ends were glued with sandpaper to prevent slippage at the grip.
The suture was stiff enough so as to guarantee that there will not be a
stretch that results in a concomitant force—displacement response (results
not shown).

After sample preparation, ICRS were placed between grips by holding
the suture thread with the sandpaper (see the Figure 7.1). Only the upper
jaw moved upwards until the ICRS was hold vertically and parallel to the
test direction. The force—displacement response was recorded until the
sample broke. Figure 7.1 shows an example of the sample preparation to
be tested in the INSTROM 5548 with a 50 N load cell and a speed of 1.27
mm/min.

2.2. Numerical protocol

The numerical protocol covers both the in—silico models used to simulate
the tension experimental test and the optimisation strategies used to obtain
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Distribution of material parameters
that follows the experimental behavior

Parameter Boundaries 500 550 600 650 700 750 800

Figure 7.1: Overview of the mechanical characterisation pipeline (experimental and numerical steps). First step, experimental
protocol (left): a typical force-displacement behaviour for a given ring typology. Mechanical tests were done in an INSTROM 5548
machine. ICRS were hold and pulled from by a suture thread passed through the Sinkey’s hole. Second, numerical protocol (center):
1. Monte Carlo Analysis (in blue) was used to analysed the impact of mechanical parameters on simulation outcomes (Top) and to
determine a population-based distribution of material parameters for each ring typology (Bottom). Results from the Monte Carlo
analysis were used to a priori instruct the 2. iIFEM optimisation (in red) which was used to determine the sample—specific material
properties.
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the mechanical properties for each implant. First, an uncertainty analysis
was carried out, based on Monte Carlo simulations, which aims at estimat-
ing how the input variables (material parameters) affect the output variable
(force) and whether the set of input parameters is sound and necessary for
the optimisation. Second, and inverse finite element (iFEM) optimisation
was used to determine the sample-specific material properties for each
sample individually. Monte Carlo results were used to a priori limit the initial
guess and variable bounds of the iIFEM optimisation.

All the finite element computations were done using FEBIo, an open-
source software.!® The iIFEM optimisation procedure was solved in Matlab
(Matrix Laboratory, Mathworks)14 using a constrained minimisation (fmin-
con). The Monte Carlo analysis was performed using Python15 and the
HPC cluster UBELIX (University of Bern).

2.2.1. Computational finite element models

Five geometrical models were built, one for each ICRS typology. The
dimensions and mesh features are shown in Table 7.1 and Figure 7.2 and
geometry features are explained in the Section 2.1.1. All models were
composed of linear hexahedral elements (C3D8). A sensitivity analysis
was performed in order to determine the mesh size that properly captured
the stress distribution at the central cross—section of the ICRS (breaking
point), while providing an accurate record of force and the displacement in
the extremes of the rings.

Boundary conditions to mimic the tension test were a 1.5 mm vertical
displacement was imposed at top of the ring (point B in Figure 7.2) and a
restrained displacement at bottom of the ring (point A in Figure 7.2). The
remaining solid rigid motions were allowed as in the experiment.

Ferrara (Triangular cross—section)

ID n hICRS (um) b(um) OZ(mm) d.of  Elements C3D8

T2505 10 250 600 5 65,367 18,800
T2506 10 250 800 6 88,209 25,600
T3506 10 350 800 6 109,107 32,320
Intacs (Hexagonal cross—section)

H2506 10 250 800 6 86,994 25,840

H3506 10 350 800 6 93,378 28,158

8 Maas et al. 2012
* MATLAB 2013

'8 van Rossum and Drake 2009

Ferrara

Intacs

| hicRs|

Figure 7.2: ICRS geometry and
finite element model.

Table 7.1: Geometrical and
mesh features. The dimensions
correspond with the Figure 7.2.
ID: Identification name; n: num-
ber of samples tested; hICRS:
thickness of the ICRS; b: width
of the ICRS; OZ: diameter of the
ICRS; d.o.f: degrees of freedom.
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'8 Rivlin 1948

2.2.2. Material model of the ICRS

Based on the force—displacement behaviour yielded by the experiments
(first column of the Figures 7.3 and 7.4) and the large displacements
present in the experiment, a 1—parameter hyperelastic material model
(Neo—Hookean16 ) was chosen to characterise the material parameters.
Moreover, due to the brittle fracture observed experimentally, a simple
damage penalisation was included ().

WRu=(1-8)-[Co- (h=3)+ Dy (J =17

YNH

(7.1)

where Cyg is the parameter of Neo—Hookean model, I is the first invariant
of the modified right Cauchy—deformation tensor, D is the bulk modulus,
and | is the third invariant of the modified right Cauchy—deformation tensor.
Finally, the evolution of damages over time (&) was based on a Weibull
cumulative distribution function (Equation 7.2).

¢ i
g(t> =1 P |:_ (DThreshold> :| (7.2)
if ¢(t) > Dmax, then {(t) = Dinax

where t is the simulation time, « took the value of 1, Dryesiora i the
parameter to adjust with the uncertainty analysis, and D, was 0.95.

As the Neo—Hookean’s FEBio formulation is based on Lamé parameters,
the Young’s modulus and Poisson’s ratio were provided and internally
converted by FEBio (Equation 7.3).

E

Cio= ——

0= 1+v) 7.3)
b __2E :
173 1—w)

Force—displacement behaviour was insensitive to changes in the Pois-
son’s ratio between 0.1 and 0.4 and, thus, a constant value of 0.3 was
selected for all the simulations.

2.2.3. Uncertainty Analysis

A global uncertainty analysis aims at providing information about whether
or not the input parameters (and, therefore, the experiment) were properly
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chosen. Not only that, but it also can be used to estimate the statistical

distribution of each material parameter by using appropriate filtering tech-

niques. An overall of 50,000 simulations (10,000 for each ring typology)

were simulated using the latin hypercube sampling (LHS).17 Due to the 17 Helton and Davis 2002
lack of a priori knowledge, the combinations were generated assuming

that each input variable came from a uniform distribution. Two acceptance

regions were defined by the standard deviation region (in green) and the

interquartile region of the experimental tests (in red; Figures 7.3 and 7.4).

A Kolmogorov—Smirnov statistical significance test was performed in order

to determine the relevance of all input variables.

2.2.4. Inverse finite element method (iFEM) optimisation

The iterative workflow for the constrained optimisation attempted at min-
imizing the difference between the experimental and numerical responses
(loss function, Equation 7.4 and Figure 7.1) so that the optimal set of ma-
terial parameters are obtained for each ring typology. The initial guesses
and boundary constrains were set based on the results of the uncertainty
analysis.

D ex 1/2
- Zw.- p _ pnum)l 7.4
L= Swj- (F*P —Fm); (74)
where, D is a Lagrange penaliser, whose value is 10°, w is an array of
weights, F¢*7 is the experimental force, F** is the numerical force, and N

is the number of points where force is evaluated.

3. Results

3.1. Experimental results

Force—displacement experimental results are depicted in the first column
in Figures 7.3 and 7.4. All the samples broke beyond a 1 mm displacement
with maximum forces below 1 N. The force—displacement behaviour was
linear up to a displacement of ~0.4 mm but, from that point on, damage
started to propagate resulting in microfractures an sudden drops in force.
Beyond the 1 mm displacement, the triangular samples broke before the
hexagonal samples, showing clearly that the hexagonal cross—section,
withstands more in the tensile test.
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Table 7.2: Results of Young’s
Modulus corresponding with
the boxplots of the Figure 7.6.
Representation of the boxplot val-
ues in Figure 7.6, where the
results provided by the uncer-
tainty analysis (green) and by
the iFEM optimisation (blue) are
represented.  Accepted repre-
sents the number of simulations
and the percentage located within
range between quartiles. Min.,
qi, Mean, gz, and Max. values
correspond to the minimum, first
quartile, mean, third quartile, and
maximum values, in MPa, respec-
tively.

ID Drhreshold
T 250 5 5.198
T 250 6 15.984
T 350 6 5.413
CH2506 | 60551
H 350 6 3.520

Table 7.3: Fixed damage value
for each population.

ID Accepted  Min. q1  Mean q3 Max.

T 2505 544 (5.44%) 525.1 576 624.2 671.8 790.1
2579 500.9 874.6 993.2 1,321.4

T2506 937 (9.37%) 390.9 472.8 553.2 634.7 714.3
1874 376.9 808.2 1,394 1,766

T350 6 672 (6.72%) 431.6 493 549.7 607.5 666.5
140.8 400.2 780.7 11,1219 11,1219

200 (2%) 81.1 91.1 101.1 111 121.2

e w9 s 13 105 a0
616 (6.16%) 230.1 262.1 293.2 323.7 435.6
H 3506 ( )

73 161.9 286 321.2 393.6

3.2. Uncertainty analysis and iFEM optimisation

After filtering the numerical responses falling within the experimental
interquartile q1—qgs region (see blue lines falling within the red lines in
central column; figures 7.3 and 7.4), only less than 10% of the simulations
remained as valid. The statistical distribution for the Young’s modulus of
the accepted population was evaluated for each ring typology (see data in
green in Table 7.2). For the triangular population, Young’s modulus varied
between 400 and 800 MPa, with an average value of 575 MPa. For the
hexagonal population, Young’s modulus varied between 80 and 435 MPa,
with an average value of 200 MPa.

The Kolmogorov—Smirnov test between the accepted and rejected popu-
lations of the material parameters (Young’s modulus and damage threshold)
outlined that there was a significant difference for the Young’s modulus
while no difference was present for the damage threshold (Figure 7.5.a).
Hence, the damage threshold can be given as a fixed parameter (Table 7.3)
for the optimisation, being removed from the optimisation variables as its
variation would not affect the mechanical response of the system. When
analyzing the correlations between the material parameters (Young’s mod-
ulus and damage threshold) to the force—displacement experimental data,
a strong and direct correlation between Young’s modulus and maximum
force was observed while no correlation between damage and force was
observed.

Results of the sample—specific iIFEM optimisation are depicted in the
third column in figures 7.3 and 7.4. Contrarily to the population—base
approach used in the Monte Carlo simulations, a value of Young’s modulus
was obtained for each ring typology and experiment. In this specific case,
the numerical results seem to better match the experiments because each
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individual response was fitted individually. However, no information about
the statistical distribution of the mechanical parameters or the uncertainty
analysis could be performed. The statistical distribution for the Young’s
modulus was evaluated for each ring typology (see data in blue in Table 7.2).
For the triangular population, Young’s modulus varied between 150 and
1400 MPa, with an average value of 820 MPa. For the hexagonal population,
Young’s modulus varied between 20 and 400 MPa, with an average value
of 200 MPa.

Eventually, three main differences can be observed when comparing
the statistical distributions obtained with both methods (Figure 7.6). First,
average values seemed to slightly differ for both methods (a difference of
200 MPa between Monte Carlo and iFEM optimisations). Second, there
was a difference in the average Young’s modulus of more than 200 MPa be-
tween triangular and hexagonal populations. Third, there was a difference
in Young’s modulus of more than 150 MPa between sizes for the hexag-
onal population, while for the triangular population the Young’s modulus
remained constant regardless size or arc length.

4. Discussion

For the first time the mechanical stiffness of ICRS implants after manu-
facturing has been assessed. Our results suggest that assuming the same
material stiffness as the raw material (1,600-3,600 MPal8 ) is wrong. Due
to the impossibility of directly testing the final implant with traditional tests,
a combined experimental and numerical framework has been developed.
The use of in—silico models in combination with experimental tests yielded
the mechanical stiffness of each individual population (Ferrara—triangular
and Intacs—hexagonal). For the Ferrara population, the average Young’s
modulus was up to 4 times lower than the Young’s modulus of the raw ma-
terial, regardless the numerical method used for its evaluation. Moreover,
neither the ring size, nor its diameter affected the mechanical results. For
the Intacs population, the average Young’s modulus was up to 10 times
lower than the Young’s modulus of the raw material. Surprisingly, there
was a significant difference in mechanical stiffness between the triangular
and hexagonal populations and between hexagonal cross—section sizes.
Theoretically, as the Young’s modulus is independent on the geometry, this
should not be the case for hyperelastic materials and, therefore, we cannot
find another explanation other than a difference during the manufacturing

'8 Kling and Marcos 2013, Flecha-
Lescun et al. 2018, Ebrahimian
etal. 2019
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Results for FERRARA samples ——  Mean Solution

—— Accepted cases Rejected cases Experimental Range
—— Standard Deviation Range —— g1 -3 Range gl - g3 Range
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Figure 7.3: Results for ICRS with triangular cross-section. Row (a) shows the results for a diameter of 5-mm and 250 ym
thickness; Row (b) shows the results for 6-mm and 250 um thickness; Row (c) shows the results for 6-mm and 350 m thickness.
Column (1) shows the force—displacement experimental results (the dash lines does not consider to characterise); Column (2) shows
the uncertainty analysis (accepted in—silico cases in blue; rejected in—silico cases in gray); Column (3) shows the results of iFEM
optimisation.
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Results for INTACS samples ——  Mean Solution

—— Accepted cases Rejected cases Experimental Range
—— Standard Deviation Range —— g1 - g3 Range q1- g3 Range
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Figure 7.4: Results for ICRS with hexagonal cross—section. Row (a) shows the results for a diameter of 6-mm and 250 ym
thickness; Row (b) shows the results for 6-mm and 350 pm thickness; Column (1) shows the force—displacement experimental results
(the dash lines does not consider to characterise); Column (2) shows the uncertainty analysis (accepted in—silico cases in blue;
rejected in—silico cases in gray); Column (3) shows the results of iFEM optimisation.
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Figure 7.5: Uncertainty analy-
sis: impact of variables. (a)
Statistical distributions for the ac-
cepted/rejected mechanical pa-
rameters. (b) Correlation ma-
trix between the variables trac-
tion force (Fmax) in N, young's
modulus (E) in MPa, and damage
(DThreshold)-

process such as the presence of regions with stress concentration.

Of course, the present study is not exempt of limitations. From an
experimental point of view, a suture thread was included in order to perform
the tension test experiments by pulling from it. This would introduce an
additional, non—rigid element that should be introduced in the optimisation
procedure. However, for the sake of simplicity it was considered as a
solid rigid and removed from the simulation. From a modelling point of
view, fracture seems to play a role during the experiments as microcracks
developed during the experiment causing the force to drop. As fracture was
out of the scope of the study, we introduced a simple damage penalisation
that could be improved in the future. In any case, when the experimental
displacement range is below 1 mm, damage did not seem to affect the
output of our simulations.

Moreover, two numerical methods have been presented here in order to
determine the mechanical properties of the ICRS. Monte Carlo simulations
are regarded as a global optimisation and are useful to perform uncertainty
analysis which help us to understand whether the input variables of our
experiment were well chosen. Unfortunately, these methods provide a
population-based information about the material parameters and are not
useful in providing a tailored sample—specific optimisation for each one. On
the other hand, iFEM optimisation procedures can provide the optimal set
of parameters that fits a specific experimental response, but they are slow
(i.e., difficult to implement in HPC clusters) and do not provide insights on
the statistical behaviour of a population. In any case, a combination of both
can give great results and insights.

In sum, from an operational point of view, there was a direct, linear and
strong correlation between the Young’s modulus of the sample and the
maximum force before breaking, which could be used in the production plant
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Ferrara
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in order to assess in the post—milling material stiffness without reproducing
the full pipeline presented in this study. In any case, although ICRS are still
many order of magnitudes stiffer than the cornea, the surgical procedure
is safe and there will not be fracture problems. Nevertheless, care must
be taken during in further post—milling manufacturing steps, packaging or
explicit numerical simulations in which the stiffness ratio between materials
drive the convergence.

Figure 7.6: Young’s Modulus
statistical distribution for dif-
ferent populations and meth-
ods. Ferrara—triangular (left) and
Intacs—hexagonal (right); iIFEM
(blue boxplots) and Monte Carlo
(green boxplots).
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1. Main conclusions and original contributions

A novel computational methodology to simulate the additive surgery of
the instrastromal corneal ring segments and the intrastromal continuous
rings has been developed in the present thesis. Due to the multidisciplinary
character of this work and its relation to Ophthalmology, we group the major
contributions in clinical and computational and mechanical contributions.
Clinical conclusions are focused on helping clinicians and surgeons to
understand the post—surgical biomechanical effects of these implants, to
help on explaining several phenomena that currently occur in clinics but lack
of scientific explanation and, in the future, to better plan the surgery without
relying in purely empirical nomograms. Computational and Mechanical
contributions are related to the technical details of the simulation.

1.1. Clinical contributions

+ Corneal kinematics is modified after ring implantation. This behaviour
is a direct consequence of the rigidity of the implant that restricts the
physiological radial and circumferential displacement. The implant acts
as a dynamic pivot that is able to move and rotate within the corneal
stroma, modifying the corneal kinematics. Therefore, both segments
and complete rings cannot be considered as an auxiliary limbus, since it
moves during circadian variation of the intraocular pressure.

+ The main difference between full rings and corneal segments is the
amount of optical correction that each can achieve, being higher for
continuous implants such as the MyoRing. This higher correction is
related to two factors. First, due to the surgical procedure. Complete
rings must be inserted into a dissection pocket that crosses the entire
cornea from side to side, resulting in a more compliant cornea and,
therefore, a higher change in axial length. Second, the amount of
volume added by complete rings (i.e., diameter and cross—section size)
is higher and, therefore, their impact in the corneal center is higher.

+ Implants do not strengthen the cornea globally, but introduce a localised
mechanical deformation which regularise the corneal surface by adding
a volume within the corneal stroma. The surface regularisation is in-
duced by the bulking effect which is associated with a change of the
optical properties: the closer the implant locates of the corneal apex, the
more optical change is produced. Therefore, the correction achieved de-
pends on the amount of added volume and the diameter of the implants.



Computational planning tools in Ophthalmology: ICRS Surgery 195

« The corneal strengthening factor (SFCgzp) is an indicator of how much
stiffer the cornea is once the ring is implanted. It is defined as the
ratio between the stress after and before the surgery. A maximum
SFCsp of 1.5 is achieved in the center of the cornea with the complete
ring (MyoRing). This factor is practically 1 for intrastromal corneal
ring segments. This means that if the keratoconus is a stress—driven
phenomenon, the only ring which is able to stabilise the disease is
the full ring. In addition, it seems that the predictions of the numerical
model are similar for corneas with keratoconus and for corneas with
high myopia, thus it is likely that the ring is the most important factor,
more than corneal tissue.

+ Implant extrusion could be related to the gradient of principal stresses in
the surroundings of the corneal incision. When the implants are located
at 50% depth, the positive stresses in the corneal tissue above the ring
tend to tear up the tissue in the surroundings of the scar through where
the ring is inserted. At the same time, the positive stresses under the
ICRS tend to stretch the tissue and push the ring up. In combination,
both behaviours can cause the fibrous tissue of the scar to tear up and
the corneal stroma to expel the ring.

» The most relevant implant’'s parameter affecting patient’s vision is the
volumen (which comes from the combination of the ring’s diameter and
cross-section size). Therefore, diameter is the most relevant parameter
affecting refractive correction. The closer to the center, the higher the
refractive correction. Cross-section size is the second most relevant
parameter affecting refractive correction. By combining these two param-
eters, it is possible to regulate the spherical equivalent in each situation,
using the ring size as a fine adjustment if the diameter had been fixed.
The smaller the ring diameter, the greater the impact on the spherical
power but the smaller the impact on the cylindrical power. Finally, the
least relevant parameter affecting patient’s visual acuity is the insertion
depth providing that implants are located at a clinical depth range be-
tween 60% and 75%. 500 um rings should not be used in diameters
lower than 7 mm because they increase high order aberrations.

» The manufacturing angle (« ) drives the post—surgical rotation of ring
segments in the stroma. Implants placed tangentially to the curvature of
posterior corneal surface presented higher stability. The over—stressed
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corneal stroma resulted in forces and angular momentum of the implant,
which resulted in an implant rotation inside the cornea.

+ A preliminary mechanically—driven nomogram has been developed for
assessing on MyoRing surgical implantation. It can be used to decide
the cross—section size, diameter and intrastromal depth at which to
insert the MyoRing depending on the amount of correction needed. A
further clinical validation is necessary.

1.2. Biomechanical and computational contributions

» Two methodologies to simulate the insertion surgery of intrastromal rings
have been developed. The first one is based on generating a hole in
the corneal stroma by means of a pressure control. The second one
is based on generating a gap by using an auxiliary tool that displaces
the stroma. Pressure—based methodologies were disregarded because
of the low convergence rate and the lack of versatility. Displacement—
controlled methodologies was generic enough to simulate dissection
pocket and tunnels, commercial implants such as Keraring, Ferrara
(triangular cross—section), Intacs (hexagonal cross—section) or MyoRing,
and to use anisotropic mechanical models.

» Calibrated in—silico models were able to predict clinical data without
further a priori information. Moreover, optical results are in good agree-
ment with different clinical studies including healthy and keratoconic
corneas. This low discrepancy, even though pathological tissue was
not accounted for in our in—silico models, might suggest that, at a pop-
ulation level, mechanical properties or heterogeneity will not drive the
post—surgical optical outcomes.

« For implants with an arc length of more than 320°, two—dimensional
axisymmetric simulations offer a good trade—off between accuracy in
the estimation of refractive correction (spherical equivalent) and saving
computational time and resources.

+ Anisotropic and isotropic material models resulted in similar optical
predictions and, thus, anisotropy could not be necessary for estimating
the post—surgical corneal state.

» The friction between tissue and implant is important and cannot be
disregarded as, depending on the friction level, up to 3 diopters can be
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underestimated.

The manufacturing process could affect the (apparent) mechanical prop-
erties for implants. Post—milling ICRS stiffness was up to 4 orders of
magnitude lower than the one of the raw PMMA material (1,600-3,300
MPa). Although this would not affect the surgical procedure itself, it is
important to consider the correct stiffness for further mechanical manip-
ulation, packaging or when used in finite element explicit simulations
(i.e., slower convergence rate).

. Scientific publications (Journal Citation Report)

An overall of 2 journals published and 2 more in preparation contain the

contribution of the current thesis,

1.

J. Flecha-Lescun, B. Calvo, J. Zurita, M.A. Ariza—Gracia. Template—
based methodology for the simulation of intracorneal segment ring im-
plantation in human corneas. Biomechanics and Modeling in Mechanobi-
ology 2018 Mar; 17(4): 923-938. Doi: 10.1007/s10237-018-1013-z.
Impact Factor: 2.527 (2019). Q2 (42/87), Biomedical Engineering. Data
base: Web of Knowledge (InCite JCR).

M.A. Ariza—Gracia, J. Flecha-Lescun, P. Biichler, B. Calvo. Corneal
biomechanics after intrastromal ring surgery: optomechanical in sil-
ico assessment. Translational Vision Science and Technology 2020
October; 9(11)26: 1-16. Doi: 10.1167/tvst.9.11.26. Impact Factor:
2.112 (2019). Q2 (28/60) Ophthalmology Science. Data base: Web of
Knowledge (InCite JCR).1

J. Flecha-Lescun, P. Blichler, B. Calvo, M.A. Ariza—Gracia. Modelling
strategies for the simulation of corneal intrastromal ring surgeries .
Annals of Biomedical Engineering (Under Preparation). Impact Factor:
3.324 (2019). Q2 (30/87) Biomedical Engineering. Data base: Web of
Knowledge (InCite JCR).

J. Flecha-Lescun, L. Remén, B. Calvo, M.A. Ariza—Gracia. Mechan-
ical characterisation of intrastromal corneal ring implants. Journal of
the Mechanical Behavior of Biomedical Materials (Under Preparation).
Impact Factor: 3.372 (2019). Q2 (27/87) Biomedical Engineering. Data
base: Web of Knowledge (InCite JCR).
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3. Conferences

The present work has been presented in an overall of 14 conferences (12
international and 2 national), from which 8 were oral presentation (1 invited
presentation) and 6 posters:

1. J.Flecha-Lescun, M.A. Ariza—Gracia, A. Ortillés—Gonzalo, J.F. Rodriguez—
Matas, B. Calvo. Computational simulation of the contact tonometry: can
the contact Tonometry predict pathologies of the corneal tissues? Poster.

VIl Summer School on Biomechanics and Modeling in Mechanobiology.
July 2016, Graz (Austria).

2. J. Flecha-Lescun, M.A. Ariza—Gracia, J. Zurita, B. Calvo. Simulacién
3D de Implantes de anillos intraestromales para la estabilizacion del
queratocono. Oral Communication. VI Jornada de Jdévenes Investi-
gadores del Instituto de Investigacién en Ingenieria de Aragén (I3A).
June 2017, Zaragoza (Spain).

3. J. Flecha-Lescun, M.A. Ariza—Gracia, J. Zurita, B. Calvo. 3D Simu-
lation of intrastromal corneal ring implant for keratoconus stabilisation.
Oral Communication. XXIll Congress of European Society of Biome-
chanics (ESB), July 2017, Seville (Spain).

4. B. Calvo, I. Cabeza, J. Flecha-Lescun, L. Remén. In-Silico biome-
chanical stability of intraocular lenses. Poster. XXIlI Congress of Euro-
pean Society of Biomechanics (ESB), July 2017, Seville (Spain).

5. J.Flecha-Lescun, M.A. Ariza-Gracia, M.A. del Buey, J. Zurita, B. Calvo.
3D Simulation of intrastromal corneal ring implant for keratoconus sta-
bilisation. Electronic Poster. XXXV Congress of European Society
of Cataract and Refractive Surgeons (ESCRS), October 2017, Lisbon
(Portugal).

6. J. Flecha-Lescun, M.A. Ariza—Gracia, J. Zurita, B. Calvo. Simulacién
personalizada de la cirugia de insercion de anillos intrastromales (ICRS).
Validacién con datos clinicos. Poster. VII Jornada de Jovenes Inves-
tigadores del Instituto de Investigacion en Ingenieria de Aragdn (I3A).
June 2018, Zaragoza (Spain).

7. J. Flecha-Lescun, M.A. Ariza—Gracia, J. Zurita, B. Calvo. Intrastromal
corneal ring segment surgery simulation for patient—specific (PS). Poster.
VIl World Congress of Biomechanics. July 2018, Dublin (Ireland).
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10.

11.

12.

13.

14.

J. Flecha-Lescun, M.A. Ariza-Gracia, J. Zurita, P. Biichler, B. Calvo. In-
trastromal corneal ring segment simulation for keratoconus stabilisation.
Oral Communication. Institute of Surgical Technology and Biomechanics
(ISTB) Seminar. October 2018.

J. Flecha-Lescun, L. Remén, B. Calvo, M.A. Ariza—Gracia. Mechanical
characterization of intracorneal ring segment after mechanization. Oral
Communication. X Congress on Numerical Methods in Engineering
(CMM). July 2019, Guimaraes (Portugal).

J. Flecha-Lescun, M.A. Ariza-Gracia, P. Biichler, B. Calvo. On the
use of eulerian meshes for large deformation problems: application to
corneal surgery. Oral Communication. XXV Congress of the European
Society of Biomechanics (ESB). July 2019, Vienna (Austria).

J. Flecha—Lescuin, M.A. Ariza—Gracia, P. Blchler, B. Calvo. Expansion—
Tool based methodology for insertion MyoRing in corneas. Oral Com-
munication. XXV Congress of the European Society of Biomechanics
(ESB). July 2019, Vienna (Austria).

J. Flecha-Lescun, L. Remén, B. Calvo, M.A. Ariza—Gracia. Impact
of mechanization on the mechanical properties of intracorneal ring
segments (ICRS). Poster. XXV Congress of the European Society of
Biomechanics (ESB). July 2019, Vienna (Austria).

M.A. Ariza—Gracia, J. Flecha-Lescun, B. Calvo, P. Blichler. Biome-
chanically driven simulations of the MyoRing treatment in subjects with
high myopia. Oral Communication. The anual Congress of the Asso-
ciation for Research in Vision and Ophthalmology (ARVO). May 2020,
Baltimore (USA).

J. Flecha-Lescun, B. Calvo, D. Pifero, P. Biichler , M.A. Ariza—Gracia.
MyoRing simulations can help to control optical refractive outcomes
for high myopia. Oral Communication. XVI Congress of the European
Society of Biomechanics (ESB). July 2020, Milan (ltaly).

. External fundings

. Competitive Research Contract funded by Ministry of Economy and

Competitiveness for PhD education, with the project code DPI2014—
54981-R, and reference number BES-2015-073630.
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. Mobility scholarship Fundacion Ibercaja—CAl. Three months of fund-

ing to continue the research stay at Center for Biomedical Engineer-
ing Research (ARTORG) (before Institute for Surgical Tecnhology and
Biomechanics, ISTB), in Bern, Switzerland.

. Other relevant publications

. J. Flecha-Lescun, M.A. Ariza—Gracia, J. Zurita, B. Calvo. Simulacién

3D de Implantes de anillos intraestromales para la estabilizacion del
queratocono. Vol. 5: Actas de la VI Jornada de Jévenes Investigadores
del I3A —2nd june 2017. Doi: 10.26754/jji-i3a.201711949.

. J. Flecha-Lescun, M.A. Ariza—Gracia, J. Zurita, B. Calvo. Simulacién

personalizada de la cirugia de insercion de anillos intraestromales
(ICRS). Validacion con datos clinicos. Vol. 6: Actas de la VIl Jornada
de Jévenes Investigadores del I3A — 8th june 2018. Doi: 10.26754/jji-
i32.201802823.

M.A. Ariza—Gracia, J. Flecha—Lescutn, J.F. Rodriguez—Matas, B. Calvo.
Book Chapter: Personalized corneal biomechanics. Book: Advances
in Biomechanics and Tissue Regeneration. Editor: Mohamed Hamdy
Doweidar. Academic Press 2019. ISBN: 978—-0-12-816390-0.

. Future lines

Among all the future research lines which can be developed from the

current thesis, the most immediate are:

1.

Patient—specific simulations. To adapt the developed methodology to
patient—specific models to predict the optical outcomes once the ICRS is
implanted. Apart from the tissue anisotropy or patient-specific geometry,
the weakness caused by the keratoconus should be introduced in the
affected area. Therefore, it would be necessary to precisely locate the
area of influence of the keratoconus.

. Simulating all other commercial rings on average eyes, such as Keraring

(Mediaphacos, BeloHorizonte, Brazil), Ferrara (AJL Ophthalmic Ltd.,
Spain), and Intacs (Addition Technology Inc., USA). The aim of this line
of research is to extend the simulations in average virtual patients to all
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(@) (b)

existing commercial intrastromal corneal ring segments to determine the
variables that most influence surgery, as well as to propose nomograms
that help surgeons to choose the optimal configuration and to better
plan the surgery.

. Create software tools based on artificial intelligent (Al) for helping clin-
icians in clinics. The application would be developed for the most
extended mobile operating systems, iOS and Android. Although it could
also be used on a computer. The purpose of this application would be
to estimate post—surgical outputs after intrastromal ring insertion and to
allow the clinician to choose the optimal configuration.

. Including tissue remodelling in the surroundings of the ring. Optical
coherence tomography (OCT) images showed that there was no gap
between the corneal stroma and the implant. This suggests that there
was cell and collagen regeneration that should be accounted for in the
simulations.

. Implementation of the combined crosslinking (CXL) and ICRS surgery.
Currently, these two methods are combined in order to further stabi-
lize the progression of keratoconus and to improve the patient’s vision.
Therefore, the aim of this line of research is to propose in-silico model-
swhich will be able to simulate the combination of these techniques and
to validate it with clinical data.

. To study different techniques of ring insertion through experimental
trials in pig eyes. A support has been made by means of 3D printing

(c)

Figure 8.1: Support to hold
the eyeball and to be able to
make measurements with the
topographer. (a) Support made
by means of 3D printing placed
in the service position on the
base that the topographer has to
place the patient’s chin; (b) Eye-
ball located within the support be-
fore making the measurements;
(c) Topographer making measure-
ments on the eyeball inserted in-
side the support.
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(see Figure 8.1) to accommodate the eyeball and to be able to take
measurements before and after surgery. These experimental tests will
have to be reproduced with in—silico models and compare both optical
outputs.
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1. Resumen

Esta tesis aborda la simulacién mediante elementos finitos de la cirugia
de colocacién de anillos intrastromales, utilizada en oftalmologia para
el tratamiento de diferentes patologias corneales, por ejemplo refracti-
vas: miopia y el astigmatismo o la estabilizacién del queratocono (KC).
Esta Gltima patologia da lugar a miopias elevadas y a un astigmatismo
irregular, provocando la reduccién de la agudeza visual en el paciente y,
con el tiempo de evolucion, incluso la ceguera. En clinica existen varios
tratamientos para tratar de estabilizar la progresién del queratocono. En
un queratocono leve, basta con utilizar gafas o lentes especiales para
intentar corregirlo, pero en casos mas avanzados sera necesario recurrir a
la cirugia para detener la progresion de la enfermedad. Los tratamientos
comunmente utilizados, con el fin de evitar el transplante de cérnea (PK),
son el cross-linking y la cirugia aditiva mediante anillos intraestromales.

La planificacién actual de la cirugia es fundamentalmente empirica,
basadas en nomogramas desarrollados por los fabricantes de anillos apoy-
ada en la experiencia de los cirujanos. Desafortunadamente, no existen
herramientas deterministas capaces de estimar los resultados visuales tras
la cirugia en funcién del tipo y dimensiones del anillo. Por tanto, el objetivo
de esta tesis es establecer un marco numérico, que sea capaz de simular
las cirugias de anillos intraestromales y estimar los resultados mecanicos
y Opticos en la cornea tras la insercién de los anillos intrastromales. Esto
es posible gracias al avance de la biomecanica computacional, ya que, a
dia de hoy, es posible crear un gemelo digital de la cérnea que nos permita
simular el comportamiento de ésta tras simular la cirugia, por ejemplo en
funcion del tipo de anillo implantado.

El cirujano puede seleccionar diferentes tipos de anillos comerciales, de-
pendiendo fundamentalmente del angulo abarcado y del tipo y dimensiones
de la seccién transversal. Se pueden establecer dos grandes grupos: los
implantes que tienen un angulo de menos de 360° y los que cubren toda
la circunferencia. En el primer grupo se encuentran los anillos de seccion
triangular como los Keraring (Mediaphacos, Belohorizonte, Brasil) y los
Ferrara (AJL Ophthalmic Ltd, Espafa) y los anillos de seccién hexagonal
como los Intacs (Additional Technology Inc.). En el segundo grupo se
enmarca el anillo MyoRing (Dioptex GmbH) cuya seccion transversal es
una combinacién entre parabola y circunferencia y el anillo Intacs SK cuya
seccion transversal es ovalada.
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La simulacién de la cirugia es compleja, ya que es necesario establecer
un orificio en el estroma corneal, donde posteriormente insertar el anillo
y establecer el contacto entre el anillo y el tejido corneal, estando ante
un problema no-lineal. Ademas, para reproducir la cirugia hay que definir
multiples variables, como el tipo de anillos, el modelo del material del tejido
corneal, las condiciones de contacto entre ellos, etc. Por todo ello, se
han establecido dos escenarios para simular la insercién de los anillos.
En el primer escenario, el hueco se gener6 introduciendo un control en
presién, es decir, se define una cavidad y se incrementa la presion en el
interior de la misma hasta conseguir el tamafo del la seccion transversal
del anillo. Su limitacién es que sélo se podian simular anillos de seccién
transversal circular y, en algunas configuraciones, no era posible liberar
toda la presién introducida en el hueco. Tras la simulacion se pudo observar
que la mayor correccién en dioptrias se conseguia colocando los anillos de
mayor seccion cerca del apex y, que cuando el anillo se coloca préximo al
epitelio corneal, las tensiones generadas en el estroma pueden provocar
la extrusién del implante.

En el segundo escenario, se utiliz6 una herramienta auxiliar, que actué
como un pequefo balén angioplastico (similar al utilizado en la insercién de
stents), el cual, mediante un control por desplazamiento, genera el agujero
suficiente para insertar los anillos solventandose las limitaciones anteri-
ores. Pudiéndose simular la respuesta de anillos comerciales. Con las
simulaciones numéricas se obtiene los siguientes resultados destacables.
Primero, el parametro mas influyente es la profundidad de insercién del
anillo, seguida del diametro y espesor de la seccion transversal. Gracias al
célculo masivo de simulaciones fue posible desarrollar nomogramas que
ayuden a estimar la correccion optica en funcién del espesor, diametro
del anillo y profundidad de insercion. Finalmente, el implante no puede
ser considerado como un limbo auxiliar ya que el implante actda como un
pivote dinamico que puede moverse a lo largo de la variacion de presion
intraocular.

También se realizé una caracterizacion experimental del anillo mediante
un ensayo de traccién para posteriormente definir un modelo numérico del
material PMMA, ya que las propiedades del material en bruto han podido
verse alteradas durante el proceso de tallado de la seccién.

Palabras clave: Elementos finitos, cornea, cirugia aditiva, anillo corneal
intraestromal (ICRS o ICR), biofisica corneal, planificacion de la cirugia de
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! Hashemi et al. 2013c

insercién de ICRS, calidad éptica, equivalente esférico, aberraciones.

2. Conclusiones principales y contribuciones originales

Los conclusiones obtenidas, tras la realizacion de la tesis, se han
organizado en base a dos categorias. Clinicas, que resumen las principales
observaciones desde el punto de vista Optico y pueden servir de ayuda
a los oftalmélogos de cara a planificar la cirugia de insercién de anillos
y seleccionar el tipo de anillo mas adecuado en funcién de la visién del
paciente, y biomecanicas y computacionales, relacionadas con la mecanica
de la cornea después de la implantacién de los anillos, es decir en la
modificacion del campo de desplazamientos y tensiones.

2.1. Contribuciones clinicas

» El parametro que da lugar a un mayor cambio en la agudeza visual y en
el equivalente esférico del paciente es la profundidad de insercion. Sin
embargo, en clinica se ha establecido su colocacion a una profundidad
~75% respecto a la superficie anterior, y para dicha posicién apenas
se produce un cambio significativo en la correccion esférica. Siguiendo
cuantificando la influencia, tenemos el diametro del anillo que coincide
con el diametro de la zona Optica de implantacion, y posteriormente
el tamano de la seccion transversal de los anillos. Combinando estos
dos parametros es posible regular el equivalente esférico para cada
paciente, utilizando el tamafio del anillo para conseguir una mayor
correccion si se mantiene fijo el diametro. Cuanto menor es el diametro
del anillo, mayor fue el impacto en la potencia esférica pero menor el
impacto en la potencia cilindrica. Finalmente el tamafio del anillo no
lugar a correcciones significativas cuando se emplean espesores de
200 o0 300 um. También se ha observado que anillos de 500 um no
deben ser utilizados en diametros menores de 7 mm porque dan lugar
a aberraciones muy elevadas.

 Gracias al calculo masivo de combinaciones de los diferentes paramet-
ros que definen la cirugia, se ha podido construir un nomograma grafico
para el tipo de anillo MyoRing, que puede ser utilizado por los clinicos
para seleccionar el tamafo, la posicién y la profundidad en el que inser-
tar el anillo dependiendo de la cantidad de correccion Optica necesaria.
Faltaria ser validado clinicamente.
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» En clinica existe la idea de que el anillo refuerza la cornea globalmente,
sin embargo numéricamente no se ha observado que se produzca una
reduccién del estado tensional en el tejido, sino que lo que se produce
es una deformacién mecanica localizada que regulariza la superficie
corneal como consecuencia de introducir un volumen de material en
el interior del estroma corneal. La regularizacion de la superficie es
inducida por el efecto de “abultamiento” que repercute en un cambio de
las propiedades opticas: a mayor proximidad del anillo al dpex corneal,
mayor cambio 6ptico se produce. Por lo tanto, la correccién lograda
depende de la cantidad de volumen afiadido y del diametro de los
implantes.

» La cdrnea, tras la insercion del anillo presenta una modificaciéon en su
cinematica o deformacién lo cual da lugar a un cambio en la refraccion
oOptica. Este comportamiento es una consecuencia directa de la rigidez
del implante que restringe el movimiento fisiolégico del tejido en las
direcciones radial y circunferencial. El implante actia como un pivote
dindmico que puede moverse y rotar en el interior del estroma corneal,
modificando la cinematica. En consecuencia, tanto los segmentos
como los anillos completos no pueden ser considerados como un limbo
auxiliar, ya que se mueven ante cambios de presién ocular, como por
ejemplo, durante los ciclos circadianos.

+ Se ha definido el biomarcador (SFC3p) para analizar el fortalecimiento
de la cérnea, es decir, cuantificar el nivel de rigidizacion del tejido tras
la implantacién del los anillos. Observando que tanto en los segmentos
(ICRS) como los anillos completos (ICR) no se alcanza un SFCsp de 3
como refleja la literatura actual.2 Para el MyoRing, anillo ICR, se logré 2 Daxer 2015
un SFCgp de 1.5 en el centro de la cérnea, no siendo superior a 1 en
los ICRS. Esto implica que si el queratocono es un fenédmeno conducido
por incrementos de tension, el Unico anillo que puede estabilizar la
enfermedad es el anillo completo.

+ Otro fendmeno asociado al cambio del estado tensional en el tejido
cérneal es la extrusiéon del implante, el fuerte gradiente de tensiones
producido en la proximidad de la incision tiende a expulsar el anillo
de la cavidad. Cuando los implantes se ubican a una profundidad
del 50%, las tensiones de traccién en el tejido corneal por encima del
anillo pueden desgarrar el tejido en las zonas préximas a la cicatriz.
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3 Ariza-Gracia et al. 2016

Al mismo tiempo, las tensiones de traccién bajo el ICRS tienden a
alargar el tejido e impulsar el anillo hacia la superficie anterior de la
cornea. La combinacién de ambos efectos podria ser la causa de que el
tejido fibroso de la cicatriz se desgarre y que el estroma corneal pueda
expulsar el anillo.

Si la seccion transversal del anillo no se coloca paralela a la superficie
posterior de la cornea («py), para alcanzar el equilibrio se produce una
una rotacién de los segmentos intraestromales en el interior del estroma
corneal dando lugar a incrementos de tensién en el tejido.

Los ICR como el MyoRing dan lugar a un mayor cambio 6ptico que los
ICRS. Este efecto puede ser debido, en parte, a la forma en que se
realiza la cirugia, ya que los anillos completos deben ser insertados tras
la diseccion de un plano de corte que debilita la cérnea.

2.2. Contribuciones biomecdnicas y computacionales

» Cuando el hueco o canal, donde posteriormente se ubicara el anillo, se

genera mediante un control en presién y el implante se coloca segun las
recomendaciones clinicas (profundidad 75%), se produce un retroceso
del 4pex corneal hacia el cristalino disminuyendo la longitud axial del
0jo y la curvatura de la cérnea. Ademas, la cornea tiende a flexionarse
ligeramente ya que la superficie anterior esta solicitada a compresién y
la posterior a traccion. Sin embargo, cuando los anillos se insertan cerca
del endotelio o superficie posterior, el estroma corneal estd sometido
a un estado de tension biaxial o membrana (heterogéneo), similar al

estado de tension en condiciones fisiolégicas de la cornea.

El segundo escenario o metodologia de simulacién nos ha permitido
simular la cirugia utilizando tanto los anillos genéricos de seccion eliptica
como los anillos comerciales. En este caso también se ha abordado
tanto la implantacion de ICRS (segmentos Keraring, Ferrara, Intacs), en
los que en la cirugia se genera un tdnel, como los ICR (MyoRing) en los
que en la cirugia es necesario hacer una diseccién del tejido y generar
un bolsillo.

Se ha demostrado que los modelos 2D axisimétricos tienen la pre-
cisién suficiente para reproducir el comportamiento de anillos con un
angulo superior a 320°, lo que supone un importante ahorro computa-
cional, que es crucial de cara abordar célculos masivos para realizar los
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nomogramas o metodologias de Machine Learning. Es decir, se puede
sustituir el comportamiento anisétropo del tejido por un comportamiento
is6tropo equivalente.

+ La friccion entre el tejido y el implante es importante y no puede ser
ignorada como en otros estudios de simulacion clinica.* Dependiendo
del coeficiente de rozamiento, una subestimacién de 2 o 3 dioptrias
podria producirse. Para valores de rozamiento superiores 0.4 no se
observan modificaciones en el cambio 6ptico de la cornea.

» Todos los modelos numéricos desarrollados se ha validados con datos
clinicos de la literatura.’

» Los resultados experimentales de los implantes reflejan que la fabri-
cacion podria dar lugar a una reduccion del modulo elastico del material.
Su valor real es crucial para abordar simulaciones explicitas. También
se ha comprobado que el aguejero de manipulaciéon no se rompe antes
las tensiones habituales en clinica.

Todo el trabajo realizado se ha ido publicando en revistas indexadas
en ISl web of knowledge (ver Seccién 2 del Capitulo 8), conferencias
internacionales (ver Seccion 3 del Capitulo 8), y en un capitulo de un libro
(ver Seccién 5 del Capitulo 8).

3. Lineas futuras

Una vez finalizada la Tesis Doctoral han quedado aspectos que po-
drian ser abordados en trabajos futuros. A continuacién se describen los
principales actuaciones posibles:

1. Adaptar la medotodologia desarrollada a modelos de paciente especi-
fico para ser capaces de predecir las salidas épticas una vez que el
anillo queda implantado. También tendria que ser incorporada la de-
bilidad en el material producida por el queratocono asi como delimitar
correctamente el area afectada, por ejemplo a partir del mapa corneal
previo a la cirugia del paciente.

2. Simulacion masiva del comportamiento para los anillos comerciales mas
utilizados en clinica (Keraring (Mediaphacos, BeloHorizonte, Brasil), Fer-
rara (AJL Ophthalmic Ltd., Espafa), e Intacs (Addition Technology Inc.,
USA)) para crear nomogramas que ayuden a los cirujanos a elegir la

* Kling and Marcos 2013, Kahn
and Shiakolas 2016, Ebrahimian
etal. 2019

% Rattan 2018, Daxer 2017, Ja-
didi et al. 2016, Daxer et al. 2016,
Daxer 2017, Nobari et al. 2014,
Mohebbi et al. 2016
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configuracion optima y planificar mejor la cirugia. También se prodria
crear un gemelo digital que pueda ser implantado en sistemas oper-
ativos méviles mas extendidos, iOS y Android, de facil manejo para
los cirujanos, para ello seria necesario utilizar modelos simplificados o
Machine Learning para tener resultados en tiempo real.

3. Incorporar la remodelacién celular tras la cicatrizacién en la zona de
inserccion. En las imagenes de tomografia de coherencia 6ptica (OCT)
de la insercion del anillo, se observa dicha regeneracién celular y no se
ven los huecos que quedan en las simulaciones.

4. Abordar la simulacion de la cirugia conjunta cross—linking (CXL) e ICRS,
ya que en clinica se ha comprobado que la combinacién de ambos
tratamientos ayudan a mejora la vision del paciente estabilizando la
progresion del queratocono.

5. Estudiar diferentes técnicas de insercion de anillos intrastromales numéri-
camente y validarlas mediante pruebas experimentales con ojos por-
cinos. Se ha realizado un soporte, por medio de impresion 3D que
permite acomodar el globo ocular y ser capaz de tomar las medidas
antes y después de la cirugia.
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Abstract

Keratoconus is an idiopathic, non-i ory and d ive corneal di characterised by a loss of the organisation
in the corneal collagen fibrils. As a result, keratoconic corneas present a localised thinning and conical protrusion with
irregular astigmatism and high myopia that worsen visual acuity. Intracorneal ring segments (ICRSs) are used in clinic to
regularise the corneal surface and to prevent the disease from progressing. Unfortunately, the post-surgical effect of the ICRS
is not explicitly accounted beforehand. Traditional treatments rely on population-based nomograms and the experience of
the surgeon. In this vein, in silico models could be a clinical aid tool for clinicians to plan the intervention, or to test the
post-surgical impact of different clinical scenarios. A semi-automatic computational methodology is presented in order to
simulate the ICRS surgical operation and to predict the post-surgical optical outcomes. For the sake of simplicity, circular
cross section rings, average corneas and an isotropic hyperelastic material are used. To determine whether the model behaves
physiologically and to carry out a sensitivity analysis, a 3% full-factorial analysis is carried out. In particular, how the stromal
depth insertion, horizontal distance of ring insertion (hDRI) and diameter of the ring’s cross section (¢1crs) are impacting in
the spherical and cylindrical power of the cornea is analysed. Afterwards, the kinematics, mechanics and optics of keratoconic
corneas after the ICRS insertion are analysed. Based on the parametric study, we can conclude that our model follows clinical
trends previously reported. In particular and although there is an improvement in defocus, all corneas presented a change in
their optical aberrations. The stromal depth insertion is the parameter that affects the corneal optics the most, whereas hDRI
and ¢rcrs are less important. Not only that, but it is almost impossible to achieve an optimal trade-off between spherical
and cylindrical correction. Regarding the mechanical behaviour, inserting the rings at 65% depth or above will cause the
cornea to slightly bend. This abnormal stress distribution greatly distorts the corneal optics and, more importantly, could be
the cause of clinical problems such as corneal extrusion. Not only that, but our model also supports that rings are acting as
restraint elements which relax the stresses of the corneal stroma in the cone of the di However, depending on the exact
spatial location of the keratoconus, the insertion of rings could promote its evolution instead of preventing it. ICRS inserted
deeper will prevent keratoconus in the posterior stroma from growing (relaxation of posterior surface), but will promote its
growing if they are located in the anterior surface (increment of stress). In conclusion, the methodology proposed is suitable
for simulating long-term mechanical and optical effects of ICRS insertion.
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Methods: Calibrated in silico models were used to determine the corneal shape and
stresses after ring implantation. After mechanical simulations, geometric ray-tracing was
used to determine the change in spherical equivalent. The effect of the surgical proce-
dure, circadian variation of intraocular pressure, or the biomechanical weakening intro-
duced by keratoconus (KC) were evaluated for each intrastromal ring.

Results: Models predicted the postsurgical optomechanical response of the cornea ata
population level. The localized mechanical effect of the additional intrastromal volume
introduced by the implants (size and diameter) drives the postsurgical corneal response.
However, central corneal stresses did not increase more than 50%, and thus implants
did not strengthen the cornea globally. Because of the biomechanical weakening intro-
duced by laser pocketing, continuous implants in a pocket resulted in higher refrac-
tive corrections and in the relaxation of the anterior stroma, which could slow down KC
progression. Implants can move within the stroma, acting as a dynamic pivot point that
modifies corneal kinematics and flattens the corneal center. Changes in stromal mechan-
ical properties did not impact on refraction for normal or pathological corneas.

Conclusions: Implants do not stiffen the cornea but create a local bulkening effect
that regularizes the corneal shape by modifying corneal kinematics without canceling
corneal motion.

Translational Relevance: In silico models can help to understand corneal biome-
chanics, to plan patient-specific interventions, or to create biomechanically driven
nomograms.

Introduction

Intrastromal ring segments (IRS or ICRS) or

rings are now on the market: continuous rings (e.g.,
MyoRing, Dioptex GmbH), almost continuous ring
segments covering an arc with a central angle between
320° and 355° (e.g., Keraring, Mediphacos, Belo

translational vision science & technology

intrastromal continuous rings (ICR) are small
polymeric devices that are introduced in the corneal
stroma to regularize the corneal surface and correct
high refractive errors. This technique was originally
introduced to treat patients suffering from kerato-
conus (KC),! but it was extended to other indications,
such as marginal pellucid degenerations,? post-LASIK
ectasia,’ and high myopia, in which laser refrac-
tive correction is not possible.* Three main types of

Copyright 2020 The Authors
tustarvojournals.org | ISSN: 2164-2591

Horizonte, Brazil), and IRS that cover angles below
210° and can be placed by pairs depending on the
classification of the cone and amount of correction
(e.g., Ferrara, Ophthalmic Ltd.; or Intacs, Addition
Technology Inc.). Beside their difference in angular
coverage, the existing systems differ by the design of
their cross-section and diameter. Nomograms based on
morphological parameters, such as the central corneal
curvature, minimum corneal thickness,>¢ or the KC
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Appendix I1I:
Automatic model mesh to generate
in—silico models

The main target of this appendix is to explain to the reader the pro-
gramming to develop automatically the axisymmetric cornea models,
incorporating both tunnel and pocket surgery, and the different axisymmetric
modelled rings: the generic elliptical cross—section and the MyoRing.
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1. Introduction

The automatic finite element meshing allows to produce an endless
number of models by varying the input parameters, such as the dimensions
of the model or the material. It also allows to quickly perform mesh sensitiv-
ity analysis, since models with coarser or thinner meshes can be built by
varying the seed sizes.

Particularly with the models made in this thesis, where different corneas
and rings have been automatically generated, it has been possible to study
different clinical scenarios, different corneal sizes and rings located at
different depths within the corneal stroma and ring implantation diameters.
Not only that, thanks to the automatic meshing incorporated to the ring
insertion algorithms, more than 5,000 simulations have been solved in the
computer cluster of the University of Bern (Ubelix) and uncertainty analysis
has been performed to check which variables have the greatest impact on
the correction of keratometry mean (Knean) and spherical equivalent (SE),
as well as the development of the preliminary nomograms for the MyoRing
insertion (see Chapter 6).

All the models performed with this automatic mesher have the same
structure able to generate the Abaqus input file (*.inp). The idea is to write
the different lines of code in an Abaqus Python Scripting file (*.py) that allow
to develop the mesh of the model, either cornea or ring. The structure of
the Abaqus Python Scripting input file is the described below:

1. Heading.

2. Geometry.

3. Material and section assignment
4. Mesh.

5. Assembly.

6. Step.

7. Boundary Conditions.

8. Job and submission.

Once the Abaqus Python Scripting file has been generated, it is executed
to generate the Abaqus input file (*.inp) from which the nodes, connectivities
(elements) and the sets of the model are extracted.
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2. Heading of Abaqus Scripting file

All Abaqus Python Scripting files (*.py) begin with the same header,
whose purpose is to import the python packages to be going to use through-
out the program.

from part import =

from material import =*
from section import =

from assembly import =x
from step import =

from interaction import =
from load import =

from mesh import =*

from optimization import =«
from job import =

from sketch import =

from visualization import =

from connectorBehavior import =

3. Geometry of the models

The modules of Abaqus Python Scripting that correspond to the ge-
ometry are the Sketch and the Part. They define both the cross—section
of the cornea with the two different types of surgery (tunnel or pocket)
and the rings (the generic with elliptical cross—section and the MyoRing).
In addition, the cuttings are incorporated in the cross—section, not only
to guarantee a better quality of the mesh but also to be able to discern
between healthy and ectasic tissue, in case of the cornea models.

To generate the cross—section of the axisymmetric models, it is initially
necessary to generate them in the Sketch module. All the instructions used
for this purpose must be embraced by the following lines of code:

# Generating the Sketch

mdb.models [’ Model—-1"].ConstrainedSketch (name=
' profile ', sheetSize=200.0)

mdb.models [’ Model-1"].sketches|[’ profile ’'].sketchOptions.
setValues (viewStyle=AXISYM)
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Figure lll.1: Input parameters
to define the cross section of
the cornea. The dimensions are
represented in colour gray.

Figure lll.2: Calculation of
CApr. Intersection between arc
of anterior surface and straight
vertical line through Ry jypus-

# Sketch Closing and Part Creation

mdb.models [’ Model-1"].Part (dimensionality=AXISYMMETRIC,
name='NAME_PART’, type=DEFORMABLE_BODY)

mdb.models [ "Model-1"] .parts [’ NAME_PART’ ] .BaseShell (
sketch=mdb.models[’Model-1"].sketches[’_ profile ’1])

del mdb.models[’Model-1"].sketches|[’ profile ']

where ' NAME_PART’ changes depending on te model.

3.1. Geometry of the cornea

To perform the cornea cross—section, the input parameters are the
radius of the anterior (R,;) and posterior (Ry,) cornea, the thickness of the
central zone (CCT), and radius of the limbus (Ry j;p.s), fixed in 6 mm.

Extrapolating the cross—section of the cornea to a drawing, it is con-
cluded that the cross—section is formed by two arcs of circumference and
two straight lines (see Figure Ill.1). Therefore, to define the cross—section
sketch and to implement it in the code, it is necessary to know the following
“goal points”: the centre (CAcentre and CPcreytre) and the initial (CApg
and CPpp) and final points (CApr and CPpg) of the anterior and posterior
cornea. Finally, the cross—section of the cornea is moved vertically, so as
to the CPpr point stands on the X—axis.

The “goal points” are defined according to the following process:

Process to define the corneal geometry

Input Parameters (in grey in Figure I11.1)
R,: radius of anterior cornea, in mm
Rp: radius of posterior cornea, in mm
CCT: thickness of central zone, in um
Riimbus: radius of limbus, fixed in 6 mm

Operations

i) CApo=(0, Ry, 0)

i) CPpo= (0, Rp, 0)

iiiy CAcentre= (0, 0, 0)

iv) CPCentre= (0, CPpy — Ry, 0)

v) CApr: Intersection between anterior surface and the vertical line that
goes through Ry j;,.pus defined in Equation 111.1 and Figure 11.2.



Computational planning tools in Ophthalmology: ICRS Surgery 221

(x - CAcentre(l))z + (y — CAcmtrg(Z))z = R%

(IIL1)
X = RLimbus

vi) CPpr: Intersection between posterior surface and the line throught
CPcepire With CApr defined in Equation 111.2 and Figure 111.3.

(x— Cpcentre(l))z +(y— CPC@ntre‘(z))z = R?J
Y= CApr(2) — CPcentre(2)
CApp(l) - CPCentre(l)

m

X+ (CPCentre(z) —m- CPCentre(l))

n

(IIL.2)

Outcomes

The four points (in green in Figure 111.4) and the two centre of cornea
surfaces (in red in Figure 111.4) that will be used to define the cross—section
of the cornea are moved so as to CPpr stands on the X—axis (see the
Equations 111.3).

CApo = (CApo(1), CApo(2) — CPpr(2), 0)
CPpo = (CPpo(1), CPpo(2) — CPpp(2), 0)
CApr = (CApr(1), CApr(2) — CPpr(2), 0) (IT13)
CPpr = (CPpr(1), CPpr(2) — CPpp(2), 0)
CAcentre = (CAcentre(1), CAcentre(2) — CPpr(2), 0)
CPcentre = (CPcentre(1), CPcentre(2) — CPpr(2), 0)

Finally, once all these points have been obtained, they must be intro-
duced in the corresponding code lines to generate the sketch, described in
page 219:

# Anterior Surface

Figure IIl.3: Calculation of
CPpr. Intersection between arc
of posterior surface and the line
between CApr and CPceptre-

Figure 1ll.4: Points used in
code to perform the cornea
cross section. The points which
define the anterior and posterior
surface are represented in colour
green and the points which re-
fer to the centres of cornea’s sur-
faces are coloured in red.

mdb.models [’ Model—-1"].sketches[’ profile "].ArcByCenterEnds (

centre=(CAcoure(1), CAcentre(2)), direction=CLOCKWISE,
pointl= (CA/)()(l), CA/)(J (2)) ’
point2= (CA[)/’(I), CAIJ[<2>) )

# Posterior Surface

mdb.models [’ Model-1"].sketches[’_ profile_"7].
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ArcByCenterEnds (centre= (CPcuupe(1), CPconie(2)),
direction=CLOCKWISE, pointl=(CPpy(1), CPpy(2)),
point2= (CP/)F'U), CPIJ,L<2)) )

# Apex Zone

mdb.models [’ Model-1"].sketches[’_ profile ’"].Line(
pointl=(CPp(1), CPpy(2)),
point2=(CApy(1), CApy(2)))

# Interface with the Limbus

mdb.models [’ Model—-1"].sketches[’__profile_’].Line(
pointl= (CP/J/ (1), CPp[‘(Z)) ,
point2= (C/\p[t(l), CApr(2)))

Once the cross—section of cornea has been created, the following step
is to generate the surgery. Due to two different types defined along the
thesis, i.e. tunnel or pocket, the method used to define the models changes.

The same process as in the surgery procedure is used in order to
make the cuttings: first, the part to be cut is selected with a point which
belongs to the internal model; then, the sketch module is opened where the
different geometries (lines, arcs of circumference, ellipse, splines, etc) are
drawn. Finally, the sketch is removed and the geometry drawn generate
the different cutting in the model. The cuttings must be embraced in the

Figure IIL5: Interior Point and following code lines, taking the point O = (0, 0, 0) as coordinates origin

Origin of the system. (See Figure ”|5)

# Select the part to be cut

mdb.models [’ Model-1"].ConstrainedSketch (gridSpacing=
0.34, name=’__profile ', sheetSize=13.78,
transform=mdb.models[’'Model-1"].parts [’ NAME_ PART’'].
MakeSketchTransform (sketchPlane=mdb.models [
"Model-1"1].parts [/ NAME PART’].faces.findAt (
(Pim‘(l)l Piuf<2>l Pim‘(3))' (0.0, 0.0, 1.0)),
sketchPlaneSide=SIDE1l, sketchOrientation=RIGHT,
origin=(O(1), O(2), O(3))))

mdb.models [’ Model—-1"] .parts [’ NAME PART’].
projectReferencesOntoSketch (filter=COPLANAR_EDGES,
sketch=mdb.models[’Model-1"].sketches[’_ _profile ’1])

# Close and remove the sketch

mdb.models["Model-1"].parts [’ NAME_PART’'].
PartitionFaceBySketch (faces=mdb.models [’ Model-1"17.
parts[/NAME_PART’].faces.findAt (( (P, (1), Pis(2),
Pii(3)), )), sketch=mdb.models[’Model-1"1.
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sketches[’_ profile_ "1])

del mdb.models[’Model-1"].sketches[’ profile ']

where, in this case, P;;; (see Figure 1I1.5) was used to define the inner point
of the region to be cut, but it will change depending on the region to be cut.

3.1.1. Tunnel surgery

To insert the intrastromal segments, the surgery is performed by means
of the femtosecond laser.! An ellipse is chosen to model the surgery, which
will be placed within the cross section of the cornea at a distance of ¢jcrs
(Figure 111.6) from the optical axis and at a depth expressed as a percentage
of the corneal thickness in the implantation area.

To introduce an ellipse in the abaqus python scripting code, it is neces-
sary to know the centre of the ellipse (Sc,,.tre) @and the points located at the
endss of the of the semi—major axis (S,s) and semi—minor (S;;) axis.

Process to define the points of the ellipse

Input Parameters (in grey in Figure 111.6).

¢1cRrs: optical zone, in mm.

ZTunnel: Stromal depth of insertion, in percentage.
T1unnel: thickness of surgery, fixed in 80 um.

w: width of the ellipse, fixed in 0.5 mm.

Operations
Scentre: Centre of the surgery which is corresponded to centre of de ellipse.
The process to obtain the coordinates of this point is commented below.

i) Splz Intersection between the arc of the posterior surface and straight
vertical line through ¢;crs (see Equation I1l.4 and Figure 111.7).

(x — CPcentre(l))z + (y — Cpcentrg(Z))z = R%

_ $icrs
2

(IIL.4)
X

i) Spa: Intersection between the arc of anterior surface and line which
joins Sy with CPcenre (se€ Equation 1.5 and represented in Fig-
ure 111.8).

! Seleet et al. 2015

Figure 1Il.6: Input parameters
to define the cross—section of
the surgery as a tunnel. In blue
the cross section of the cornea is
represented. In red, the surgery
is shown. The input parameters
are shown in grey.

Figure IIl.7: Calculation of Sy
in tunnel surgery. Intersec-
tion between the arc of posterior
surface and straight vertical line
through ‘P’CT"S
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Figure l11.8: Calculation of Sy»
and the distance d in tunnel
surgery. S, is the intersection

between the arc of anterior sur-

face and line between Spl and
CPcentre- In grey, d is repre-
sented as distance between Spl
and Spp.

Figure I11.9: Calculation of S;3
in tunnel surgery. Point located
at a distance d - zZ1,,,¢1 in the di-
rection of vector S pfSpg.

Figure 1Il.10: Calculation of
SCentre in tunnel surgery. Inter-
section between the orthogonal
line to the line between Sy and
Sp2 with te vertical straight line
through (PTCRS /2.

(x — CAcentre(1))? + (y — CAcentre(2))? = R?
Spl (2) - CPCentre (2)
Spl(l) - CPCentre(1>

m

x+ (CPCentre(z) —m- CPC@ntre(D)

n

y(x) =

(IIL5)

iii) d: distance between Sp1 and Sy, defined in equation 111.6 and repre-
sented in Figure I11.8.

4= [18yi5p2ll = /(Sp2(1) = §,1(1))2 + 512(2) — 51 (2)
(IIL6)

iv) Spa: point which is in the direccion of vector Spfsz at a distance of
ZTunnel - @ from anterior cornea (see in Figure 111.9).

V) Scentre: First, the orthogonal line to vector Spfsz and through S3
is determined. Finally, the intersection between this line with the
vertical straight line through % is Scentre (Se€ Equation 111.7, which
is corresponded in Figure 111.9).

Sp2(1> - Spl(1>
sz(z) - Spl (2)

/

y(x) = - X+ 5p5(2) —m' - Sy5(1)

(IIL.7)

m

_ ¢icrs
)

S Point located at the end of the semi—major axis of the ellipse, which is
shown in Figure 111.11. Its coordinates are calculated evaluating the straight
line y’, defined by the Equation I11.7, in x = Sceptre (1) — w/2.

S.u: Point located at the end of the semi—minor axis of the ellipse, which
is shown in Figure lll.11. This point is located at a distance Ty .01/ 2
from Scenire in the direction of vector Spfsz whose points are shown in
Figure 111.10.
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Outcomes

Surgery Centre: SCentre = (SCentre<1)r SCentre(z)/ 0)
Point at end of semi-major axis: Spy = (Sm(1), Spm(2), 0)
Point at end of semi—minor axis: S, = (Sw(1), Sw(2), 0)

Finally, the code which draws the ellipse is shown below:

# Surgery Ellipse
mdb.models [’ Model—-1"1].sketches ['_prcfil "],
EllipseByCenterPerimeter (axisPoint1=(Sy (1), Su(2)),
1

axisPoint2=(S, (1), S,(2)), centre= (Sturm )r Scentre(2)))

Once both the corneal cross—section and the surgery are modelled,
the groups of “CORNEA”, “SURGERY”, “APEX”, “APOYO”, “CORNEA_-
ANTERIOR” and “CORNEA_POSTERIOR” are created as well as the
internal surfaces of the surgery (INNER_SURF) and the surface of the
posterior cornea (IOP_SURF), where the introacular pressure (IOP) is
applied. In order to define these two typologies (sets and surfaces), it is
necessary to obtain the points which belong to the each section what . All
these points have already been explained above except for the P;,; in the
Figure II1.5.

P;,,; is the point in the corneal stroma that serves both to select the section
to be cut and to define the CORNEA group. In order to calculate its
coordinates, the following steps are followed:

i) The angle (x) and formed between S); and horizontal axis, and the
angle («;,;) is calculated in Equation 111.8 and Figure 111.12.

ii) The interior point is located between Sy, and optical axis and it will
have an angle («;,,;) defined in Equation I11.8.

SM (2) - CPCentre(z)

o = atan
SM(l) - CPCentrE(l) (111.8)
/2 —«
Kipt = &+ 2

iii) The intersections (Qc4 and Qcp) between the line (y;,,;) defined by
the angle «;,;; and through CPc,,tr. (equation I11.8 and the two corneall
surfaces are calculated and shown in Figure Il1.12.

Figure lll.11: Calculation of
Swm and Sy, in tunnel surgery.
(Red) Spr and (Blue) Sy,

Figure lI.12: Calculation of
Pint, PApexy and  Primbus-
Points in green, CPceutres SM,
Qca and Qcp are used to
calculate the outcomes points (in
red), Pint, Papex, @nd Ppippys-
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NAME POINT
CORNEA Dot
SURGERY Scentre
APEX Papex
APOYO Plimbus
CORNEA_ANTERIOR Sp2
| CORNEA POSTERIOR | S,

IOP_SURF Sp1
INNER_SURF Sm

Table lll.1: Sets and surfaces

definition to tunnel surgery.

The first column represents the
name of sets or surfaces and the
second column, the point used to
define the set or surface.

yint(x) = tana;y; - X + CPcentre (2) — tanw;y,; 'CPCentre(l)

b
(IIL.9)

iv) Pj,; will be in the middle of the distance between Qca and Qcp,
shown in Figure 111.12.

Pgpex: point used to define the set “APEX” and is calculated as the mid
distance between CApy and CPpy.
Primpus: point used to define the set “APOYO” and is calculated as the mid
distance between CApr and CPpr.

The Abaqus Python Scripting code for generating groups and surfaces
is shown below:

# Generating sets

mdb.models [’ Model-1"].parts [’ CORNEA’].Set (faces=
mdb.models [’ Model-1"].parts [’ CORNEA’ ].faces.findAt (
((POINT (1), POINT(2), POINT(3)), ), ), name='NAME’)

# Generating surfaces

mdb.models [’ Model-1"].parts [’ CORNEA’].Surface (
name='NAME’, sidelEdges=mdb.models[’Model-1"1].
parts[’CORNEA’].edges.findAt ( ((POINT (1), POINT(2),
POINT(3)), ), ))

where “NAME” and “POINT” take the following values depending on the
part which refer (Table IIl.1).

Once the cross—section of the cornea has been defined, with the surgery
within the stroma and the groups defined, the next step is to make the
different cuttings in the cornea to perform a better and uniform mesh. To do
this cuttings, the code for drawing lines, arcs of circumference, and ellipse
must be used. In order to select the section to cut (see code in page 222),
it is necessary to find an internal point which belongs to the section. To
draw the lines, it is necessary to know the initial and final point. To trace
arcs of circumference, the centre, initial and final point are required. Finally,
the centre, the end points of semi—major and semi—minor axes must be
known to draw an ellipse. Although these lines of code have been already
commented before, they appear again in their general form, to make it
easier for the reader to understand the code and to link it to the instructions
to cut the cross—section of the cornea.
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# Code lines to draw a line
mdb.models [’ Model—-1"].sketches[’_ profile_"].Line(
pointlz(l’x, P}/) 4

point2=(Qy, Oy))

# Code lines to draw a circumference arc

in clockwise direction

mdb.models [’ Model-1"].sketches[’_ profile '"7].
ArcByCenterEnds (centre= (Cy, Cy),
direction=CLOCKWISE, pointl= (A, Ay),
point2=(By, By))

# Code lines to draw an ellipse

mdb.models [’ Model—-1"].sketches[’__profile_’"7].
EllipseByCenterPerimeter (axisPointl=(M,, ALM,

axisPoint2=(Ny, Ny), centre=(Cy, C))

All the following instructions must follow an order to obtain the final
cross—section geometry of the Figure I11.20. Starting from geometry of
Figure I11.6, the established order is explained below:

Order of the instructions

i) The cross—section of the cornea (without surgery) is selected with P;,;.

» The medium cover ellipse is drawn calculating the three points:
centre (Scentre), POINt at end of semi—-major axis (R1) and point at
end of semi—minor axis. (Ry). These points and scheme of the
ellipse are represented in Figure 111.13. R; is 1.2 times greater than
the distance of the semi—major axis of the ellipse that defines the
surgery. R; is located at a distance that is 2.5 times greater than
the distance from the semi—minor axis of the ellipse that defines the
surgery. Therefore, C® = Scontres M = Ry, and N = Rj in the
code lines described in ellipse code of the page 227.

» The largest cover ellipse is drawn calculating the three points: cen-
tre (Scentre), poiNt at end of semi—-major axis (Aj) and point at
end of semi—minor axis. (As). These points and scheme of the
ellipse are represented in Figure I1.14. A, is 1.5 times greater than
the distance of the semi—major axis of the ellipse that defines the
surgery. As is located at a distance that is 4.25 times greater than
the distance from the semi—minor axis of the ellipse that defines the
surgery. Therefore, C°* = Scenire, M = Ap, and N = Aj in the
code lines described in ellipse code of the page 227.

Q(Q.Qy)
PP, Py) /
A(Am By)

+
C(CxCy)

M(MXYMY)W

Figure 1Il.13: First cover el-
lipse. P;,; is represented in red,
whereas the mandatory points of
medium cover ellipse are repre-
sented in green and coloured in
red.

Figure 11l.14: Second cover el-
lipse. P;,; is represented in red,
whereas the mandatory points of
the largest cover ellipse are rep-
resented in green and coloured in
red.
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Figure llI.15: Internal arcs
within stroma corneal. P;,; in
red, Points (A1, Ap, Az, and Ay)
to define the arcs and straight line
in green, and the complete cutting
line is drawn in red

Figure 1I.16: Lines which cut
the stroma around the surgery.
(a). Lines which cross the stroma.
The line between By and B, di-
vides the surgery in two equal
parts; +6.5° from this line, the
superior line is formed creating
the points B3 and B, with the in-
tersection with posterior and an-
terior cornea respectively; -6.5°
from the central line, the inferior
line is drawn, forming the points
Bs and Bg with the intersection
with posterior and anterior cornea
respectively; the two short lines
start from the points located at
the ends of the major axis of the
larges cover ellipse (A and Asz),
and have the same direction as
the centre line. The intersection
of these two lines with the pos-
terior surface forms C; and Cj.
(b) Zoom on surgery. The line
numbers are located in red inside
of a red circle.

» Two internal arc of circumference are created in order to divide the
cornea between anterior and posterior regions (see Figure 111.15)
and a straight line to divide the ellipse by its major axis.

Arc1: C = CPceptre; A = A1, and B = Aj in the code lines of
circumference arc (see the code in page 227).

Straight line: P = A; and Q = Aj in the code lines to represent
a line (see the code in page 227).

Arc 2: C = CPceptre; A = Az, and B = Ay in the codes line of
circumference arc (see the code in page 227).

» Creation of the cuttings around the surgery, represented in Fig-
ure Ill.16.

Line 1: or central line, straight line between By and B,. Bj is the
intersection between the line through Sceytre and CPceyire With
posterior cornea. Bj is the intersection between the line through
Scentre and CPcepire With anterior cornea. P = By and Q = B, in
the programming lines (see the code in page 227.

Line 2: straight line with an angle of +6.5°from central line. B3 and By
are the intersection with posterior and anterior cornea, respectively.
P = Bz and Q = By in the code lines (see the code in page 227).

Line 3: straight line with an angle of -6.5°from central line. Bs and By
are the intersection with posterior and anterior cornea, respectively.
P = Bs and Q = Bg in the programming lines (see the code in
page 227).

Line 4: straight line, parallel to central line, which passes by one of
the end (A») of semi—-major axis of the largest cover ellipse. The
intersection with posterior surface form the point C;. P = A, and
Q = Cj in the code lines (see the code in page 227).

Line 5: straight line, parallel to central line, which passes by the other
end (As, symmetric to Ap) of semi—major axis of the largest cover
ellipse. The intersection with posterior surface form the point C,.
P = Ajz and Q = C; in the programming lines (see the code in
page 227).

Line 6: vertical straight line defined by x = Sceptre(1) — (wicrs /2 —

0.025). D; is the intersection between this vertical line with the
line y’ defined in equation 111.7 and angle f is formed. Finally, Cs



Computational planning tools in Ophthalmology: ICRS Surgery 229

and Cg arise from the intersection between this vertical straight line
with surgery and anterior cornea, respectively (see Figure 111.16.b).
P = D; and Q = Cg in the programming lines (see the code in
page 227).

Line 7: straight line which forms an angle B’ = 2- B — 5 and passes
through Dq. The points C3 and C4 arise from the intersection of this
line with the posterior cornea and surgery, respectively. P = D,
and Q = Cjs in code lines (see the code in page 227).

Line 8: vertical straight line defined by x = Scentre(1) + (wicrs /2 —
0.025). D is the intersection between this vertical line with the line
y’ defined in Equation I1.7. C; and Cg arise from the intersection
between this vertical straight line with posterior and surgery, respec-
tively (see Figure lll.16b). P = D; and Q = Cy in code lines (see
the code in page 227).

Line 9: straight line which also forms an angle A’ and passes through
D,. The points Co and Cyg arise from the intersection of this
line with surgery and anterior cornea, respectively. P = D, and
Q = Cqg in the programming lines (see the code in page 227).

Creation of keratoconic zone (if exists). First, a vertical straight
line through ¢k is created and the point KC, arises from the
intersection with the anterior surface. Then, the coordinates of
KC; are calculated as the intersection between the line which
joins CPc,,tre and KCy and posterior surface (see Figure 111.17).
Line 10 starts in P = KC; and finishes in Q = KC; (see the code
in page 227).

int

Figure 11.17: Keratoconic sec-
tion in tunnel configuration.
The red line shows the straight
line which separates the healthy
and ectasic region (shaded in
blue). The line number is located
in red inside of a red circle.

an an

ii) The cross—section of the surgery is selected with Sceyt. (S€€ the
Figure I11.18 and code in page 227). The lines are introduced in the
code described in page 227.

Line 11:
Line 12:
Line 13:
Line 14:
Line 15:
Line 16:

Line between Aj and Az. P = A and Q = Aj.
Line between By and B,. P = By and Q = By.

Line between D1 and C¢. P = D and Q = Cg.
Line between D1 and C3. P = D and Q = Cs.
Line between Dy and C;. P = Dy and Q = Cy.

Line between D, and C1g. P = D; and Q = Cyy.

Figure 1ll.18: Lines to cut the
surgery. The Scentre (in red) is
used to select the region to cut.
The different lines are traced be-
tween the points calculated pre-
viously. The line numbers are lo-
cated in red inside of a red circle.
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(a)

Figure 1I.19: Points required
to draw the largest cover el-
lipse and the regions where it
must be traced. (a) Regions
where the largest covered ellipse
will be traced. It is defined by the
internal points, I;, i = 1..4; (b)
Surgery zoom where the largest
cover ellipse (in red) is shown.

Figure 111.20: Sketch of the
cornea with the cuttings made
to obtain an accuracy mesh,
All instructions have the target
to built the different cutting in
order to define a properly and
thin enough mesh to capture
the displacement and stress and
to assure a good contact be-
tween surgery and ring; (Zoom)
Surgery zone where all regions
are defined.

i) To complete the surgery zone, the largest covered ellipse is drawn
with C® = Scepres M = Ay and M = Ajs (see code in page 222).
However, the internal points of each region through which this ellipse
passes, must be calculated in advanced (Figure 111.19).

Region | is defined by I1, internal midpoint between A, and By.
Region Il is defined by |, internal midpoint between As and Cg.
Region lll is defined by lo, internal midpoint between As and C1g.

Region IV is defined by I, internal midpoint between Az and Bg.

After executing all the commands in the proposed order, the cross—
section of the cornea will be obtained with the different cuttings which
ensure an accurate enough mesh, without distorted elements. The sketch
of the cornea with the elliptical surgery which forms the tunnel is shown in
Figure 111.20. The cornea is divided into 36 regions (ectasic zone included),
which correspond to each region that will be created in order to assign the
properties of the mesh.

/g
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3.1.2. Pocket surgery

To introduce the intrastromal continuous ring, such as the MyoRing, the
surgery must be made in the shape of a pocket, whose thickness (Tpocket) iS
equivalent to the bubbles generated after the application of the femtosecond
laser, and fixed in 5 ym.z Nevertheless this value can be modified by the
user. The geometry of the pocket is a combination of circumference arcs
and an ellipse.

In order to obtain the geometry described in the Figure I11.21, we start
from the geometry described in the Figure 111.5, where the following points
are already calculated in the previous section (see in the Figure IIl.4):
CAcentres COcentres CApg, CApr, CPpg, and CPpg. To define the pocket
geometry, we need, apart from the thickness of the pocket, its diameter
(Ppocket)s Which is different from the diameter of the optical zone of ring
implantation (¢rcrs). Firstly, the points which define the ellipse, Scentre,
Sm, and Sy, are calculated in order to represent the outermost end of the
pocket. Secondly, the arcs of circumference close the pocket in the apex.

Process to define the points of the ellipse which closes the pocket

Input Parameters (in grey in Figure 111.21)
¢icrs: Optical zone, in mm.

Ppocket: Diameter of the pocket, in mm.

Zpocket: Stromal depth of insertion, in percentage.
Trocket: thickness of the pocket, fixed in 5 ym.
w: Width of the ellipse, fixed in 0.5 mm.

Operations

Scentre: Centre of the surgery which does not correspond with the centre
of the implants, but depends on the diameter of the pocket. The process to
obtain the coordinates of this point is commented below.

i) Sp1: Intersection between the arc of the posterior surface and straight
vertical line through % (see in Equation IIl.4 but straight vertical
line is x = % instead of x = % and Figure 111.22).

i) Spa: Intersection between the arc of anterior surface and line which
joins Sp1 with CPcenre(see Equation 1115 and represented in Fig-
ure 111.23).

2 Lubatschowski et al. 2000

fo) X

Figure lll.21: Input parameters
to define the cross-section of
the surgery a Pocket. In blue
the cross section of the cornea is
represented. In red, the surgery
is shown. The input parameters
are shown in colour grey.

Figure 1l.22: Calculation of
Sp1 in pocket surgery. Intersec-
tion between the arc of posterior
surface and straight vertical line
through ¢rcrs /2.
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Figure 111.23: Calculation of
Sp2 and the distance d in
pocket surgery. S, is the inter-
section between the arc of ante-
rior surface and the line between
Sp1 and CPcentre- In grey, d is
represented as the distance be-
tween Sy and Spp.

Figure 11l.24: Calculation of
Sp3 in pocket surgery. Point lo-
cated at a distance d - zp,cker I
the direction of vector S,,fsz.

+Sp

Figure 111.25: Calculation of
Spa and Scentre in pocket
surgery. Intersection between
the orthogonal line with the
line between S,1 and Spp with
the vertical straight line through
Ppocket /2. Finally, Scentre is on
y’, at a horizontal distance of

w/2 away from S 4.

iii) d: distance between Sp1 and Sy, defined in Equation 111.6 and repre-
sented in Figure 111.23.

iv) Spa: point which is in the direction of vector Spfsz at a distance of
Zpocket * A from anterior cornea (see in Figure 111.24).

V) Sp4: First, the orthogonal line (y’) to vector Spfsz that passes through
Spg is determined. Then, the intersection between that line with the
vertical straight line through % is the end of the pocket (see Equa-
tion lL.7, but x = % instead of x = W). The point is repre-
sented in the Figure 111.25.

vi) Scentre: Finally, the centre of the ellipse is calculated as the intersec-
tion between the orthogonal line (') to vector Spfsz that passes
through Sp?, and the straight vertical line through x = W (see
in Figure I11.25).

Sp: Point located at the end of the semi—major axis of the ellipse, which
is shown in Figure Ill.26. Its coordinates are calculated evaluating the
straight line i/, defined by the Equation I1l.7 in x = Scenpre(1) + w/2,
which coincides with S 4.

S,,1: Point located at the superior end of the semi—minor axis of the
ellipse, which is shown in Figure 111.26. This point is located at a distance
+Tpocket / 2 from Scentre in the direction of the vector Spfsz, whose points
are shown in Figure 111.25.

S,2: Point located at the inferior end of the semi—minor axis of the el-
lipse, which is shown in Figure I11.26. This point is located at a distance
—Tpocket / 2 from Scepire in the direction of the vector SpfS p2, Whose points
are shown in Figure 111.25.

Outcomes
Ellipse Centre: Scentre = (Scentre(1), Scentre(2), 0)

Point at the end of semi—major axis, the end of the pocket furthest from the
apex: Sy = (Sm(1), Sm(2), 0)

Point at superior end of semi-minor axis: S;;1 =

(Sm1(1), Sm1(2), 0)
Point at inferior end of semi—minor axis: S, = (Sp2(

(
1)/ SmZ( ) 0)

Since the ellipse joins the arcs of the circumference to make the pocket,
the whole ellipse cannot be represented. This is caused by the Abaqus
code defined by the centre and the points of the semi—axes. Therefore, to
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represent the part of the ellipse which corresponds to the end of the pocket,
we create it with the Abaqus code to draw splines:

# Code lines to draw a spline
mdb.models [’ Model—-1"].sketches[’

points=( (Pl,\'l Pl}/) ’

profile_’].Spline(

(Ppx s Pny) ))

where the points from P; to P, belong to the spline. The more points are
used, the more definition the geometry will get. Therefore, it is required to
find the points which belong to the ellipse in order to draw the spline. The
parametric expression of an ellipse (see in Equation 111.10) to calculate the
coordinates of the points (see in Figure 111.27) is used:

Py|i—1.N = Scentre(x) +a - cos(w;) - cos(B) — b - sin(a) - sin(p)

Py|i—1:N = Scentre(y) +a - cos(x;) - sin(B) + b - sin(a) - cos(B)
(II1.10)

where a is the semi-major axis (||ScentreSatl|) and b is the semi-minor
axis (Tpocket/2), B is the angle which form the major axis of the ellipse
with the horizontal, i.e. the inclination of the surgery, and finally, «; are the
angles which are necessary to obtain the points that form the ellipse, being
a = 0° the point Sy, « = 90°is S,,,1, and &« = —90° is S;p. In order to
draw the ellipse with a spline accurately, we used an overall of N = 40
points.

Process to define the arcs of the circumference which close the pocket

Input Parameters

Scentre: Centre of ellipse (see in Figure 111.25).

S,:1: Point located at the superior end of the semi—minor axis of the ellipse
(see in Figure 111.26).

S, Point located at the inferior end of the semi—minor axis of the ellipse
(see in Figure 111.26).

CPcentre: Centre of posterior cornea (see in Figure 111.12).

Operations

Asup: Intersection between the vertical straight line of apex with the cir-

Figure 11.26: Calculation of
SM, Smi, and Sy in pocket
surgery. Sy is in red and S;;1
and S;;» are in blue.

Lo
Swe

Figure IIl.27: Representation
of the ellipse by spline. In
green we represent the points to
draw the spline which correspond
with the different angles «;.
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Figure 111.28: Arcs of the cir-
cumference which close the
pocket. Points in green, such
as CPcentres Sm» Sm1, and
S.q2 have been already obtained;
Points in red, such as Asup, Am,
and Aj,s represented in zoom,
are the three points to define the
arcs and to close the pocket.

cumference arc defined by centre of posterior cornea (CPcptre) and Rsyp,
which is the distance from CPc,;tre to Sy1 (Se€ in Figure 111.28).
Ajyr: Intersection between the vertical straight line of apex with the cir-
cumference arc defined by centre of posterior cornea (CPceptre) and R;, 1z
which is the distance from CPc,;tr. t0 Spyn (Se€ in Figure 111.28).

Outcomes
Superior point of pocket in apex: Asyp = (Asup(1), Asup(2), 0)

A A
Superior point of pocket in apex: Asyp = (Asup(1), Asup(2), 0)

Finally, once the section to be cut has been selected with P;,; of Fig-
ure I11.28 (see code in page 222), the code lines corresponding to the spline
creation (see code in page 233), and to the two arcs of circumference,
are introduced. The superior arc is defined by the posterior cornea centre
(CPcentre), the superior point of the pocket (Asyyp), and the point located at
the superior end of the semi—minor axis (S,,1). The inferior arc is defined
by CPcepire, the inferior point of the pocket (Al-nf) and the point placed
at the inferior end of the semi—minor axis (S;;2). Both arcs are defined in
clockwise direction (see code in page 227).

Once the pocket is created within the cornea, the groups “CORNEA”,
“SURGERY”, “APEX”, “APOYO”, “CORNEA_ANTERIOR” and “CORNEA_-
POSTERIOR”, and surfaces, such as “INNER_SURF” and “IOP_SURF”
must be generated before making the cuttings to obtain a more accurate
mesh. To generate the groups and the surfaces, it is necessary to find
points that belong to the regions mentioned before. Some points have
been defined previously such as Sc,tre, Which is used to define the group
“SURGERY”, or Papex and Ppiypys, which are used to define the groups
“APEX” and “APOYO”, respectively. However, the following points must
be calculated to define the rest of the groups (“CORNEA”, “CORNEA_-
ANTERIOR” and “CORNEA_POSTERIOR” ) and the two surfaces.

P;,+: The interior point of the cornea is used not only to select the region
to make the slice, but also to define the group “CORNEA”.

Qca: Point to define the “CORNEA_ANTERIOR” group.

Qcp: Point to define the “CORNEA_POSTERIOR” group and the sur-
face where the intraocular pressure will be applied, “IOP_SURF”.

Sq: Point to define the superior inner surface.
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S,: Point to define the inferior inner surface.
These points can be obtained from the following steps.

i) The angle («) is formed by S,,,;; and the horizontal axis, and the angle
(«j,¢) is calculated in Equation 111.8 and Figure 111.29.

ii) The line y;;,; is determined with a slope defined by «;,; and the centre
of posterior cornea (CPc,;+) (see Equation 111.9).

iii) Qca arises from the intersection between the straight line ;,,; and the
circumference arc which defines the anterior cornea.

iv) Qcp arises from the intersection between the straight line y;,,; and the
circumference arc which defines the posterior cornea.

v) S; arises from the intersection between the straight line y;,; and the
circumference arc which defines the superior inner surface of the
surgery.

vi) The points S, arises from the intersection between the straight line
Yint and the circumference arc which defines the inferior inner surface
of the surgery.

vii) Pj,; is the middle point between S1 and Qca.

The code to create the groups and the surfaces is explained in page 226,
where “NAME” and “POINT” correspond to the values of the Table 111.2.

Once the cross—section of the cornea with the pocket has been created,
the following step is to make the cuttings in the cornea to obtain a thin and
accurate enough mesh. All cuttings have been performed with the code to
create lines, ellipses, arcs of circumference (see in page 227) and splines
(see in page 233). Each instruction must be included in the code indicated
in page 222 for selecting the region of interest with the internal point that
belongs to that region.

The following instructions aim to obtain the initial (P) and final points
(Q) of each line; the centre (C), initial (A) and final points (B) of the
circumference arcs; the centre point (C), which define the semi—-major (M)
and the semi—minor axis (IN); and the different points which form the spline
(P;). In addition, they must follow the order established below to obtain the
final cross—section of the cornea (see in Figure 111.36), whose starting state
is Figure Ill.21:

Figure 11.29: Calculation of
Pint, Qca, and Qcp, S1, and
S,. Points in green, Qca, Qcp,
and S,,1 are used to calculate
the midpoints (in blue), S1 and
Sy, and in red appears Pjy.
The points which have been cal-
culated before appear in grey:
PApex and Prippys-

NAME POINT
CORNEA Pont
SURGERY Scentre
APEX Papex
APOYO Plimbus
CORNEA_ANTERIOR Qca
CORNEA_POSTERIOR Qcp
"IOP_SURF | Qcp
Sm1, Sm2

INNER_SURF 1 S

Table Ill.2: Sets and surfaces
definition to pocket surgery.
The first column represents the
name of sets or surfaces and the
second column the points used to
define the set or surface.
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Order of the instructions

1. The cross—section of the cornea (without surgery) is selected with P;,,;.

+ Arc of circumference which joins the end of the pocket with the
limbus, to divide the cross—section of the cornea into two parts is
created (see in Figure 111.30). Therefore, the points to be introduced
in the code of the arc of circumference are the centre of the posterior
cornea (C = CPcepire), the point of the end of the semi—-major axis
(A = Sp), and the point of the limbus (B = Apmpus) Which is
calculated as follows:

Figure 111.30: Internal arc to

join the end of the pocket with . . ) . . .
the limbus, Py, is in red, Points i) The radius (Rlebuj) of the circumference arc is calculated:
CPCEYIHL’! SM, and ALimbus are RLimbus = ”CPCentreSM” .

in green to define the arc, and the iy The centre of the posterior cornea and the radius (Rj jyupus) form

complete cutting arc is drawn in i ) ) ) } )
red. the circumference which intersects with the straight line of the

limbus, formed by the points CPgj,,,; and CAFjuar-

Gso iii) The intersection between these geometries is the point Ap;,pus-
» Creation of the cuttings around the end of the pocket (see in Fig-
’ ure 111.31).
Line 1: (or central line) Straight line between B and By. B is the
intersection between the line that passes through Sceyie and
CPcentre With the posterior cornea. Bj is the intersection between
the line that passes through Scepire @and CPc,ptr With the anterior
cornea. P = By and Q = B; in the programming lines.
Line 2: Straight line with angle of +6.5° from central line. E; and
(b) E; are the intersection of this line with the posterior and anterior
cornea, respectively. P = E; and Q = Ej in the programming
Figure 1I.31: Lines which cut lines.
the end of the pocket. (a).
Lines which cross the stroma. Line 3: Straight line with angle of -6.5° from central line. F; and
The line between By and B, di- F, are the intersection of this line with the posterior and anterior

vides the surgery in two parts, a
semi—ellipse and circumference
arcs; +6.5°from this line, the su- lines. The point f arises from the intersection between the Line 3

perior line s formed creating the and the arc of circumference which joins the end of the pocket
points B3 and By with the inter-

cornea, respectively. P = F; and Q = F, in the programming

section with posterior and anterior with the limbus.

comea respectively; -6.5°from Line 4: Vertical straight line defined by x = Sceptre(1) + (wicrs /2 —
the central line, the inferior line is . X . . . . .

drawn, resulting in the points Bs 0.025). D is the intersection between this vertical line with the
and Bg with the intersection with line y’ defined in Equation l1l.7. As a result, angle j is formed. Cy

posterior and anterior cornea re-
spectively; (b) Zoom of the end of
the pocket. The line numbers are
in red inside a circle.

and C; arise from the intersection between this vertical straight
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Line 5: Straight line which forms an angle g/ = 2- p — 7 with i/,

line with the surgery and posterior cornea, respectively (see in

Figure l11.31.b). P = D and Q = C; in the code to draw the lines.

and passes through D. The points C3 and C4 arise from the
intersection between the Line 5 with the surgery and anterior
cornea, respectively. P = D and Q = Cy4 in the code to draw the
lines.

» The cuttings are generated around the optical zone of implantation
(p1crs/2) (see in Figure 111.32).

i)

ii)

The corneal area, where the optical zone is placed between the

apex and the Line 2 defined by points E1 and E,, is determined.
The angle (apz) of the region is determined in the Equation IIl.11.

El (]/) — CPCentre (]/)

o = atan
sup Eq(x) — CPcentre(x) (IIL.11)

7T
Xoz = 2 Xsup

The first of the two straight lines for the cuttings will be defined
with a slope which forms an angle with respect to the horizontal

line of a1 = agyp + "‘%. Equation 111.12 represents this line (g1).

Finally, the points H1 and H» arise from the intersection between
this line with the posterior and anterior cornea, respectively. Once
these points have been calculated, Line 6 is created with the
corresponding code, where P = H; and Q = H».

81(x) = tanay -x + CPcentre(y) — tanay - CPceptre (x)
——
ay bl

(IIL.12)

The second of the straight lines will be defined with a slope
which forms an angle with respect to the horizontal line of ay, =
asup + “9% (see the Equation I11.13). Finally, the points J; and
J> arise from the intersection between this line with the posterior
and anterior cornea, respectively. Once these points have been
calculated, Line 7 is created with the corresponding code, where

P=Jyand Q= .

Figure 11.32: Lines around the
optical zone. The intersection of
the lines g1 and g» with the pos-
terior and anterior cornea create
the points By, Bg, By, and Bqg.
The line numbers are located in-
side of a red circle.
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Figure 111.33: Keratoconic sec-
tion in pocket configuration.
The red line shows the straight
line which separates the healthy
and ectasic region (shaded in
blue). The line number is located
inside a red circle.

Figure 11.34: Lines to cut the
pocket. The Sceuie (in red) is

used to select the region to cut.
The different lines are traced be-
tween the points calculated pre-
viously. The line numbers are lo-

cated inside a red circle.

gz(x) = tanap -x + CPCentre(V) —tana; - CPCentre(x)
——

ap bZ

(II1.13)

« Creation of keratoconic zone (if exists). First, the point KC, arises
from the intersection between the anterior surface of the cornea
and the vertical straight line that passes through ¢gc/2. Then,
the coordinates of KC; are calculated as the intersection between
the line which joins CPc,,t. and KC, and posterior surface (see
Figure 111.33). Line 8 starts in P = KC; and finishes in Q = KC».

2. The cross—section of the surgery is selected with S, (see in Fig-

ure 111.34), and the following orders must be accomplished to create the
cuttings.

Line 9: Line between Sceutre and Sar. P = Scentre and Q = Sy in
the programming lines.

Line 10: Arc of circumference which divides the pocket into two equal
parts, with CPc,,tre as the centre and radius defined by the euclidean
distance, R4 = ||CPCent;SCentre||- The point A,,,.4 arise from the
intersection of this circumference with the apex (see in Figure 111.28).
Therefore, C = CPcentres A = Aped, and B = Scepntre-

Line 11: Line between By and B. P = B; and Q = B, in the
programming lines.

Line 12: Line between D and C,. P = D and Q = C; in the program-
ming lines.

Line 13: Line between D and C4. P = D and Q = C4 in the program-
ming lines.

Line 14: Line between E; and E>. P = E; and Q = E; in the pro-
gramming lines. The points eq, ¢, and es (from posterior to anterior
cornea) arise from the intersections of the Line 14 with the arcs of
circumference which define the pocket.

Line 15: Line between Hy and H,. P = Hj and Q = H, in the
programming lines. The points 1, hy, and k3 (from posterior to
anterior cornea) arise from the intersections of the Line 15 with the
arcs of circumference which define the pocket,
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Line 16: Line between J; and J,. P = J; and Q = ], in the pro-
gramming lines. The points j1, j», and j3 (from posterior to anterior
cornea) arise from the intersections of the Line 16 with the arcs of
circumference which define the pocket.

Line 17: Line between KC; and KC,. P = KC; and Q = KC; in the
programming lines. The points kcq, kcp, and kcs (from posterior to
anterior cornea) arise from the intersections of the Line 17 with the
arcs of circumference which define the pocket.

3. To complete the cross—section cuttings of the cornea, a semi—ellipse
is drawn on the elliptical edge of the pocket. The centre of the ellipse
is Scentre» R is the point located in the semi—major axis, which is 1.2
times greater than the distance to the semi—-major axis of the ellipse that
defines the end of the pocket. R, is the point located in semi—minor
axis, which is placed at a distance of 2.5 times greater than the distance
from the semi—minor axis of the ellipse that defines the end of the pocket.
Consequently, the points which define the code to draw an ellipse are:
C® = Scentres M = Ry, and N = Ry, (see code in page 227), but
previously the internal points of each region, through which this ellipse
passes, must be calculated (see Figure 111.35):

Region | is defined by I, the internal midpoint between S,,,;; and Cy.
Region Il is defined by I, the internal midpoint between Sy, and F;.
Region Il is defined by I3, the internal midpoint between Sys and Fy.

Region IV is defined by I4, the internal midpoint between S,;;» and C,.

After executing all these commands in the proposed order, the cross—
section of the cornea will be obtained with the different cuttings that ensure
an accurate enough mesh, without distorted elements. The sketch of the
cornea including the pocket as surgery, is shown in Figure 111.36. The
cornea is divided into 34 regions (ectasic zone included), which correspond
to each region that will be created in order to assign the properties of the
mesh.

3.2. Geometry of the rings

The option to perform two types of rings has been prepared automatically.
The first one is a generic ring whose cross—section is an ellipse, while the
second option, more complex, tries to represent the cross—section of the
MyoRing, which is a commercial ring proposed by Daxer.>

Region 1
Region 2
Region 3
Region 4 (a)

(b)

Figure 1I.35: Points required
to draw the cover ellipse at the
elliptical zone of the pocket.
(a) Regions where the cover el-
lipse will be traced. It is defined
by the internal points, I;, i = 1..4;
(b) Extreme pocket zoom where
the cover ellipse (in red) is shown.

3 Daxer 2008
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Figure 111.36: Sketch of the
cornea with pocket including
the cuttings made to obtain an
accurate mesh. All the instruc-
tions aim to built the different cut-
tings in order to define a proper
and thin enough mesh. As a re-
sult, the displacement and stress
field is captured. In addition,
the better and precise contact
between the tissue and the im-
plants is assured; (Zooms) Ecta-
sic Zone, optical zone of implan-
tation and the end of the pocket
where all regions are defined.

=

+
Ce (dicrs/2, Zicrs)

Figure 11.37: Cross—section of
the generic ring. The cross—
section of the generic ring is ellip-
tical. The dimension of major and
minor axis appear in grey. The
point Eyz in red is located on the
end of semi—major axis and the
point E,, in red appears on the
end of semi—minor axis.

3.2.1. Generic cross—section ring

The cross—section of generic rings is elliptical. The input parameters
to introduce in the geometry are: the width of the ring (wicrs), fixed
in 0.5 mm, and the thickness of the ring, which is a parametric value,
described by hjcrs. Then, the centre of the ellipse (C,) is defined by the
diameter of the optical zone implantation (¢;crs), and the height (f;cgrs)
from the horizontal axis (see Figure 111.37). Finally, the last parameter,
which depends on the cornea cross—section, is the angle of inclination of
the ring (xp1) respect to the horizontal. The ring was placed parallel to the
posterior surface cornea. Therefore, the major axis of the ring forms an
angle that is perpendicular to the line that joins the centre of the posterior
cornea (CPcepire) With Scentre, if the surgery is a tunnel (see dashed line v’
in Figure 111.10). On the other hand, if the surgery is a pocket, the angle will



Computational planning tools in Ophthalmology: ICRS Surgery 241

be perpendicular to the line that joins the centre of the posterior cornea with
the point Spz formed by the intersection between the middle circumference
arc (intermediate arc between superior and inferior arcs), which divides the
pocket, and the straight vertical line through ¢crs/2 (see Equation 111.14
and Figure 111.38):

(x — CPCentrE(l))z + (v — CPCentrE(z))z = Ried

X = PICRS

(IIL.14)

In order to represent the elliptical cross—section in Abaqus, it is neces-
sary to know three points which will introduce in the code (see in page 227):
the centre of the ellipse (C,) and the points located on the ends of the
ellipse’s axis (Ep; and E).

Process to define the cross—section of the generic rings

Input Parameters

C.: Centre of ellipse (see in Figure 111.37): C, = (¢1crs/2, ZICRS)-
wicrs: Width of the ellipse fixed to 0.5 mm (see in Figure 111.37).

hicrs: Thickness or height of the ellipse (see in Figure 111.37).

ap: Inclination of the ellipse with respect to horizontal (see in Figure 111.38).

Operations

Er: Point located at the end of the semi—major axis (see in Figure 111.37).
This point is calculated with the parametric expression of the ellipse (see
Equation 111.10), where Sceptre = Ce, @ = wicrs/2, b = hicrs/2,
o =180° B = ap.

E.;: Point located at the end of the semi—minor axis (see in Figure 111.37).
This point is calculated with the parametric expression of the ellipse (see
Equation 111.10), where Scontre = Ces @ = wWicrs/2, b = hicrs/2,
a=90° B =ap.

Outcomes
Point on semi-major axis. Ex; = (Ep(1), Epm(1), 0).
Point on semi-minor axis. E;; = (En (1), En(1), 0).

Once the geometry of the ring is drawn, the following step is to create the
sets and surfaces. The Table I11.3 shows the names with their corresponding
points which must be introduced in the Abaqus code to create sets and

Figure 111.38: Inclination of the
generic ring when the surgery
is a pocket. In grey, the dimen-
sion of the pocket and the opti-
cal zone implantation are shown.
Scentre IS represented in green.
Finally, the point Spz, which
arises from the intersection be-
tween vertical straight line that
passes through ¢rcrs/2 and the
middle circumference arc, and the
inclination angle a5; are shown in
red.

NAME | POINT

ANILLO_G C.

PERIMETRO_ANILLO_G EXT | Ey
TANILLO_G_SURF 7] Em

Table IIl.3: Sets and surfaces
definition to generic ring. The
first column represents the name
of sets or surfaces and the sec-
ond column, the points used to
define the set or surface.
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Figure 111.39: Cuttings of the
cross—section of the generic
ring. The points which are
required to define the lines in
Abaqus code are presented in
red.

4 Daxer 2008

Figure 111.40: Cross-section of
the MyoRing. The cross—section
of the MyoRing is determined by

the intersection of a circumfer-

ence and a parabola. The main
dimensions are in grey. The point
V in red is located at a distance
of Hppyoring from the base (C).

surfaces (see in page 226).

Finally, the cuttings along the cross—section must be performed in order
to obtain a thin enough mesh with uniform elements. Firstly, it is necessary
to select the cross—section (see the code in page 222) with the point of the
centre of ellipse (C,). Then, the points at the other ends of the axis of the
ellipse are obtained:

Ej\/[: Point located at the other end of the semi—major axis (see in
Figure 111.39). This point is calculated with the parametric expression
of the ellipse (see Equation 1I1.10), where Scppire = Ce, @ = WicRrs/ 2,
b= hICRs/z, a=0°, ﬁ = K&M-

E!,: Point located at the other end of the semi—minor axis (see in
Figure 111.39). This point is calculated with the parametric expression
of the ellipse (see Equation 111.10), where Scepire = Ce, @ = WicRrs /2,
b= hICRS/Zs N = —900, ‘3 = M-

In the last step, two lines that cut the cross—section (see in Figure 111.39)
are introduced with the Abaqus code for lines (see the code in page 227),
where the initial (P) and the final point (Q) are required.

Line 1: Straight line which forms the major axis of the ellipse through the
points Epr and Ej. P = Eprand Q = Ej .

Line 2: Straight line which forms the minor axis of the ellipse through the
points E,, and E},,. P = E,; and Q = Ej,.

3.2.2. MyoRing

The cross—section of the MyoRing according to Daxer 2008% is deter-
mined by the intersection of two geometries. The base is a circumference
of radius 8 mm, while its upper part is determined by a parabola, whose
sides are opened downwards and whose vertex is at a distance which
coincides with the thickness of the ring (HMyong) from the base. Finally,
the distance between the points of the intersection of the parabola with the
circumference is Wy oring = 0.5 mm (see in Figure 111.40).

The process to obtain the parabolic part of the MyoRing is described
below (see in Figure I11.41):

i) The base of the MyoRing is part of a circumference of radius 8 mm (R)
and centred in the origin O = (0,0) (see Equation I11.15).
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dmyoRing/2 o = Saagring

- )%
A \

C

HMyoRing

B

WMyoRing

Rs

The point C is the intersection between the circumference and the

. . . ¢MyoRing
straight vertical line through —5—=.

The vertex of the parabola (V) is found at a vertical distance of
Hpmyoring from the point C.

A minimisation process is generated to guarantee that the distance
between the points of the parabola which intersect with circumference
is WpyoRing = 0-5 mm. From this process, the points A and B are
obtained, as well as the coefficients which define the parabola (ap, bp,
and ¢y in Equation I11.15:

Circumference: (x — O(l))2 +(y— O(Z))2 = R?

(II1.15)
Parabola: y = a, - x4 by-x+cp

Finally, to select the MyoRing, the middle point (M) is at a distance

H .
HpyoRring /2 from the vertex V., i.e: M = (V(l), V(2) - m)
(see in Figure 111.41).

In order to trace the MyoRing cross—section in Abaqus, only the spline

code is necessary. As the previous section has been explained in (see

Section 3.1.2 and code in page 233), to trace a spline it is necessary to

find the points that belong to the contour of the parabola. The more points

in the contour, the better definition of the section will be obtained. Two

parts can be differentiated at the MyoRing contour: the parabola and the

circumference.

Process to define the cross—section of the MyoRing

Input Parameters
ap, by, and cp: Coefficients of the parabola equation.

Figure Illl.41: Procedure to
obtain the MyoRing cross—
section. The vertex of the
parabola is found at a vertical
of Hppyoring from the base (C)
and at a horizontal distance of
$Myoring /2 from the optical axis.
The point located at the base (C)
is the intersection between the cir-
cumference of radius 8 mm with
the vertical straight line through
X = @myoring/2. The points
A and B are the intersections
of the parabola with the circum-
ference. Finally, the point M is
calculated to select the MyoRing
cross—section.
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Pn,LQ4

\&
P,
S\\

Figure 111.42: References to ob-
tain the points to trace the
splines. Part 1 is shown in blue,
Part 2 is shown in rid, and the
spline points of the circumference
appear in green. The previous
points and measurements are
represented in grey.

Figure 111.43: Points to define
the interior cuttings and the fil-
let parts. The points, v and c,
vertically aligned to V and C, are
shown in red; the points which de-
fine the width of the new geome-
try are drawn in green; the points
which are going to be used for
the round corner appear in blue;
finally, previous points are repre-
sented in grey. The exterior My-
oRing (the previous one) appears
in blue and the new geometry is
drawn in purple.

V': Vertex of the parabola (see in Figure 111.40).

A and B: Points which result form the intersection between the parabola
and the circumference (see in Figure I11.41).

WnyoRing: Width of the MyoRing, which is the distance between A and B.
O and R: The circumference centre and radius, respectively.

Operations
The parabola is divided into 2 parts, from A to V, and from V to B. In order
to represent it, the points that belong to each part must be calculated.

Part 1: Part of the parabola from A to V' (blue in Figure 111.42), formed by
N = 30 points. The coordinates of the points, P; to Py, are defined
with the parabola expression (see Equation 111.15), where x is an array
of points which starts in P; = A and finishes in Py = V, with a step of
v(1)-Ad)

N—T

Part 2: Part of the parabola from V to B (red in Figure 111.42), formed by
M = 50 points. The coordinates of the points, Q1 to Qp, are defined
with the parabola expression (see Equation IIl.15), where x is an array
of points which starts in Q1 = V and finishes in Qs = B, with a step

§ BO-V()
b =M1

The points which form the circumference, formed by S = 100 points (green

in Figure 111.42). The coordinates of these points, F; to Fs, are defined with

the circumference expression (see Equation Ill.15), where x is an array

of points which starts in F; = A and finishes in Fs = B, with a step of
B(1)—-A(1)
S-1 -

Outcomes

Pj to Py: array of points to define the first parabolic part.

(1 to Q: array of points to define the second parabolic part.
F; to Fg: array of points to define the circumferential part.

The next step is to determine the points to build the splines that form the
rounded corners of the MyoRing. During the process (see in Figure 111.43),
the points which will serve to make the interior cuts are obtained. These
will help to achieve a thin enough mesh without distorted elements. The
strategy is to find a geometry similar to the exterior MyoRing but { = 60%
smaller. Therefore, a new parabola and circumference must be calculated:
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)

ii)

new

: : HMyoRing : :
The vertex, v, is located at a distance —5— from the middle point
(M), where:

t

H;\l/f;:)Ring = HMyoRing : m
2 (I1.16)
v = (V(l), M)+ Myz"Rl”g>
The point on the base, ¢, of the new section is also located at w
from the middle point (M), but downwards:
H}’lﬂ‘w i
c= (V(l), M(2) — Myz"Rl”g> (IIL.17)

The centre of the new circumference, O™%, is located at a distance
from the centre of the initial circumference, O equal to (1 — )% of the
distance between O and M.

The radius of the new circumference, R™% is the distance between
O"e% and c.

The intersection points, 2 and b, between the new sections are cal-
culated using the same minization process assuring that the distance
(w;’jz’oRing) between them is wpyyoRing + #/100.

Finally, to perform the rounded corners, the points a; and by arise from

the intersection between the new circumference (in purple in Figure 111.43)

and the previous parabola (in blue); the points a, and b, are the intersection

between the new parabola (in purple) and the previous circumference (in

blue). The first fillet is formed between a1 and a;, and the second rounded

corner is drawn between by and b;.

The geometry in order to round the the two corners is a parabola (see

in Figure 111.44), whose general expression is Equation 111.15:

Corner 1: The vertex of this parabola (V1) is located at the line that joins

the points A and a. The distance d; and the coordinates of V; are cal-
culated in Equation 111.18. The coefficients of the parabola are adjusted
so that the parabola passes through V7, a1 and a;.

ay

Corner 1

.

Corner 2

Figure 11.44: Corner rounding
of the MyoRing. The Corner 1,
in red, is formed by a parabola
through aq, Vi, and ay; The Cor-
ner 2, in orange, is formed by a
parabola through by, V,, and by .
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p1hy

Figure 111.45: Points to draw
the splines corresponding on
internal cuttings and round
corners. The first part of the

parabola is in blue, and te sec-
ond one is in red, the and the cir-

cumferential part is in green. The
points D and E which are used
to divide the MyoRing appear in
red. The previous points appear
in grey.

dy = || Al
i A (IIL18)
Vi=A+0275-d; - M

Corner 2: The vertex of this parabola (V>) is located at the line that joins
the points B and b. The distance d, and the coordinates of V, are cal-
culated in Equation 111.19. The coefficients of the parabola are adjusted
so that the parabola passes through V5, b1 and b,.

d, = ||Bb||
B_b (IIL.19)
Vo= B—0275-d,- |E _b;”

The new internal geometry and the fillet, which are used to perform the
internal cuttings, are defined by splines. Thus, the points which form them
must be obtained.

The points which form the internal cuttings are defined in the correspond-
ing expressions of the circumference and parabola (see Equation 111.15):

O = O™% and R = R™% and x is an array of S = 100 points which
starts in f; = a7 and finishes in fg = by, with a step of %.

The parabola, divided in 2 parts of N = 30 and M = 50 points, where
the array of points of the first part starts in p; = a, and finishes in

pN = v with a step of % and the array of points of the second

part begins in g1 = v and ends in g1 = by, with a step of M

Each corner is divided in W = 10 points.

The coordinates of the points which form the Corners 1 and 2, /11 to hyy
and jj to jy, respectively, are defined with the expression of the parabola
(Equation 1I.15), where x is an array of points which starts in i1 = a1
and j; = by and finishes in hyy = ap and jiy = by, with the steps of
112(1) ul(l) and 21 ) bz(l)

Once all points are calculated, the next step is to write the code in
Abaqus Python scripting in the following order to obtain the MyoRing cross—
section geometry.

, respectively (see Figure 111.45).
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1.

The main part of the cross-section of the MyoRing is built with the

spline code (see page 233) that embeds the points corresponding to the
parabola (P; to Pyr and Q1 to Qy), the circumference (F; to Fs), and
the rounded corners (k7 to hyy and jj to jwy). These code lines must be

included in the code to open the sketch (see page 219).

Once the cross—section of the MyoRing has been created, the following

step is to create the sets and surfaces. The Table Ill.4 shows the names

with their corresponding points which must be introduced in the Abaqus

code (see page 226) to create the sets and surfaces.

. The cuttings along the cross—section must be performed in order to

obtain a thin enough mesh with uniform elements.

i)

Firstly, the cross—section is selected with the point M (see the code
in page 222).

The points from p1 to p,, and from g1 to qp; which define the interior
parabola are introduced in the spline code described in page 233.

The points from f1 to fs which define the interior circumference are
introduce in the spline code described in page 233.

Finally, the straight line which divides the MyoRing in two parts
is created with the line code (see page 227), where P = D is
the intersection between the line which connecta O™% with ¢ and
the circumference centred in O with radius R; and Q = E, is the
intersection between the line which connect O™¢% with ¢ with the
exterior parabola (see Figure 111.45).

After executing all these commands in the stablished order, the cross—
section of the MyoRing is obtained with the different cuttings to ensure an
accurate mesh without distorted elements. The sketch of the MyoRing is

shown in Figure 111.46.

4. Material and section assignment

Two different material models could be assigned depending on whether

it is a cornea or a ring. When the model is a cornea, Neo—Hookean strain—

energy function is used, with the material constants C1p = 0.01 MPa and

Dy = 0.1 MPa—!. On the other hand, when the concerned model is a

ring, then an elastic model defined by the Young’s modulus (Eppiapa) of

NAME | POINT

ANILLO_G M

PERIMETRO_ANILLO G EXT | V
TANILLO_G_SURF T[T v

Table lll.4: Sets and surfaces
definition to MyoRing. The first
column represents the name of
sets or surfaces, and the second
column, the point used to define
the set or surface.

a

b
b

Figure 111.46: Sketch of the My-
oRing including the cuttings to
obtain an accurate mesh.
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% Flecha-Lesctin et al. 2018

3,300 MPa and a Poisson’s ratio (Vpppra) of 0.4 is used.’ In addition,
the density of both materials is also added: pcorpen = 1 g/cm3 and

PPMMA = 1.18 g/cm3.

Afterwards, the sections of each model are generated and the corre-
sponding materials are assigned.

The codes to generate both the material and its assignment to each
model are presented below:

4.1. Material and aection assignment for the cornea models

The material, called CORNEAL_TISSUE, is assigned to both element
sets of the cornea, denominated as CORNEA and CIRUGIA. Particularly,
in the second case, the set refers to elements of the surgery that can be
either tunnel or pocket.

# Material Definition

mdb.models [’ Model-1"].Material (name=’CORNEAL_TISSUE’)

mdb.models [’ Model-1"].materials [’ CORNEAL_ TISSUE’].
Density (table=((0cormear Vv ))

mdb.models['Model-1"].materials [’ CORNEAL_TISSUE’].
Hyperelastic (material Type=ISOTROPIC, table=((Cyg,
Dqy), ), testData=0FF, type=NEO_HOOKE,
volumetricResponse=VOLUMETRIC_DATA)

# Section Creation

mdb.models [’ Model-1’] .HomogeneousSolidSection (material=
"CORNEAL_TISSUE’, name='CORNEA’, thickness=None)

mdb.models [’ Model—-1"] .HomogeneousSolidSection (material=
"CORNEAL_TISSUE’, name='CIRUGIA’, thickness=None)

# Section Assignment

mdb.models [’ Model-1"].parts [’ CORNEA’].SectionAssignment
(offset=0.0, offsetField=", offsetType=MIDDLE_SURFACE,
region=mdb.models [’ Model-1"].parts [’ CORNEA’ ] .sets]|
"CORNEA’], sectionName=’CORNEA’, thicknessAssignment=
FROM_SECTION)

mdb.models [’ Model-1"] .parts [’ CORNEA’].SectionAssignment
(offset=0.0, offsetField=", offsetType=MIDDLE_SURFACE,
region=mdb.models [’ Model-1"].parts [’ CORNEA’ ] .sets]|
"CIRUGIA’], sectionName='CIRUGIA’, thicknessAssignment=

FROM_SECTION)

4.2. Material and section assignment for the ring models

The material, called PMMA, is assigned to all elements of the ring,
defined in the group ANILLO_G.
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# Material Definition
mdb.models [’ Model-1"].Material (name='PMMA")
mdb.models [’ Model—-1"].materials[’PMMA’ ] .Density (table=(

(opmmar Vv )
mdb.models [’ 'Model—-1’"].materials[’'PMMA’ ] .Elastic (table=(

(EpMMAs VPMMA) ¢ )

# Section Creation

mdb.models [’ Model—-1"].HomogeneousSolidSection (material=
"PMMA’, name=’'ANILLO_G’, thickness=None)

# Section Assignment

mdb.models [’ Model-1"].parts[’MY_200_6"].Section—
Assignment (offset=0.0, offsetField=", offsetType=
MIDDLE_SURFACE, region= mdb.models[’Model-1"].parts|
'MY_200_6"].sets[’ANILLO_G’"], sectionName=’'ANILLO_G’,

thicknessAssignment=FROM_SECTION)

5. Mesh of the models

The meshing part of the program aims to select the different properties
of the mesh. To choose the element types and the seed of the elements,
and create the mesh. Depending on the number of seeds by side, we
can obtain a thinner or coarser mesh. Therefore, the followed steps to
create the different meshes, i.e. cornea with tunnel, cornea with pocket,
and implants, elliptical and MyoRing, are described below. First of all, the
general programming lines will be explained. Secondly, the different models
will be introduced relating the programming lines with each particular case.

1. Selecting the element type: there are several types of element depend-
ing on the model, features of the system, etc. In all our models, quadri-
lateral elements are chosen. In order to select the different regions, it is
necessary to know all the internal points of each region.

mdb.models [’ Model—-1"] .parts [’ NAME_ PART’].setMeshControls (
elemShape=QUAD, regions=mdb.models[’Model-1"17].
parts[’/NAME_PART’].faces.findAt (
((Pt, Pp, Phy, ),

yr

((PY, P, PRy, )y )

where NAME_PART is the name of the part which wants to mesh, and “ou~D”
implies cuadrilateral elements, in the “n” regions selected with from P! to
P,
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2. The different algorithms and techniques to mesh are imposed. As we
have done before, the regions will be chosen with their internal points.
By default, the algorithm to mesh selected is called “Advancing Front”,
but if it is necessary to change to “Medial axis”, as it happens in some
regions of our models, the following code must be introduced:

mdb.models [’ Model-1"].parts [’ NAME_PART’].setMeshControls (
algorithm=’'MEDIAL_AXIS’, regions=mdb.models[’Model-1"1].
parts[’NAME_PART’].faces.findAt (

((Qy, Qp 0Dy ),

((QY, Qpr QM )y )

where from Q' to Q" are the different internal points which belong to the
regions that are meshed by Medial Axis algorithm.
In addition, the meshing technique selected by default is called “Free”.

However, other options such as “Sweep” or “Structured” can be selected
using the following code:

mdb.models [ "Model-1"].parts [’ NAME_PART’].setMeshControls (
regions=mdb.models[’'Model-1"].parts [’ NAME_ PART’].faces.
findAt (((Ry, Ry, RD), ),

( (R, Rj}, Ry, ), ), technique=NAME_ TECHNIQUE)

where NAME_TECHNIQUE would be replaced by SWEEP or STRUCTURED,
and the internal points (from R! to R") are used to select the regions.

3. Next, the size of the seed will be imposed on the edges of the regions.
Therefore, the points of each edges must be found.

» Seed Parts. With the following instruction, all edges of the model will
have the same size of seed. Thanks to this order, we ensure that all
edges of the model have a seed.

mdb.models [’ Model—-1"].parts [’ NAME_ PART’].seedPart (
deviationFactor=0.1, minSizeFactor=0.1,

size=Global Size)

where Global_Size is the size of the element. The models of the cornea
have a value of 0.04.
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+ Seed Edges. The seed of the edges of the model is specified by the
number of elements or by the size of element (Uniform). The seed on
each edge can be uniform or gather more elements in one side (Byas).

# Uniform seed by size

mdb.models [’ Model-1"] .parts [’/ NAME PART’].seedEdgeBySize (
constraint=FINER, # or FIXED
deviationFactor=0.1, edges=

mdb.models [’ Model—-1"] .parts [’ NAME_PART’].edges.findAt (
((Sk, Sy SHy, ),

((57\11 S{;I 5!)), )I )/ Size=oizeEdge)

where sizeEdge will be the size of the elements of the “n” edges selected
from S! to S".

# Uniform seed by number

mdb.models [’ Model-1"].parts [’ NAME_ PART’].seedEdgeByNumber (
constraint=FINER, # or FIXED, edges=
mdb.models [’ Model-1"].parts[’'NAME PART’].edges.findAt (
((TH, Ty, THy, ),

v

(¢, T, TH), ), ), number=NumEl)

where numE 1 will be the number of the elements of the “n” edges selected
from T1 to T™.

# Byas seed by size

mdb.models [’ Model~-1"] .parts [’/ NAME PART’].seedEdgeByBias (
biasMethod=SINGLE,
constraint=FINER, # or FIXED,
endlEdges=mdb.models[’'Model-1"].parts [’ NAME PART'].
edges. findAt ( ((V}, Vﬁ, VoY), ),

(v, VW, V"), ), ) maxSize=maxSize, minSize=minSize)

where maxsize and minsize determine the size range of the elements.
In addition, the instruction end1Edges gathers the elements in the counter-
clockwise direction of the edge. If you wish to concentrate the elements on
the clockwise direction of the edge, you will use end2Edges. The points
from V1 to V" will select the “n” edges that will be meshed.

4. Finally, it is required to introduce the order to create the mesh. Therefore,
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the mesh module will finish with the following code line:

mdb.models [’ Model—-1"].parts [’ NAME PART’].generateMesh ()

Once the lines of code used to mesh the different models are explained,
the next step is to find the different internal points to select those regions
that do not use the default algorithm or techniques. Also, we have to
calculate the points on the edges to select the corresponding seed size.

5.1. Mesh of the cornea

In order to create the different sections described in Figure 11.20 if the
surgery is a tunnel, or in Figure I11.36 is a pocket, the internal points must be
calculated in advance. At the same time those internal points are obtained,
the points on edges arise.

5.1.1. Tunnel Surgery

First, the internal points of the sections around the surgery are calculated
(Sections 1, 2, 3, 4, 5, 6, 31 and 32 and keratoconic section, 35 and 36,
if there is keratoconus). Figure 111.47 shows the sections and the points
that arise from the edges. Next, the internal points of the sections of the
surgery are determined (Figure 111.47.Zoom Central, Zoom Surgery 1 and
2), as well as the points located on the edges. The different internal points
needed to select each region are described below:

Regions 1 and 2 (Figure 111.47.Central image)

i. Intermediate angle («;,,;) defined by the line formed by KC; and KCy
and line formed by B3 and By.

ii. Line (r) with slope tan a;;,; and through CPceytre-

iii. S%: Intersection between r; and mid arc defined by the centre
CPCentre and radius H (CPCentreA1> ”

iv. S%: Intersection between 1 and anterior cornea.
v. Py: Midpoint between S{ and S2.

vi. S%: Intersection between r1 and posterior cornea.
vii. S3: Same point as S1.

viii. P>: Midpoint between S} and S3.

Regions 3 and 4 (Figure 111.47.Central image)
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Figure 111.47: Points in order to select the regions of cornea cross—section with tunnel. (Main) the regions around the surgery
are shown. (Regions 1-6, 31, 32, 35 and 36); (Zoom Central) The regions of the surgery are shown (Regions 7—18); (Zoom Surgery
1) The regions of the left surgery are shown (Regions 19-21, 25, 26, 29); (Zoom Surgery 2) The regions of the right surgery are
shown (Regions 22-24, 27, 28, 30). Points in red are the internal points that are required to select and create the section (P;), where
i is the region; points in blue are the points located on the edges and they are necessary to select the edges and introduce the seed
(S?), where i is the region, and j has the value 1 (initial) or 2 (final). The straight lines with dash points in orange represent the auxiliary
lines, which are not drawn with the program. Finally, the points in green are points which are already known.
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Vi.
Vii.

viii.

. Midangle (B;,,;) between the angles defined between the vertical line

and line between Bs and Bg and line between CPpr and CApr.

ii. Line rp with slope tan B;,;; and through CPceytre-

Sé: Intersection between r, and mid arc defined by the centre

CPcentre and radius H (m) ”

S%: Intersection between r, and anterior cornea.
P5: Midpoint between Sé and S%.

Si: Intersection between r; and posterior cornea.
S7: Same point as S..

P4: Midpoint between Si and Si.

Regions 5, 6, 31, 32, 33 and 34 (Figure 111.47.Central image)

Ps: Midpoint between As and Cg.

ii. Pg: Midpoint between As and Cyp.
iii. P31: Midpoint between A, and By.

P35 Midpoint between A3 and Bg.
Ps33: Midpoint between A3 and Bs.

Regions 7, 8,9, 13 and 14 (Figure I11.47.Zoom Central)

vi.

Vii.

viii.

i. S% (same point as S},): Midpoint between Sceutre and Dy.
ii. Line r3 with the same slope as y in Figure 1ll.16.b through S}.

Sé (same point as S%): Intersection between the ellipse correspond-

ing with surgery and r3.
P;: Midpoint between S1 and S2.

S% (same point as Sé): Intersection between the ellipse correspond-
ing with medium cover ellipse (Figure I11.13) and r3.

Ps: Midpoint between S}; and Sé.

S%: Intersection between the ellipse corresponding with largest cover
ellipse (Figure 111.14) and r3.

Py: Midpoint between Sé and S%.

. 5%4 (same point as 5%3): Intersection between the ellipse correspond-

ing with surgery and r3.
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X. Pi3: Midpoint between 5%3 and 5%3.

Xi. 5%4: Intersection between the ellipse corresponding with medium
cover ellipse (Figure I11.13) and r3.

xii. Py4: Midpoint between S1, and S3,.
Regions 10, 11, 12, 15 and 16 (Figure 111.47.Zoom Central)

i. Si, (same point as S}): Midpoint between Sceptre and D;.
ii. Line r4 with the same slope as y in Figure 111.16.b through S%O.

iii. S%l (same point as S%O): Intersection between the ellipse correspond-
ing with surgery and r4.

iv. Pjo: Midpoint between S{, and S%,.

V. S%z (same point as S%l): Intersection between the ellipse correspond-
ing with medium cover ellipse (Figure I11.13) and r4.

vi. Py1: Midpoint between S1; and S3;.

vii. S%Z: Intersection between the ellipse corresponding with largest cover
ellipse (Figure Ill.14) and ry4.

viii. Py: Midpoint between S1, and S2,.

iX. 5%6 (same point as 5%5): Intersection between the ellipse correspond-
ing with surgery and r4.

x. Py5: Midpoint between Sis and S3..

Xi. 5%6: Intersection between the ellipse corresponding with medium
cover ellipse (Figure I11.13) and 74.

Xii.

P14 Midpoint between 5%6 and 5%6.
Regions 19, 20, 21, 25, 26 and 29 (Figure 111.47.Zoom Surgery 1)

i. The straight line r5 is defined between the points D1 and By.

ii. S%O (same point as 8%9): Intersection between the ellipse correspond-
ing with surgery and rs.

iii. Ppo: Midpoint between D and 52

iv. S%l (same point as S%O): Intersection between the ellipse correspond-
ing with medium cover ellipse (Figure 111.13) and 75.

v.  Pyg: Midpoint between S}, and S3;,.
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vi. 5%1: Intersection between the ellipse corresponding with largest cover
ellipse (Figure lll.14)and rs.

vii. P»1: Midpoint between S%l and S%_l.
viii. The straight line r¢ is defined between the points D and Cj.

iX. 5%6 (same point as S§5): Intersection between the ellipse correspond-
ing with surgery and .

X. Pp5: Midpoint between D1 and S%S.

Xi. 556: Intersection between the ellipse corresponding with medium
cover ellipse (Figure 111.13) and r¢.

xii. Pag: Midpoint between S, and S3.

xiii. Pa: Midpoint between S3, and Cj.
Regions 22, 23, 24, 27, 28 and 30 (Figure l1l.47.Zoom Surgery 2)

i. The straight line r7 is defined between the points D, and Bg.

ii. 5%3 (same point as S%Z): Intersection between the ellipse correspond-
ing with surgery and r7.

iii. Psp: Midpoint between D; and S3,.

iv. 5%4 (same point as S%a): Intersection between the ellipse correspond-
ing with medium cover ellipse (Figure I11.13) and r.

v.  Py3: Midpoint between S1; and S3,.

vi. 554: Intersection between the ellipse corresponding with largest cover
ellipse (Figure Ill.14)and 75.

vii. Py : Midpoint between S1, and S3,.
viii. The straight line rg is defined between the points D, and Cy.

iX. 5%8 (same point as 557): Intersection between the ellipse correspond-
ing with surgery and rg.

X. P7: Midpoint between D, and S§7.

Xi. S%S: Intersection between the ellipse corresponding with medium
cover ellipse (Figure 111.13) and rg.

xii. Pag: Midpoint between Sl and S3.

xiii. Ps9: Midpoint between S35 and Cs.
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Regions 35 and 36 (Figure 111.47.Central image). Keratoconic zone if it

exists.

vi.
vii.
viii.

All sections of the cornea have been meshed with quadrilateral elements.

Midangle (ykc) between the angles defined by KC; and KC; and

pt
2

Line (rxc) with slope tan yxc and through CPceytre-

S§5: Intersection between rxc and mid arc defined by the centre
CPcentre and radius || (CPcepntre A1) |-

S§5: Intersection between rgc and anterior cornea.
Midnai 1 2

P35: Midpoint between S35 and 53;.

551,,6: Intersection between rxc and posterior cornea.

Sgé: Same point as 5:1%5-

P36: Midpoint between Si, and S%,.

Therefore, all internal points are used to select the element type in the

Figure 1.48: Meshing tech-
niques and seeds in the
cornea with tunnel as surgery.
Different colours show different
meshing techniques and seeds.
Therefore, regions which are
meshed with quad elements,
free technique and medial axis
algorithm are in red; regions
whose meshing techniques
and algorithm are by default
those introduced by the Abaqus
mesher: quad elements, free
technique and advancing front
algorithm are in green; finally,
regions with quad elements
and sweep technique are in
yellow. The filled blue circles
represent the edges whose
seed is constant (called none
in Abaqus), defined by size of
elements; the filled green circles
represent edges whose seed
is constant too, but defined by
number of elements; the filled
blue triangle shows the gathering
direction of the elements.

Edge Seed
Max :0.2 (s)
Min :0.05 (s)
0.05 (s)
0.04 (s)
125 (e)
e 4 (e)
Table Ill.5: Seeds of edges
showed in Figure 111.48. The
first column represents the
edges which correspond with
Figure 111.48, and the second
column represents the size or
number of elements to mesh. (s)
is the seed expressed in size of
each element, and (e) indicates
the number of elements.

Q0T
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Figure 11.49: Mesh of the
cornea cross—section with tun-
nel as surgery.

code described in page 249. The different meshing techniques which
have been used to mesh each region are indicated in Figure [11.48. They
have been introduced in the code of the page 250. The edges named
as a, follow a seed growing in the arrow direction whose maximum and
minimum seed appear in Table 1I1.5. They have been introduced in the code
of page 251. The edges named as b and ¢ have a uniform seed whose
corresponding size is shown in Table I1l.5. They have been introduced
in the code of page 251. The last edges, d and e, are introduced by a
uniform mesh with number, instead of size (see in Table Ill.5). They have
been introduced in the code of page 251. Finally, the mesh of the cornea
cross—section with tunnel is generated with the code described in page 252
(see in Figure 111.49).

5.1.2. Pocket surgery

First, the internal points of the each section must be obtained. From
Figure 111.50 shows the sections and the points which arise from the edges.
The different internal points required to select each region are described
below:
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Figure 111.50: Points to select the regions of cornea cross—section with pocket. (Zone KC) Region where emerges the central
keratoconus, if exists (Regions 31-34); (Zone I) Region near the ape, it would be bigger if KC did not exist (Regions 1—4); (Zone II)
Regions around the optical zone implantation | (Regions 5-8); (Zone Ill) Extreme of the pocket region (Regions 9-20 and 23-26);
(Zone 1V) Region which connects the end of the pocket with the limbus (Regions 21 and 22); (Zone V) Regions around the optical
zone implantation Il (Regions 27-30). The points in red are the internal points that are required to select and create the section
(P;), where i is the region; the points in blue are the points located on the edges and they are necessary to select the edges and to
introduce the seed (S?), where i is the region, and j has the value 1 (initial) or 2 (final). The straight lines with dash points in orange
represent the auxiliary lines, which are not drawn in the program. Finally, the points in green are points which were already calculated.
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Zone | (Regions 1, 2, 3, and 4) (Figure I11.50.Zone 1)

vi.

Vii.

viii.

X.
Xi.
Xii.
xiii.

Xiv.

Middle angle (vc}md) between the line defined by KC; and KC; and

the line defined by Hy and Hj.

ii. Line (1) with slope tana! . and through CPc,pre-
med

S%: Intersection between r1 and superior arc of the pocket defined

by the centre CPceptre and radius ||(CPcentreSm1) |-
S%: Intersection between r; and anterior cornea.
P;: Midpoint between S% and S%.

S%: Intersection between r; and middle arc of the pocket defined by
the centre CPceptre and radius H (CPCentreSCentre) H

S3: Same point as S1.

P>: Midpoint between S% and S%.

. S%: Intersection between 11 and inferior arc of the pocket defined by

the centre CPc,ptre and radius || (CPcepntreSm2) |-
S%: Same point as S%.

P5: Midpoint between S} and S3.

Si: Intersection between r{ and posterior cornea.
Si: Same point as S%.

Py: Midpoint between S} and 7.

Zone Il (Regions 5, 6, 7, and 8) (Figure 111.50.Zone II)

vi.

Vii.

viii.

Middle angle (aied) between the line defined by H; and H» and the
line defined by J1 and J5.

ii. Line (rp) with slope tan a? , and through CPcepgre-

S%: Intersection between r, and superior arc of the pocket defined

by the centre CPc,ptre and radius ||(CPceptreSm1) |-
S%: Intersection between r, and anterior cornea.
Ps: Midpoint between S! and S2.

Sé: Intersection between r, and middle arc of the pocket defined by
the centre CPcentre and radius ||(CPcentreScentre) |-

S2: Same point as Si.

Ps: Midpoint between S} and S2.
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iX. S}: Intersection between 1, and inferior arc of the pocket defined by
the centre CPceysre and radius || (CPcentreSm2)||-

x. S2: Same point as S.

xi. P7: Midpoint between S! and S3.

Xii. Sé: Intersection between 7, and posterior cornea.
xiii. S3: Same point as S1.

xiv. Pg: Midpoint between S} and SZ.
Zone lll.1 (Regions 9, 10, 11, 12) (Figure 111.50.Zone Il1)

i. Middle angle (ucimi) between the line defined by E1 and E; and the
line defined by By and B;.

ii. Line (r3) with slope tana? , and through CPceptre-

iii. S%: Intersection between r3 and superior arc of the pocket defined
by the centre CPceptre and radius ||(CPcentreSm1) |-

iv. S%: Intersection between r3 and anterior cornea.
v. Py: Midpoint between Sé and Sé.

vi. S%O: Intersection between r3 and middle arc of the pocket defined by
the centre CPcepsre and radius || (CPeentreScentre)|I-

vii. S3,: Same point as SJ.
vii. Pyo: Midpoint between S, and S3.

iX. S%l: Intersection between r3 and inferior arc of the pocket defined by
the centre CPceptre and radius || (CPcentreSm2) |-

X. S%l: Same point as S%O.

xi. Py1: Midpoint between S}, and S3,.

Xii. S%Z: Intersection between r3 and posterior cornea.
xiii. S3,: Same point as S};.

xiv. Pjp: Midpoint between S, and S3,.
Zone lll.2 (Regions 14, 15, 16, 17) (Figure 111.50.Zone Ill)

i. Si: or S2.: Midpoint between Sceptre and D.

ii. The angle B is formed by the line between By and By with the
horizontal.
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vi.
Vii.

viii.

Xi.

Xii.
xiii.

Xiv.

Line (r4) with slope tan 8 and through 5%5.

5%4: Intersection between line r4 and ellipse which forms the end of
the pocket.

5%4: Intersection between line r4 and the bigger ellipse which covers
the end of the pocket.

Py4: Midpoint between 5%4 and 5%4.
5%5: Same point as 5%4.

Py5: Midpoint between 5%5 and 5%5.

. 5%6: Intersection between line r4 and ellipse which forms the end of

the pocket.
Pj6: Midpoint between S{, and S%,.

5%7: Intersection between line r4 and the bigger ellipse which covers
the end of the pocket.

S2.: Same point as Si,.
P;7: Midpoint between 5%7 and 5%7.

The regions 13, 18, 19 and 20 have been already calculated in
Figure 111.35.a.

Zone lll.Zoom (Regions 23, 24, 25, 26) (Figure I11.50.Zone 1ll.Zoom)

vi.
Vii.

viii.

. Line (r5) which starts in D and finishes in F;.

. 5%3: Intersection between line r5 and the ellipse that closes the

pocket.

iii. Pr3: Midpoint between D and 853.

5%5: same point as S§3.

5%5: Intersection between line r5 and the ellipse which covers the
end of the pocket.

P»5: Midpoint between Sl and S2-.

Line (rg) which starts in D and finishes in F;.

554: Intersection between line rg and the ellipse that closes the
pocket.

. Pa4: Midpoint between D and S3,.

1. ; 2
S5¢: same point as S3,.
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Xi. 556: Intersection between line 74 and the ellipse which covers the
end of the pocket.

xii. Pag: Midpoint between S}, and S3.
Zone IV (Regions 21, and 22) (Figure 111.50.Zone V)

i. Middle angle (zx4mgd) between the line defined by F; and F, and the
line defined by CPpr and CApr.

ii. Line (r7) with slope tan ucﬁwd and through CPceytre-

iii. 5%1: Intersection between r; and arc of circumference which joins
the end of the pocket with the limbus.

iv. S%l: Intersection between r; and anterior cornea.
v. P1: Midpoint between S%l and S%l.

Vi. 5%2: Intersection between r7 and posterior cornea.

vii. S3,: Same point as S;.

viii. Py,: Midpoint between S1, and S2,.
Zone V (Regions 27, 28, 29, and 30) (Figure 11.50.Zone V)

i. Middle angle («xfned) between the line defined by J; and ], and the
line defined by Eq and E.

ii. Line (rg) with slope tan zxied and through CPceytre-

iii. 5%7: Intersection between rg and superior arc of the pocket defined
by the centre CPceptre and radius ||(CPcentreSm1) |-

iv. 5%7: Intersection between rg and anterior cornea.
v.  Py;: Midpoint between S1, and 3.

vi. S%S: Intersection between rg and middle arc of the pocket defined by
the centre CPceptre and radius ||(CPcentreScentre) |-

vii. S35: Same point as S..
viii. Pag: Midpoint between S1¢ and S3.

iX. 5%9: Intersection between rg and inferior arc of the pocket defined by
the centre CPceptre and radius || (CPcentreSm2) |-

x. S24: Same point as Slg.

xi. Pag: Midpoint between Sly and S3,.
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Figure 1I.51: Meshing tech-
niques and seeds in the
cornea with pocket as surgery.
Different colours show different
meshing techniques and seeds.
Therefore, regions which are
meshed with quad elements,
free technique and medial axis
algorithm are in red; regions
whose meshing techniques
and algorithm are by default
those introduced by the Abaqus
mesher: quad elements, free
technique and advancing front
algorithm are in green; finally,
regions with quad elements
and sweep technique are in
yellow. The filled blue circles
represent the edges whose
seed is constant (called none
in Abaqus), defined by size of
elements; the filled green circles
represent edges whose seed
is constant too, but defined by
number of elements; the filled
blue triangle shows the gathering
direction the elements.

Edge Seed
Max : 0.1 (s)
Min :0.05 (s)
0.05 (s)
140 (e)
20 (e)
Max :0.05 (s)
Min :0.02 (s)

Qoo o

o

- Ta
.
=

j 0.1 (s)

Table 1ll.6: Seeds of edges
showed in Figure 1l.51. The
first column represents the edges
that correspond to Figure II1.51
and the second column repre-
sents the size or number of ele-
ments to mesh. (s) is the seed
expressed in size of each ele-
ment, and (e) indicates the num-
ber of elements.

Xii.
Xiii.

Xiv.

XN

Ectasic Zone

Quad - Free - Medial Axis

Quad - Free - Advancing front (default)

Quad - Sweep

@ Regioni

® Seed Typologies

» None - by size

» None - by number

» Single - by size (Grouping of elements in the
direction of the arrow) X

S%O: Intersection between 1, and posterior cornea.
2. ; 1
S5,: Same point as S54.

P3p: Midpoint between S.}so and S%O.

Zone KC (Regions 31, 32, 33, and 34) (Figure 111.50.Zone KC)

vi.

Vii.

viii.

Middle angle (aﬁfd) between the line defined by CApy and CPpy
and the line defined by KC; and KC,.

Line (rg) with slope tan zxﬁgd and through CPceytre-

5%1: Intersection between r9 and superior arc of the pocket defined
by the centre CPceptre and radius ||(CPcentreSm1) |-

S%lz Intersection between r9 and anterior cornea.

P51: Midpoint between 5%1 and S%l.

S_l)z: Intersection between r9 and middle arc of the pocket defined by
the centre CPc,ptre and radius || (CPcepntreScentre) ||-

S3,: Same point as S},.

Ps;: Midpoint between S}, and S2,.

5%73: Intersection between rg and inferior arc of the pocket defined by
the centre CPceytre and radius || (CPceptreSm2) |-
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Figure 1I.52: Mesh of the
cornea cross—section with
pocket as surgery.

x. S3,: Same point as S3,.

xi. Ps3: Midpoint between S1; and S25.

Xii. S§4: Intersection between r9 and posterior cornea.
xiii. S2,: Same point as S15.

xiv. Ps4: Midpoint between 5%4 and S§4.

All sections of the cornea have been meshed with quadrilateral elements.
Therefore, all internal points are used to select the element type in the
code described in page 249. The different meshing techniques which have
been used to mesh each region, which are indicated in Figure I11.51, are
introduced in the code of page 250. The edges named as 4, ¢, and f follow
a growing seed in the direction of the arrow. Maximum and minimum seed
appear in the Table I11.6, and are introduced in the code of page 251. The
edges named as b, g, and j have uniform seed, whose corresponding size
is shown in Table Ill.6. They have been introduced in the code of page 251.
The last edges, ¢, d, h, and i are introduced by a uniform mesh with number,
instead of size (see in Table 111.5). They have been introduced in the code
of page 251. Finally, the mesh of the cornea cross—section with pocket is
generated with the code described in page 252 (see in Figure 111.52).
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5.2. Mesh of the ring

In order to create the different sections described in Figure 111.39 if it is a
generic ring, or the Figure 11.46 if it is MyoRing, the internal points must be
calculated before. The points on the edges arise at the same time as the
internal points are obtained.

5.2.1. Generic Ring

First, the internal points of the each section must be obtained. From
Figure 111.53 shows the sections and the points which arise from the edges.
The different internal points to select each region are described below:

Figure 1I1.53: Points to select s3
the regions of generic cross— Ey - @ (i) Regioni
section. The points in red are the ( Selected regions to find the points

internal points that are required to
select and create the section (P;),
where i is the region; the points in
blue are the points located on the
edges and are necessary to se- E'n =
lect the edges and introduce the @ Sz'
seed (Sf), where i is the region,
and j has the value 1 (initial) or
2 (final). The straight lines with
dash points in orange represent
the auxiliary lines, which are not

+ P, Internal point of region i
S C, . g P(_)i_nt qn edge_of region 1,
" initial (j=1) or final (j=2)
+B;,C; Points known
Auxiliary straight lines

drawn in the program. Finally, the Regions 1, 2, 3, and 4 (Figure 111.53)
points in green are points which
were already calculated. The points on the edges are calculated with the parametric general

equation of the ellipse (Equation 111.10), where Sceptre = Ce, a =
wicrs/2> b = hicrs/2, B = apr, and a is the angle to obtain the
following points:

i S7a=45°.
ii. P;: Midpoint between C, and S%.
iii. S3:a = 135°.
iv. P,: Midpoint between C, and S%.
v. §%:a =225°.
vi. P5: Midpoint between C, and S3.
vii. Si: a = 315°.

viii. P4: Midpoint between C, and S3.
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All sections of the ring have been meshed with quadrilateral elements.
Therefore, all the internal points are used to select the element type in
the code described in page 249. The structured technique is used to
perform the mesh of the generic ring (see in Figure 111.54.a and code in
page 250). The perimeter of the ellipse (denominated a in Figure 111.54.a) is
meshed with 25 elements by size and the size of the elements of ellipse axis
denominated b in Figure 111.54.a, code in page 251) is of 0.01. Finally, the
mesh of the generic ring is generated with the code described in page 252
(see in Figure 11.54.b).

5.2.2. MyoRing

The first step is to generate the internal points of each section of the My-
oRing to select the type of elements and the different meshing techniques.
At the same time, the points on the edges which will be used to select the
corresponding mesh sizes arise. The different internal and edge points are
described below:

Regions 1 and 4 (see in Figure I11.55)

i. Pp: Midpoint between V7 and a.
ii. Py: Midpoint between b and V5.

Regions 2 and 3 (see in Figure I11.55)

i. P: Midpoint between a and D.

ii. S%: Intersection between the straight line through O and P, and the
circumference centred in O and radius R.

ii. S3: Intersection between the straight line through O and P, and the
2 g g
circumference centred in O™¢" and radius R"%.

Figure lI.54: Meshing tech-
niques, seeds and mesh of
generic ring. (a) Meshing tech-
nigues and seeds of the generic
cross—section ring. All regions
are meshed by structured tech-
niques; (b) Mesh of generic
cross—section ring.
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Figure 111.55: Internal and edge
points of the MyoRing. The
points in red are the internal point
that are required to select and cre-
ate the section (P;), where i is
the region; the points in blue are
the points located on the edges
which are necessary to select the
edges and introduce the seed
(S}), where i is the region, and
j has the value 1 (initial) or 2 (fi-
nal). The straight lines with dash
points in orange represent the
auxiliary lines, which is not drawn.
Finally, the points in green are
points which were already calcu-
lated.

(i) Regioni
Selected regions to find the points
+ P, Internal point of region i
. g _P(_)int qn edge_of region 1,
i initial (j=1) or final (j=2)
+B,,C; Points known

V- Auxiliary straight lines

vi.

b,
@5 bz\j\E@

P3: Midpoint between D and b.

Sé: Intersection between the straight line through O and Ps and the
circumference centred in O and radius R.

S2: Intersection between the straight line through O and P3 and the
3
circumference centred in O"*? and radius R"%.

Regions 5 and 6 (see in Figure I11.55)

Vi.

Sé: Point which belongs to the internal parabola, located between
the points E and b.

S%: Intersection between the straight line through ¢ and Sé and the
external parabola.

iii. Ps: Midpoint between S}, and S%.

Sé: Point which belongs to the internal parabola, located between
the points a and E.

S2: Intersection between the straight line through ¢ and S} and the
external parabola.

Ps: Midpoint between S} and S2.

Regions 5 and 6 (see in Figure 111.55)

P7: Midpoint between ¢ and S},.

Pg: Midpoint between ¢ and Sé.
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All sections of the MyoRing have been meshed with quadrilateral ele-
ments. Therefore, all the internal points (from P; to Pg) are used to select
the element type in the code described in page 249. The different meshing
techniques are represented in the Figure I11.56.a, and introduced in the
code described in page 250. A global size of 0.015 is used in the all edges
of the MyoRing (a in Figure Il1.56.a, see code in page 250), except the
edges corresponding to the fillet, whose size of elements is of 0.01 (b in
Figure 111.56.a, code in page 251).

Finally, the mesh of the MyoRing is generated with the code described
in page 252 (see in Figure 111.56.b).

6. Assembly of the axisymmetric models

The assembly in each implemented model consists of only one part.

In addition, and as they are axisymmetric models, the Y axis is defined
as the rotation axis. For this purpose, the origin coordinate is defined as
O = (0, 0, 0), and the two points that define the cylindrical coordinate
systemare P; = (1,0,0) and P, = (0,0, —1).

mdb.models [’ Model—-1"].rootAssembly.DatumCsysByThree—
Points (coordSysType=CYLINDRICAL, name=’'CysSist’,
origin=(0.0, 0.0, 0.0), pointl=(1.0, 0.0, 0.0),
point2=(0.0, 0.0, -1.0))

mdb.models [’ Model—-1"].rootAssembly.Instance (dependent=

Figure 11.56: Mesh techniques,
seeds and mesh of MyoRing.
(a) Mesh techniques and seeds
of the MyoRing cross—section;
(b) Mesh of the MyoRing cross—
section.
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ON, name=’'NAME-PART-1’, part=mdb.models[’Model-1"17.
parts [ NAME-PART’ )

7. Step modulus

In order to create each model (cornea or ring), only one step, apart from
the initial step, is generated.

mdb.models [’ Model—-1"].StaticStep (name=’'ObtainMesh’,

nlgeom=0N, previous=’'Initial’)

8. Boundary conditions

The boundary conditions for all the models are always the same to
generate the input files of Abaqus (*.inp), which restricts the movement of
all the nodes that conform the model.

mdb.models [’ Model-1"].DisplacementBC (amplitude=UNSET,
createStepName='Initial’, distributionType=UNIFORM,
fieldName=", localCsys=None, name=’BC-NAME’,
region=mdb.models [’ Model-1"].rootAssembly.
instances [’/ NAME-PART-1"].sets[’ALL-NODES’ ],
ul=SET,
u2=SET,
u3=SET)

where ALL-NODES is the group formed by all the nodes of the model.

9. Job and submission

The code that generates both the job and the submission are always
the same for all Abaqus scripting files, regardless of if it is a cornea or a
ring model.

mdb.Job (atTime=None, contactPrint=0FF, description=",
echoPrint=0FF, explicitPrecision=SINGLE,
getMemoryFromAnalysis=True, historyPrint=0FF,
memory=90, memoryUnits=PERCENTAGE, model="Model-1",
modelPrint=0FF, multiprocessingMode=DEFAULT, name=
"ObtainMesh’, nodalOutputPrecision=SINGLE, numCpus=1,
numGPUs=0, queue=None, scratch=", type=ANALYSIS,
userSubroutine=", waitHours=0, waitMinutes=0)
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mdb. jobs [’ ObtainMesh’].submit (consistencyChecking=0FF)

10. Final considerations

Once each model is built in Abaqus scripting file (*.py), the following
steps must be followed:

1. The Abaqus scripting file (*.py) is run to obtain the Abaqus input file
(*.inp) with the following instruction:

abagqus cae noGUI=NAME FILE.py

where NAME_FILE is CORNEA or ANILLO _G.

2. Once the Abaqus input file (*.inp) has been obtained, a Matlab script
aim to extract in separate files the nodes, the elements and the sets of
the model to continue with the process.

Finally, the expansion tool used to perform the methodology based
on the displacement (Chapter 4) is also built automatically following the
same process as the generic ring (see the Sections 3.2.1 and 5.2.1 of this
Appendix). The geometry of the expansion tool is also elliptical, but with an
elliptical hole in its interior. As the program is completely parametric, only
the dimension of the ellipse must be introduced.
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1. Additional tables

The Tables IV.1, IV.2, IV.3, and 1V.4 show the different geometric details
of clinical scenarios addressed in Chapter 5.

Table IV.1: Geometrical details Continuous ring in intrastromal pocket (in Figure 5.1.d)
for continuous ring in pocket. [analogous to MyoRing]
Zpocket: iNtrastromal depth of in- Scenarios  Zpocket (%) @rrs (mm)  Hppyoring (km) V (mm?®) Real V (mm?)
sertion (%); ¢irs: manufactur- 3 75 6 150 1.11 1.01
ing diameter of intrastromal ring; 1to5and 7 75 6 200 1.48 1.30
HwmyoRing (¢m): size of intrastro- 3 75 6 205 1.66 145
mal ring; V (mm®): volume of 3and 6 75 6 300 292 1.89
generic intrastromal ring; Real ' ’
V (mm?®): volume of analogous 2 a121d 7 Zg ; 588 1?2 122
MyoRing. : .
yoring 1 60 6 200 1.48 1.52
1 55 6 200 1.48 1.30
Table IV.2:  Geometrical de- Continuous ring in intrastromal tunnel (in Figure 5.1.c)
tails for continuous ring in tun- [analogous to 355°Keraring]
nel. Zynnel: intrastromal depth of Scenarios  Zpunnet (%) @rrs (mm) Hgpipse (pm)  V (mm?3) Real V (mm?)
insertion (0/0); ‘PIRS: manufactur- 3 75 6 150 1.09 1.12
ing diameter of intrastromal ring; 1to5and 7 75 6 200 146 1.49
HEelipse (#m): size of intrastro- 3 75 6 295 164 167
mal ring; V (mm®): volume of ) :
generic intrastromal ring; Real 3and 6 75 6 300 219 223
V (mm?3): volume of analogous 2and 7 75 5 200 1.22 1.24
355° Keraring. 2 75 7 200 1.70 1.73
1 60 6 200 1.46 1.49
1 55 6 200 1.46 1.49
Table 1V.3: Geometrical de- Ring segments in intrastromal tunnel (in Figure 5.1.b)
tails for ring segments in tun- [analogous to Intacs/Ferrara]
nel. zyynnel: intrastromal depth of Scenarios  Zrunnel (%) @irs (mm) Hppipse (#m)  V (mm®) Real V (mm®)
insertion (%); ¢irs: manufactur- 3 75 6 150 0.92 0.94
ing diameter of intrastromal ring; 1to5and 7 75 6 200 123 1.26
HEelipse (#m): size of intrastro- 3 75 6 295 1.39 1.41
mal ring; V (mm?3): volume of ’
generic intrastromal ring; Real 3and 6 75 6 300 1.85 1.88
V (mm®): volume of analogous 2and 7 75 5 200 1.03 1.05
150° Ferrara. 2 75 7 200 144 1.47
1 60 6 200 1.23 1.26
1 55 6 200 1.23 1.26
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Case P(SFCpaxer)>2 p(SFC3p)>2 Min. SFC Mean SFC Max. SFC
(R=6mm) (R=6mm) (R<1mm) (R<1mm) (R<1mm)
HM 2.10% 3.32% 0.89 1.11 1.25
KCys 1.99% 2.93% 0.85 1.13 1.44
ICRP ’
& KCy 1.91% 2.70% 0.93 1.13 1.37
,,,,,,,,,, KCis |  188%  275% 095 13 18
HM 0.03% 71.14% 1.01 1.08 1.15
ICRT KCys 0.01% 68.73% 1.02 1.07 1.14
& KCy 0.01% 69.25% 1.03 1.07 1.12
KCis 0.00% 69.95% 1.03 1.07 1.12

2. Additional results

gIRS (analog. to 150-degree Ferrara/Intacs)

High Myopia - Ring cross-section

P(SFC3p=2.0) = 17.59 %
p(SFC3p=1.50) = 43.19 %
Min. SFC3p (R <1.0) = 1.00
Max. SFC3p (R <1.0) = 1.03
Mean SFCsp (R =1.0) = 1.01

Relaxation
Vo

B g
0.00.20.40.60.81.01.214161.82.0

High Myopia - Corneal cross-section (no ring)

p(SFC3p=2.0) = 0.00 %
p(SFC3p=1.50) = 1.74 %
Min. SFC3p (R=1.0) =1.00

Max. SFC3p (R=1.0) = 1.02
Mean SFC3p (R=1.0) = 1.00

Traction
Vo

Table IV.4: Corneal strength-
ening analysis.. Probability
of corneal stiffening for Daxer
(SFC = aBefore/aAfter) and
new probability of SFCgp for the
full cornea (R = 6 mm); min-
imum, average and maximum
corneal strengthening factor at
the corneal center (R < 1 mm)
for generic intrastromal contin-
uous rings in tunnel/pocket (gl-
CRT/gICRP). High myopia (HM)
and three keratoconus are anal-
ysed (KC).

Figure IV.1: Spatial distribu-
tion of corneal strengthening
factor (SFC3p). SFCjzp after
implantation of generic intrastro-
mal ring segment (gIRS). The
mechanical strengthening in the
highest curvature cross—section
(left) is similar to the one of
the generic intrastromal continu-
ous ring segment (gICRT). The
mechanical strengthening in the
lowest curvature cross—section
(right) with no ring does not
present a change in stresses but
in the very surroundings of the
tunnel.






Appendix V:
Abbreviations

Apendix which show the overall abbreviations which have been used in
the current Thesis. All abbreviations is in alphabetic order.
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ACK: Average Central Keratometry.

AL: Axial Length.

AS—-OCT: Anterior Segment Optical Coherence Tomography.
ATR: Against the rule.

BCVA: Best-Corrected Visual Acuity.

CA: Anterior Cornea.

CAS: Central Phenotype Symmetrical Astigmatism.
CCT: Central Corneal Thickness.

CHP: Central Hyperprolate.

CP: Posterior Cornea.

CRF: Corneal Resistance Factor.

CVS: Computer Vision Syndrome.

CXL: Cross—Linking Treatment.

Cyl: Cylindrical Power, in diopters (D).

DES: Digital Eye Strains.

DNA: Deoxyribonucleic Acid.

d.o.f: Degrees of Freedom.

FDA: Food and Drug Administration.

FE: Finite Element.

FEM: Finite Element Method.

G.A.G: Glycosaminoglycans.

gICRP: Generic Intrastromal Continuous Ring implant in a Pocket.

gICRT: Generic Intrastromal Continuous Ring implant in a Tunnel.
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dgIRS: Generic Intrastromal Ring Segment.
hDRI: Horizontal Distance of Ring Insertion.
HOA: High Order Aberrations.

ICR: Intrastromal Continuous Ring.

ICRS: Intrastromal Corneal Ring Segment.
IF: Impact Factor.

iFEM: Inverse Finite Element Method.

IOP: Intraocular Pressure.

IVCM: In-Vivo Confocal Microscopy.

JCR: Journal Citation Report.

KC: Keratoconus.

Kmean: Mean Keratometry.

LASIK: Laser in—situ Keratomileusis.

LCA: Leber’s Congenital Amaurosis.

LHS: Latin Hypercube Sampling.

LOA: Low Order Aberrations.

MHC: Myeloid—derived major Histocompatibility Complex.
MRSE: Mean Refraction Spherical Equivalent.
OCT: Optical Coherence Tomography.

ORA: Ocular Response Analyzer.

OZ: Optical Zone.

PCC: Paracentral phenotype with Coinciding topographic and Comatose axes.

PCnC: Paracentral phenotype with non—Coinciding topographic and Comatose axes.
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PCP: Paracentral phenotype with Perpendicular topographic and Comatose axes.
PCT: Peripheral Corneal Thickness.
PK: Penetrating Keratoplasty.
PMMA: Polymethilmethacrylate.
PS: Patient—Specific.

PRK: Photorefractive Keratectomy
Q: Mean Cornea Asphericity.

RE: Right Eye.

RGP: Rigid Gas Permeable.

sDI: Stromal Depth insertion.

SE: Spherical Equivalent.

SEF: Strain Energy Function.

SFC: Corneal Strengthening Factor.
SIM-K: Steepest corneal meridian.
SK: Severe Keratoconus.

SO: Left Eye.

Sph: Spherical Power, in diopters (D).
SPS: Scotopic Pupil Size.

UCVA: Uncorrected Visual Acuity.
UVA: UltraViolet Ray.

WHO: World Healthy Organization.
WTR: With The Rule.

¢1crs: Diameter of Cross—Section.
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