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Abstract

The present study is quantifying the effect of corneal parameters(including corneal geometry
and material stiffness) with potential considerable influence on intraocular pressure (IOP) and
corneal material estimation using finite element method to develop biomechanically-
corrected IOP algorithm and biomechanically estimated material algorithm on the non-
contact tonometry to estimate higher accurate IOP (with a reduced effect of CCT and age)
compared to device’s IOP measurement and the in-vivo corneal material behaviour (with a

reduced effect of IOP).

The CorVis-ST (Oculus, Wetzlar, Germany) measures IOP using high-speed Scheimpflug
technology, which can record the deformation of the cornea during the air pressure
application and use this information to define the relationship between the true IOP and
dynamic response parameters obtained from CorVis-ST. Hence, in this study the OCULUS
CorVis-ST was used for the development of a precise method for estimation of intraocular

pressure and corneal material behaviour.

Numerical analysis using the finite element method (FEM) had been adapted to represent the
operation of the IOP measurement by using the CorVis-ST. The analysis considered the
important biomechanical parameters of the eye including IOP, central corneal thickness (CCT),
corneal geometry (central radius of curvature, Rc; and anterior corneal asphericity, P), and
corneal material behaviour. The numerical simulation results demonstrated higher association
of I0P predictions with the first applanation pressure (AP1) rather than CCT and corneal
material stiffness (related to age), and higher association of corneal material properties with

the ratio between corneal displacement and AP1. The numerical simulation results for healthy

XXI



and Keratoconic eyes were used as a base to develop algorithms for estimating the true 10P
with a reduced effect of CCT and corneal material stiffness, and corneal material behaviour

(stress-strain relationship) with a reduced effect of the true IOP.

Biomechanically-corrected I0P (blIOP) algorithms for both healthy and keratoconic eyes were
validated in clinical data (including healthy, KC, and refractive surgery data) with the aim of
significantly reducing IOP dependence on CCT and corneal biomechanics and in experimental

ex-vivo human eye tests to assess the accuracy of the blOP algorithms.

The results of experimental ex-vivo human eye tests showed that bIOP had a higher accuracy
than the IOP measurement using the CorVis-ST and exhibited no significant correlation with

CCT (p=0.756), whereas CVS-IOP was significantly correlated with CCT (p < 0.001).

The correlation results in healthy datasets with no pathological conditions were tested against
a large clinical data set involving 634 patients from the Smile Eyes Clinics, Germany, 1047
patients from the Humanitas Clinical and Research Center, Italy, and 912 patients from the
Wenzhou Medical University, China. It was found to reduce the dependency of IOP on both

CCT and age, significantly.

To compare the blIOP algorithm provided by Corvis-ST with the Goldmann Applanation
Tonometry IOP (GAT-IOP) and CVS-IOP measurements before and after laser treatment in 14
situ keratomileusis (LASIK) patients and 22 refractive lenticule extraction small-incision
lenticule extraction (SMILE) patients, the comparison result showed that GAT-IOP and CVS-IOP
showed significant correlation with CCT in both pre-and post-operative (p<0.05). In contrast
to GAT-IOP and CVS-IOP, no significant correlation was found between blOP and CCT in both

group(p>0.05), In addition, no significant difference in bIOP was found between pre- and post-
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operative data (0.1+2.1 mmHg, p=0.80 for LASIK and 0.8+1.8 mm Hg, P=0.273 for SMILE),
whereas there were significant decreases after surgeries in GAT-IOP (-3.2+3.4 mmHg and -
3.2+2.1 mmHg, respectively; both p<0.001) and CVS-IOP (-3.7+2.1 mmHg and -3.3+2.0 mmHg,

respectively, both p<0.001) compared with preoperative readings.

In terms of the validations of bIOP algorithm for KC eyes (blOPkc), the blOPkc algorithm was
validated using clinical data with 722 eyes of 722 participants (Dataset 1 included 164 healthy
and 151 KC eyes from the Vincieye Clinic in Milan, Italy, while Dataset 2 originated from the
Rio de Janeiro Corneal Tomography and Biomechanics Study Group — Rio de Janeiro, Brazil |,
with 205 healthy and 202 KC eyes). Predictions of bIOPkc were assessed in the KC clinical data
and compared with the previously developed bIOP algorithm predictions obtained for healthy
eyes. The main outcome of the study was the absence of a significant difference (p> 0.05) in
the values of IOP between healthy and KC patients, using the blOP and blOPy. algorithms,
while there was a significant difference with CVS-IOP (p< 0.001) for both. Further, blOPy.

predictions were significantly less influenced by both corneal thickness and age than CVS -IOP.

The corneal material estimation algorithm produced a material stiffness parameter, B, which
was validated using the inverse analysis based on the clinical data. In both healthy and KC eyes
the B predictions provided high accuracy compared with the inverse analysis. Moreover, in
healthy eyes, the result showed no significant correlation with both CCT (p>0.05) and IOP
(p>0.05) but was significantly correlated with age (p<0.01). The stiffness estimates and their
variation with age were also significantly correlated (p<0.01) with stiffness estimates obtained
in earlier studies on ex-vivo human tissue [1]. In addition, in KC eyes the 3 predications remain

at approximately 80% of the normal cornea’s level.
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All developed algorithms for IOP and corneal material behaviour estimation demonstrated
great success in significantly on providing close estimates of true IOP and corneal material
behaviour and reducing the effect of corneal thickness and material stiffness on IOP

measurement and the effect of IOP on the corneal material estimation.

Related to this thesis, the author has either primarily or secondarily authored the following

related journal articles which are included in this thesis in modified forms:
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Chapter One: Introduction

Chapter One

Introduction

1.1 Preface

HE EYE IS THE WINDOW OF THE SOUL, THE MOUTH, THE DOOR. The intellect, the

will, is seen in the eye; the emotions, sensibilities, and affections, in the mouth.

The animals look for the man's intentions right into his eyes. Even a rat, when you
hunt him and bring him to bay, looks you in the eye.

-Hiram Powers, American sculptor (1805-1873)

The human senses are our means of contact with the environment. The human brain
combines neurons to enable our senses — seeing, hearing, smelling, tasting and touching.
Moreover, 60% functioning of the brain is involved in vision. This means that the eyes are our
most important sense organs. However, there is no indication of vision damage before vision

loss. Consequently, maintaining healthy eyesight is a primary necessity.

Intraocular pressure (IOP) represents a fundamental factor of ocular health and disease [2].
This pressure is created by the continual renewal of fluids within the eye [3]. The normal IOP
varies from person to person. The normal range of IOP for a person is 10 to 20 mmHg
(millimetres of mercury), and this pressure maintains the normal conditions of the eye to
present a refractive optical effect [4-6]. When the IOP level is beyond the normal range for a

specific individual, the risk of vision loss increases [7, 8]. In short, IOP measurement is
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important in order to evaluate ocular health.

The history of the tonometry can be traced back to 1622 when intraocular pressure was
estimated using finger pressure [9]. For centuries, this method had remained the only way to
evaluate I0OP until 1826. The technology of intraocular pressure measurement was first
witnessed when ocular tension was digitally estimated during the 1826 meeting of the British
Medical Association. Since then, the technology applied to estimate IOP has developed
tremendously [10]. Although the first mechanical IOP measurement concept was formed in
the early 1860s, this concept was not transformed into a tool. In 1867, the first applanation
tonometry (similar to Figure 1-1) was developed by Adolf Weber. The applanation tonometry
had faced much scepticism for twenty years, its value was rediscovered by Alexei Maklakoff
(Figure 1-1) [10, 11]. In spite of this, in the early twentieth century, digital palpation tonometry

had become the “gold standard” for ophthalmologists [12].
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Figure 1-1 Applanation tonometry by Alexei Maklakoff, circa 1885 [10]

After nearly a decade, the first commonly used mechanical tonometry was developed by

Hjalmar Schiotz, and this device became the new gold standard [12]. After its introduction in
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the 1950s, the Goldmann Applanation Tonometry (GAT) (Figure 1-2, A) was widely accepted
and remains the new reference standard in tonometry [13]. This technique follows the Imbert-
Fick law, which is based on the relationship between intraocular pressure, the outlet force,
and the applanation area. This tonometry makes a static measurement of the pressure on the
cornea and attempts to avoid the effect of the bending resistance of the cornea. As it is a
contact procedure, it requires a clinical license and training and application of a topical
anaesthetic on the surface of the cornea [11]. For the past fifty years, the GAT has been the
clinical gold standard in IOP measurement. Since then, tools for this kind of contact tonometry
are being developed constantly, such as Perkins and TonoPen [10, 11] (Figure 1-2, B and C).

Moreover, a better understanding of intraocular pressure has been enabled in the clinical field.

g

Figure 1-2 Contact tonometry. (A) Goldmann Applanation Tonometry; (B) Perkins Tonometry

(a portable version of GAT); (C) Tono-Pen Tonometry, Avia

With the accelerated development in science and technology, there was a prerequisite that
performing tonometry with any device was not permitted without a medical degree, as there

was a need to apply topical anaesthesia. Under these restrictive conditions, the non-contact
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applanation tonometry (NCT) was a timely invention by Dr Bernard Grolman, and this
tonometry allowed optometrists to measure IOP without anaesthesia [10, 11]. The main
characteristic of the NCT entails measuring IOP without direct contact. It applies an air puff
that replaces the contact found in the applanation tonometry. Drawing a comparison with
contact tonometry, the advantages and disadvantages of both methods are presented in Table
1-1. The non-contact applanation tonometry (NCT) is easier to use and does not require a
higher skill level. Due to these strengths, non-medical staff can use it easily. When everything

considered, it seems that NCT has a high potential in the future.

Table 1-1 Comparison of advantages and disadvantages between contact applanation

tonometry and non-contact applanation tonometry

CONTACT APPLANATION NON-CONTACT APPLANATION
CLASSIFICATION TONOMETRY TONOMETRY
ADVANTAGES () Easytouse () Quick process
(1) Cheap (I1) No anaesthetic required
(1) Comfortable (1) No clinical license required
(apart from anaesthetic) (IV) No contact with the cornea
(IV) Quick process and low infection rate
DISADVANTAGES | (I) Need for anaesthetic () Uncomfortable for some
(I Need for a clinical license patients
(1) Contact with cornea (I Expensive to perform
(slight chance of abrasion and | (Ill) Difficult to obtain a
high Infection rate) reading on scarred corneas

According to the World Health Organization’s (WHO) global data pertaining to blindness, over
the last decade, Glaucoma has remained among the top 10 leading causes of visual
impairment globally [14-16]. Worldwide, there are 67 million people affected with Glaucoma,
and 10% of them are bilaterally blind [17, 18]. Owing to the rapidly ageing population, the
population with Glaucoma will increase by more than 50% by 2020 [18, 19], and this will also

cost over $1.5 billion in medical expenses in the United States [17]. In addition, there are a
4
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few reviews in previous publications pertaining to the risk to develop Glaucoma, including
high and age advanced [7, 8, 16, 17, 19]. Comparing both IOP-related and age-related causes,
IOP is reversible but age is not. In other words, it is possible for IOP management to be
executed. Therefore, the current management strategies of Glaucoma are based on
maintaining a normal IOP range, as it is the only proven method to slow the progression of
Glaucomatous damage [20, 21]. Above all, measuring IOP through tonometry accurately is

imperative.

The accuracy of IOP measurement using a contact applanation tonometer, such as the GAT, is
potentially affected by several error sources, including variations in biomechanical parameters
such as corneal stiffness, which is dominated by the central corneal thickness (CCT), corneal
central anterior radius of curvature (Rc), hydration, ectasia, and age [5, 12]. Since 1957, the
main error sources of GAT has been clearly indicated with regard to the variation of CCT [22];
the numerous studies related to it have been the most persuasive argument for the CCT effect
[23-27]. In terms of the effect of corneal curvature, there is no significant evidence to
demonstrate the correspondence of the changes in IOP and the variation in Rc; It has been
found that the IOP remains below 1.14 mmHg per 1 mm change in Rc [27, 28]. Further, the
error sources of the contact applanation tonometry have been found to be correlated with
the material properties of corneal tissue. The effect of material properties of corneal tissue
on the GAT was found to be significant [25, 29, 30], but the current inability to perform corneal
material properties measurement in vivo has limited the practical value of this finding [10].
However, besides age, it has also been found that corneal material properties are affected by
disease (such as keratoconus), swelling [31, 32], ectasia [33], wound healing [34], and cross-

linking processes [35-37].
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Moreover, the technology of the NCT has evolved from the contact applanation tonometer.
The NCT has substituted the air-puff pressure in place of the mechanical force to indent their
cornea. Similar to the contact tonometer, the accuracy of IOP measurement by the NCT was
affected by corneal stiffness parameters, and in particular corneal thickness, and mechanical
properties [38-45]. Moreover, it indicated that no significant effect of R on IOP as it was in the
contact applanation tonometer [46]. Conversely, the new NCT with image analysis, such as
that of the Ocular Response Analyzer (ORA) or Ocular CorVis ST, provides more deformation
parameters related to the biomechanical properties of the cornea [32]. Therefore, it means
that the NCT has a higher potential to develop a method to consider the effect of the cornea’s

material properties in vivo.

Recently, OCULUS Optikgerate, Inc. (Wetzlar, Germany) developed the CorVis-ST tonometry
(CVS) as illustrated in Figure 1-3. It is easy to use and does not require a high skill level.
Considering these strengths, non-medical staff can operate it easily. This device is
characterised with high-speed Scheimpflug technology, which facilitates the measurement of
IOP. The image captured by the CorVis-ST can record the deformation of the cornea during
the air pressure application and use this information to define the relationship between the
IOP and the air-puff pressure. The wealth of information on corneal deformation under I0OP
makes, the OCULUS CorVis-ST possibly the best option for the development of an accurate
method for estimation of intraocular pressure and corneal material behaviour. However, this
tonometer would be expected to suffer from the same error sources as other tonometry and
research are needed to develop accurate estimations of IOP and corneal material behaviour.
If successful, better IOP measurements can lead to better glaucoma management and in-vivo

estimation of corneal material behaviour will benefit clinical applications, such as contact lens
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design, refractive surgery planning, and selection of corneal implants.

w7 ocuLus W/
Corvis® ST

Figure 1-3 CorVis-ST developed by OCULUS Optikgerate, Inc. (Wetzlar, Germany)

Historically, corneal stiffness measurements were based on ex-vivo tensile testing. The tensile
testing of corneal tissue has been accomplished by cutting strips of corneal tissue from a
donor’s eye and applying a tensile load while measuring the corresponding stretch of the
tissue [37, 47-51]. Based on this relationship between the load and stretch, the stress-strain
curve can be defined. The slope of the stress-strain curve is defined as the tangent modulus.
When the material is stiffer, the slope is greater. This also can be interpreted as a stiffer
material providing greater resistance to deformation than a soft material. However, the
evaluation is more complex in a cornea due to its viscoelastic behaviour, in which the slope of
the stress-strain relationship is a function of the strain rate or stress rate, such that higher
levels of strain rate are associated with larger tangent modulus [52, 53]. Based on the principle
of tensile testing, the challenge in transferring biomechanical property estimation to the in-
vivo condition entails understanding of the relationship between IOP and corneal material

stiffness in tonometry. While the corneal tangent modulus is the same, there are three



Chapter One: Introduction

possible situations, that produce the same IOP measurements; low IOP with stiffer corneal
tissue, high 10P with soft corneal tissue, and intermediate IOP with intermediate corneal
tissue. In addition, IOP is a factor in the complex assessment of corneal biomechanics, since
the corneal tangent modulus increases as IOP increases. As a result, these two factors of IOP
and corneal stiffness are difficult to separable [54]. As mentioned above, the challenge faced
during the estimation of IOP and corneal material behaviour lies in separating the effects

between IOP and corneal material stiffness.

1.2 Scope of the Study

Advances in tonometer technology, clinical optics biomechanical, biochemical and computer
engineering have enabled a better understanding of the eye and the process of vision. Building
on this understanding, the main aim of this thesis is to develop a procedure that is suitable
for the non-contact tonometer to achieve accurate estimations of IOP and corneal material

behaviour.

The accuracy of IOP measurement is of great importance in glaucoma management. In the
past, most research focused on the analysis of clinical data in the development of IOP
correction algorithms. Unfortunately, this method has failed to consider all the error sources
combined. To address this problem, numerical analysis using the finite element method (FEM)
is used as it assesses the effect of different parameters, such as eye geometry and
biomechanical properties in the development of IOP correction algorithms and estimating
corneal material behaviour. These algorithms would then require validation using significant

clinical data.
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The Ocular CorVis-ST has been selected in this project due to the availability of corneal
deformation information under the effect of air pressure. The purpose of more accurate
estimation of the IOP and corneal material behaviour is to improve glaucoma management,
which can decrease the probability of vision loss and improve clinical applications, such as

contact lens design, refractive surgery planning and selection of corneal implants.

1.3 Aim and Objectives

The aim of this research is to develop algorithms for accurate estimations of IOP and corneal
material behaviour (stress-strain relationship) using a non-contact method. This study will
perform numerical analysis employing FEM and validation against clinical data to correct IOP
measurements for reducing the effects of age (related to corneal stiffness) and CCT, and to

estimate the corneal material behaviour in vivo.

This aim will be achieved through the following objectives:

e Develop an IOP procedure of the non-contact method for the estimation of intraocular
pressure and corneal material behaviour;

e Develop arepresentative model of the eye’s structure and the air puff produced by a non-
contact instrument;

e Conduct a parametric study to relate actual IOP and the material stiffness to corneal
deformation parameters and corneal IOP measurements;

e Develop an algorithm for IOP predications, with a reduced effect of corneal parameters
and material stiffness;

e Develop an algorithm for in-vivo material behaviour estimation, with a reduced effect of

IOP;
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Validation of both algorithms utilising clinical data obtained for healthy and keratoconus
eyes, and those performed laser surgery;

Validation of IOP algorithm through experimental testing of ex-vivo human eye globes;
Validation of the material behaviour algorithm through applying an inverse analysis of

corneal deformation data obtained in-vivo by the CorVis-ST device.

1.4 Thesis Structure

This thesis aims to provide a clear overview of the research programme, including its aim and

objectives, methods, major results, and main conclusions. The thesis has been organised as

follows:

Chapter 1 introduces the background of this research, the scope of the study, and a brief
outline of the aim and objectives of this study.

Chapter 2 summarises previously conducted research pertaining to the human eye and its
diseases such as glaucoma and keratoconus; the material behaviour of the eye; error
sources in IOP measurement by CVS and the differences between CVS and GAT; and the
material behaviour changes caused by clinical treatment.

Chapter 3 outlines the research methodologies adopted in this study, including numerical
simulation of the CVS procedure, a parametric study of CCT, material effect, and the
validation using inflation tests and inverse analysis of in-vivo results.

Chapter 4 presents the results of IOP and material behaviour algorithms for healthy and
keratoconic eyes. The results are presented in the same logical order as in the
methodology. The results of corrected IOP and material algorithms tested in clinical data

and compared with uncorrected IOP readings of the CorVis-ST (CVS-IOP) and Goldmann
10
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Applanation Tonometry (GAT). The validation using inflation tests and inverse analysis of
in-vivo result is then presented.
Chapter 5 provides an overall discussion of the study and its main conclusions, in addition

to the limitations and several recommendations for future work.

11
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Chapter Two

Literature Review

2.1 Introduction

The human eye is the window to the soul and is also one of the foremost means to retrieve
the information from the world. It has been identified as one of the most complex organs in
our body [55]. Therefore, with respect to medicine, the testing and treatment tools used for

the eye must be accurate and of high quality.

There is a large volume of literature pertaining to eye structures and biomechanics (especially
IOP and eye material properties), representation analysis of corneal topography under healthy
and diseased conditions (especially KC), and study contact and non-contact tonometry. This
body of previous research aimed to better understand the functionality of human eye
components in addition to their structure and biomechanical properties, to improve disease

management and treatments.

This chapter focuses on the eye’s structures (including eye geometry and material properties)
and intraocular pressure. Subsequently, studies related to the causes of Glaucoma and
Keratoconus are reviewed and discussed. After establishing the background to tonometry,
there is a brief review of the existing pool of knowledge on tonometry and its existing error
sources effects. In the last part of this chapter, previous studies concerning eye material

behaviour measurement are reviewed, with its achievements and limitations outlined.

12
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2.2 Structure of the Eye

According to the brief induction of the importance of IOP in Chapter 1, understanding the
various structures of an eye is helpful to improve our understanding of diseases such as
glaucoma. This section summarises the main anatomical components of the human eye, its
geometry, and material properties. Due to the methodology based on numerical methods, the
geometry and material behaviour of the eye are important factors to be included in the base

of the model.

2.2.1 Eye Geometry

The human eye has a highly complex system, however, in this research, the attention will be
given to components relevant to the study. The eye comprises the cornea, limbus, and sclera

(Figure 2-1).
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Figure 2-1 Horizontal section of the eye with optic nerve [3]
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The sclera forms five-sixths of the eye at the posterior and is not a perfect sphere (Figure 2-1)
[56-58]. The average thickness of the sclera in adults is approximately 1 mm thick at the
posterior, thinning to 0.6 mm at the equator [56, 58], and the thickness of the thinnest part
located immediately posterior to the tendinous insertions of the recti muscles is 0.3 mm [3].
At the corneoscleral junction, the sclera is 0.8 mm thick [56-58]. In other words, the thickness
of the sclera in adults has been described to decrease from approximately 500-600 um at the
limbus to 400-500 um at the equator and then increasing to 1000 pum near the optic nerve in
the posterior region [56-58]. There are six muscles around the limbus linking the sclera,
namely, the superior rectus muscle, medial rectus muscle, inferior rectus muscle, lateral
rectus muscle, inferior oblique muscle and superior oblique muscle. The distance from the
medial rectus muscle to the limbus is 5.5 mm; from the inferior rectus muscle, 6.5 mm; from

the lateral rectus muscle, 6.9 mm; and from the superior rectus muscle, 7.7 mm (Figure 2-2)

3]

Superior rectus muscle
inferior oblique muscle

Anterior ciliary
artery

Medial rectus
muscle

Lateral rectus
muscle

superior oblique muscle
Inferior rectus muscle

Figure 2-2 Schematic representation of eye showing rectus muscle locations [3]

The cornea forms the anterior one-sixth of the eye (Figure 2-2). The shape of the cornea from

a front view is almost elliptical. The approximate measurements are 10.6 mm vertically and
14
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11.7 mm horizontally, but the cornea is circular at the posterior, which measures
approximately 11.7 mm in diameter. Moreover, the cornea is the thinnest at the centre
measuring about 0.5—-0.6 mm and thicker at the periphery, measuring nearly 0.7 mm [59]. The
radii of curvature at the anterior and posterior surfaces of the cornea are approximately 7.7
mm and 6.9 mm respectively [3]. In conclusion, the radius of curvature of the cornea surface
is changeable, but it should be highlighted that the curvature in the vertical plane is more than

that in the horizontal plane in a healthy eye.

In general, the geometry of the eye is a combination of the corneal, limbal, and scleral
geometry. The eye geometry includes anterior corneal central radius (Rc), anterior corneal
shape factor (p, a measure of corneal asphericity), central corneal thickness (CCT), peripheral
corneal thickness (PCT), limbal radius (RI), scleral radius (Rs), equatorial scleral thickness, the
ratio of the equatorial scleral thickness, posterior scleral thickness, and the ratio of the
posterior scleral thickness. According to the research presented above, the geometry of a

healthy eye has been organised in Table 2-1.

Table 2-1 Details of eye parameters on the clinical measurement data

Clinical Data (Mean + SD)

Anterior Corneal Central Radlius (Rc) 7.79 £0.27 mm [59-62]
Anterior Corneal Shape Factor (p) 0.82 +0.18 [59, 61, 62]
Central Corneal Thickness (CCT) 0.55 + 0.036 mm [63-65]
Limbal Radjus (Rl) 5-6.5 mm [66-68]

Scleral Radlus (Rs) around 11-18 mm [66]
Peripheral Corneal Thickness (PCT) CCT + 0.15 mm [63-65, 69]
Equatorial Scleral Thickness 0.53 +0.14 mm [57, 58]
Ratio of Equatorial Scleral Thickness 0.8 [70]

Posterior Scleral Thickness 0.99 + 0.18 mm [57, 58]
Ratio of Posterior Scleral Thickness 1.2 [70]

15
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2.3 Eye Tissue Biomechanics

Knowledge regarding the eye material behaviour is vital for predicting responses of eye globes
to the effect of intraocular pressure, measurement of intraocular pressure, refractive surgery,
and the action of extra-ocular muscles. According to the eye structure, the eye can be divided

into three parts, namely the cornea, limbus, and sclera.

2.3.1 Corneal Material Behaviour

There are a number of research studies pertaining to the mechanical properties of the eye.
Many scholars have begun studying the cornea, attempting to discover and characterise the
mechanical properties of the cornea. Therefore, the biomechanics of the cornea are tested
applying three methods, which are tension [37, 47-51], inflation [53, 71-73], and compression
test [74, 75], to measure the relationship between displacement and loading. In the
compression test, it has been found that cornea material behaviour can be considered as
incompressible in ex-vivo and in-vivo test [76-78]. These three test methods are carried out in
ex-vivo conditions. As a result, most clinical tests are based on these three measurement
methods, and there will be certain limitations on their application. In addition, there is
substantial clinical evidence, such as results from surgery to describe the cornea biomechanics
[79-81]. A number of studies apply finite element models (FEM) for various corneal geometry
and material properties to simulate clinical treatment conditions, such as IOP measurement
and surgery. Based on the studies presented above, three different hypotheses have been
posited regarding cornea material behaviour, which related to homogeneous linear elastic [82,
83], nonlinear hyper-elastic [71, 79, 84, 85], and nonhomogeneous membrane [86]. Through

the tension and inflation test, it has been noted that the approximate realism of cornea
16
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material behaviour is nonlinear hyper-elastic. In addition, the nonhomogeneous membrane
material behaviour and viscoelasticity material behaviour both are difficult to measurement
in the experimental test. So, these studies on corneal material behaviour are based on
nonlinear hyper-elasticity in the tension and inflation test to apply in the FEM. This corneal
material behaviour is more forced on the force loading than the force unloading process. Thus,
this research assumed the corneal material behaviour to be a nonlinear hyper-elastic and the

loading process during the measurement process is more serious in this research.

In this thesis, the characterisation of corneal material is based on Elsheikh’s research, which
considers the characterisation of age-related variation in corneal biomechanical properties
using both uniaxial tensile test and inflation test [1]. Corneal material property has a
significant correlation with age [1]. Regarding the cornea, a stress-strain relationship of the

form for individuals above 30 years can take the form:

0= (35x107 age? + 1.4x10° age + 1.03x103)x[e(0-0013 age” +0.013age +99) e _ 1] (2,1)[1]

where o is the stress in MPa, € is the strain, and the age here is presented in years.

According to Equation 2.1, the stress-strain relationship of the corneal material properties
presents a nonlinear hyper-elastic behaviour in the uniaxial form (Figure 2-3). With an increase
in age, corneal stiffness increases. This result clearly shows that the stiffening effect is

associated with an increase in age (Figure 2-4).
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Figure 2-3 Stress—strain relationships of corneal material with different Ages [1]
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Figure 2-4Tangential modulus-strain relationships of corneal material with different Ages [1]

2.3.2 Sclera Material Behaviour

In the eye’s structure, the sclera is disproportionately larger than the cornea. The sclera is the
tough, fibrous tissue that extends from the cornea to the optic nerve. It provides protection

to the ocular components, resistance against the effects of intraocular pressure and external
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trauma, and a connection with extraocular muscle insertions [87]. However, unlike the corneal

structure, the sclera is opaque due to the irregularity of its collagen fibres [88].

For the prediction of ocular responses, the existing knowledge pertaining to the scleral
material is indispensable and it is also important to numerical simulations. Numerical
simulation of the globe is utilised to determine the distribution of stresses that are a result of
loads and deformations. However, in the existing research on the eye’s material properties,
the major portion of the numerical simulation research has focused on the cornea [89-92] and
the lamina cribrosa [93-96]. On the other hand, other studies have the scleral element
incorporated into quantitative models developed for the eyes, but this was done assuming a
uniform scleral thickness and homogenous material behaviour [84, 97]. In addition, the scleral
material behaviour is characterised by changes and nonlinear hyper-elasticity in different
locations, including the anterior, equatorial, and posterior region (Figure 2-5) [70]. The
stiffness of the stress-strain material behaviour of the sclera decreases from the anterior to
posterior. Moreover, the scleral material behaviour is also related to age level, similar to the

corneal material behaviour [70].

According to these results, scleral material behaviour at the anterior region is considerably
stiffer than the other regions; and scleral stiffness decreases from the anterior region to the
posterior region. The number of scleral material properties considered in the numerical
simulation concerns three regions: one is the region of contact with the cornea and sclera,
namely, the limbus; the other two parts comprise the equatorial and posterior regions.
Nevertheless, it is difficult to define the exact position of the limbus is more problematic from

both a clinical and histological perspective. Hence, in the FEM, the limbal material property,
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the anterior scleral material property, and posterior scleral material property were based on

the experiment test in the anterior region, equatorial region and posterior region [70].
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Figure 2-5 Strain rate effects on average stress-strain behaviour of scleral tissue in (a)

anterior, (b) equatorial and (c) posterior region [70]

2.3.3 Ogden’s Form of Nonlinear Hyper-Elastic Material Behaviour

The Ogden material model is suitable for the hyper-elastic material and is used to describe
the non-linear stress—strain behaviour of complex material behaviour as rubbers, and
biological tissue. The non-linear material behaviour has several tangent moduli at the various

strains (Figure 2-6 (A)). Thus, the tangent modulus can only present a characteristic stiffness
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of stress—strain behaviour in one situation. There is also a limitation to tangent modulus,
different non-linear material behaviours can have the same tangent modulus at the same
strain or stress point (Figure 2-6 (B)). The pieces of evidence for these conditions show that
the hyper-elastic material behaviour is not suitable to compare the stiffness using the tangent
modulus. However, in terms of the comprehensive considerations of the characteristics of the

hyperelastic material, the Ogden material model can better describe the complete material

behaviour.
A B
A A : /
& &a /Et,

Eta1

A2
- Strain > Strain

Figure 2-6 Tangent modulus of material with non-linear behaviour: (A) Tangent modulus
varies with stress; (B) Tangent modulus in constant one zone of linear behaviour at different

non-linear material behaviour.

In sections 2.3.1 and 2.3.2, it has been outlined that the eye material behaviour is nonlinear
hyper-elastic based on several ex-vivo tests, such as the tension test and the inflation test.
Several studies pertaining to the eye’s material is based on the Ogden material model to
describe the eye’s non-linear material behaviour [46, 91, 98, 99]. The Ogden material model
assumes that material behaviour can be described by means of the strain energy density

function, which has transpired from the stress-strain relationships [100].
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The Ogden strain energy potential (U) is expressed in terms of the principal stretches (A),
which is similar to the strain (&) but shows elongation (as provided in Equation 2.2). Zl is the
stretches along the X-direction, iz is the stretches along the Y-direction, and Ig is the
stretches along the Z-direction. The D; values determine the compressibility of the material;

if all D; are set to zero, the material is considered fully incompressible.
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Where U is the strain energy; A; are the deviatoric principal stretches A; =] 34;

—>ZJZZ3 = 1; A; arethe principal stretches; N (<6) is a material parameter; and y;, «;, and

D; are temperature dependent material parameters.

Based on the hypothesis related to eye material behaviour and the uniaxial tension test, the
Ogden strain energy’s potential for the uniaxial tension can be derived from Equation 2.2

(Equation 2.3).

N
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Where U isthe strain energy; u; and «;, are temperature dependent material parameters;

N (<6) is a material parameter, and 4; are the deviatoric principal stretches.

Following the same approach as in the case of the polynomial Equation 2.3, the nominal
stress-strain equation can be derived from the Ogden form. The stress—strain relationship can

be described according to the nominal stress—strain algorithm (Equation 2.4).
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Where o isstress; ¢ isstrain; y; and a;, are temperature dependent material parameters;

and N (<6) is a material parameter.

In this thesis, the eye’s material behaviour in the FEM has been considered on the basis of
previous findings, which is measured by means of an ex-vivo uniaxial tension test. Based on
the result of the uniaxial tension, the stress-strain relationship can be described by the Ogden
material model. In terms of eye’s material behaviour, the eye’s material in the FEM has been
divided into four parts, which are the corneal, limbal, anterior scleral, and the posterior scleral
regions. In order to conduct a parameter study of the Ogden material model, the
considerations in this thesis are based on the Ogden form (N = 3), which has the regular ratio

between the age and the Ogden material parameters u; and «;.

2.4 Intraocular Pressure

Intraocular Pressure (IOP) is the fluid pressure within the eye. The pressure is provided by the
continual renewal of fluids inside the eye. The normal IOP varies from person to person. The
normal range of IOP for a person with healthy eyes is 10 to 25 mmHg [46, 101, 102], and this
pressure can maintain the normal condition of the eye to present a healthy refractive optical

effect.

IOP is maintained by the aqueous humour secreted by the ciliary body. This secretion will
circulate in the eye and provide nutrients from the lens to the iris and the cornea. Thus, an
understanding of the humour drainage systems is useful for a greater understanding of 10P.

23



Chapter Two: Literature Review

Aqueous humour is produced by the ciliary body in the posterior chamber, following which
the liquid flows into the anterior chamber. The drainage system is divided into two parts, one
is for the majority of the aqueous humour, and the other is for the rest of the agueous humour.
Most aqueous humour is drained from the trabecular pathway through the trabecular
meshwork and the Schlemm’s canal. The remaining aqueous humour is drained through the
uveoscleral pathway (Figure 2-7). Moreover, there is brief evidence in the soluble effect of
aqueous humour, such as glutathione and ascorbic acid, which presents that the aqueous

humour affects the ability of cells to respond and adapt to stress [103, 104].
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Figure 2-7 Schematic diagram of an aqueous humour flow pathway [105]

Furthermore, the volume of the aqueous humour in the chamber is constant due to the
constant volume of the chamber. Under normal conditions, the production and metabolism
of the aqueous humour will require a dynamic balance. When the flow in the canal is
obstructed, the IOP will be anomalous. According to these conditions, there is a correlation
between I0P, aqueous fluid formation rate, outflow rate, and episcleral venous pressure. An
important quantitative relationship is provided by Equation 2.5 [106]. If the trabecular
pathway and the uveoscleral pathway is compressed and blocked, it will lead to an increase in

the IOP and may lead to retinal oppression, even Glaucoma.
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aqueous fluid formation rate )
IOP = + episcleral venous pressure (2.5)[107]
outflow rate

In agueous humour, the diurnal variations will present the changing daily rates of occurrence,
ranging from 3.0 uL/min in the morning to 1.5 pL/min at night [105]. In addition, the difference
in the systolic and diastolic blood pressures create a circadian fluctuation in the IOP
corresponding with the heart rate [108, 109]. On the other hand, it should be noted that the
nocturnal IOP is higher than the diurnal IOP in individuals with healthy eyes [110, 111] and
the variations of 24-hour IOP in the right and left eyes are similar [104, 110, 111]. According
to the similarity in the eye structures of a person, differences between the right and the left
eyes are less than 4 mmHg [112]. Therefore, the value of IOP undergoes a minuscule variation

in a day, but it always remains in the normal range [110, 111].

In conclusion, IOP measurement is important for ensuring the eye’s health. The IOP cannot be
directly determined through normal check-ups, and tonometry is required for its
measurement. Thus, the factors for normal IOP measurement are related to age, sex, disease
such as diabetes, and geographical locations, but the correlation between the various factors
for IOP measurement have not gained consensus in the literature [16, 113-118]. However, it
has been agreed that the accurate estimation of IOP is important for IOP management in

clinical settings.

2.5 Keratoconus

Keratoconus is the most common primary ectatic disorder of the cornea [119], which was first
described in detail in 1854 [120]. The prevalence of this corneal disorder in the general

population is approximately 54 per hundred thousand [121]. The early stages of this disorder
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are normally ignored as well, but its impact is massive. In general, while the disease continues
to progress, the risk of visual impairment increases. The reason behind this visual impairment
is the thinning of the cornea. Keratoconus is a bilateral [122, 123] and asymmetric [124, 125]
corneal degeneration characterised by the local thinned area, which leads to protrusion of the
thinned part. Usually the thinning occurs in the central and inferotemporal cornea [126], but
it has also been discovered in the superior localisations [127, 128]. Moreover, this protrusion
of thin cornea leads to irregularities in the surface, which causes high myopia and irregular
astigmatism and affects the quality of the vision. Due to the irregular corneal surface,
Keratoconus can be detected utilising the corneal topography detection technology. Therefore,
as the widespread application of corneal topography leads to improved diagnoses, the

diagnostic accuracy rates of Keratoconus increase further [119].
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Figure 2-8 Comparison of corneal shape between (A) healthy and (B) Keratoconic eyes

Although the knowledge related to Keratoconus is limited, there is certain evidence regarding
the prevalence as per genders and ethnicities and the incidence based on age. In terms of the

prevalence in genders, it is unclear whether significant differences exist between males and
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females. There are some evidential studies that found no differences in the prevalence among
the genders [122, 129, 130]; others revealed a greater presence in females [121]; additionally,
there were others that found a greater prevalence in males [131-133]. As per ethnicities, there
is a prevalence of this disease by 4:1 and 4.4:1 in the Midlands area of the United Kingdom
and in Asia respectively [134]. In another study conducted in Yorkshire, United Kingdom, there
is evidence supporting the incidence, which was 7.5 times higher in Asians. Thus, the
prevalence of Keratoconus in Asians is higher, and the reason has been attributed to
consanguineous relations, especially first-cousin marriages [135]. In addition to the age
incidence, this disease has been normally found to develop both at an early [136] and a late
[137] stage in life. While it usually stabilises, this disease progresses until the fourth decade
from the time of contraction [137]. According to a recent study, it has been observed that 50%
of the non-affected eyes of patients with unilateral Keratoconus will gradually develop
Keratoconus in 16 years from the time the symptoms of the disease in the affected eye have
been found [129, 138]. Moreover, the incidence rates of this disease will increase in the future

[119].

The symptoms and signs of Keratoconus vary depending on the severity of the disease.
According to morphology, disease evolution, ocular signs, and index-based systems,
Keratoconus has been classified into four stages (Table 2-2) [119, 139, 140]. During the
incipient stages, such as frustre or subclinical forms (FFKC), no symptoms are observed in the
cornea, and the said cornea is thereafter diagnosed [119]. Statistically, there are significant
differences in the comparison of corneal topography with regard to anterior and posterior
elevation, minimal corneal thickness, and anterior chamber depth parameters between

normal, clinical, and subclinical Keratoconus [141]. The corneal curvature reading is commonly
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within the normal range at this stage, but the surface may appear to be irregular. As disease
conditions begin to deteriorate, the cornea becomes thinner [119, 139, 140], which is a sign
of ectasia. The thinnest part of the cornea normally lies outside the visual axis [142-144].
Moreover, according to morphology research, Keratoconus occurs in two locations, which are
the central/paracentral cornea and the inferotemporal corneal quadrant wherein the
diameter from the central cornea is more than 5 mm and is located through 75% of the cornea
[137, 145, 146]. Due to the advances in the corneal mapping technology, there is a new
Keratoconus pattern found in the affected area at the superior, nasal, and central cornea [147].

In other words, Keratoconus is a disease that affects a number of locations in the cornea.

Table 2-2 Keratoconus classification based on disease progression [139, 140, 148]

STAGE DESCRIPTION

1 e  Frustre or subclinical form
e No ocular signs
e  ~6/6 visual acuity (0.00 dioptres)

2 e  Early from
e  Mild corneal thinning
e  Corneal scarring absent

3 e Moderate form

e corneal scarring and opacities absent

e  Vogt’s striae; Fleischer’s ring

e < 6/6 visual acuity with spectacle correction (irregular astigmatism
between 2.00-8.00 dioptres)

e Significant corneal thinning

4 e Severe form

e  Corneal steepening > 55 dioptres

e  Corneal scarring

e < 6/7.5 visual acuity with contact lens correction
e  Severe corneal thinning and Munson’s sign
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2.5.1 Image Technology for Keratoconus Detection

The detection of Keratoconus is also difficult at early stages, the disease detection has
increasingly become important, particularly, for preventing iatrogenic ectasia formation [149-
151]. Therefore, the detection of corneal shape loss is key to diagnosing Keratoconus.
According to the research pertaining to the loss of corneal shape, there are several
classification methods based on corneal topography systems to grade the severity of
Keratoconus [152-159]. Rabinowitz and Mc Donnel developed the K value, as the central
keratometry, and the I-S value, as the inferior-superior asymmetry, in order to measure the
severity of Keratoconus [158]. As per other research, there are two index-based systems for
Keratoconus detection, which are KPl and KCI percentage [157]. The KCl system is derived from
eight quantitative videokeratography indices, and the other is based on KPI and an additional
four indices. With the development of Artificial Intelligence, a system based on it was

developed for the detection of Keratoconus and its level of severity [155, 156].

As the image technology advances increase, the diagnosis of Keratoconus is based on
videokeratoscopic height data [154]. In addition, as a result of the above-mentioned studies,
a diagnostic method has been developed by comparing the parameters comprising the K value,
I-S value, Keratometric astigmatism, and relative skewing of the steepest radial axes [153].
According to the corneal topography, by utilising the slit-lamp, the index-based system is
developed through corneal topography, corneal power, and higher-order first corneal surface
wavefront root mean square error [152]. Besides, there is a diagnosis based on the detection
of the presence or absence of Keratoconus patterns and determination of the location and
magnitude of the curvature of the cornea [159]. However, the above-mentioned index-based

systems for Keratoconus are based on corneal topography.
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Furthermore, the assessment of corneal thickness [159] and the difference in corneal
aberration [160] between normal and diseased subjects in Keratoconus detection can be
performed through optical coherence tomography and corneal aberrometer instruments.
Recently, there have been two types of optical instruments for the analysis of different
characteristics of the anterior part of the eye, including the detection and monitoring of the

corneal geometry using the Pentacam (Oculus, Wetzlar, Germany, Figure 2-10) [161].

Figure 2-9 Pentacam has a rotating Scheimpflug camera system for anterior segment

analysis

The Pentacam is an instrument that is based on a rotating Scheimpflug camera system for an
anterior segment analysis by capturing 12-50 images of cornea from different camera angles
(Figure 2-11). Several parameters of corneal geometry, such as topography and elevation of
the anterior and posterior corneal surface and the corneal thickness, are measured

performing the image analysis. The basic built-in software includes Overview display, Fast
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Screening Report, 1 Large Map, 4 Maps Refractive, Scheimpflug Image Overview, Virtual Eye,

Tomography, Iris Image, Topometric, and Comparison displays (as illustrated in Figure 2-11).
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Figure 2-10 Pentacam’s Built-in Software Overview Report. Scheimpflug image pane displays
cross-sectional image, including the cornea, anterior chamber, iris and lens. Densitometry
pane shows the clarity estimation of measurement. 3D corneal shape report pane provides a
3D representation of corneal shape, with the anterior corneal surface in red, posterior
corneal surface in green, and iris in blue. Pachymetry map pane shows the pachymetry map

in colour, which represents corneal thickness by colour and a numerical scale on the right.

According to these corneal data, the method of evaluating disease severity is based on the
changes in the corneal volume and anterior chamber angle, depth, and volume. This device
has been found to be useful in identifying normal and Keratoconic cornea; however, in terms
of the subclinical forms of Keratoconus, the sensitivity in detection has been found to be
relatively lower [162]. Moreover, the difference between normal and Keratoconus eyes can

be observed in the anterior axial map created using the Pentacam device [163]. The 4 Maps
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Refractive, Scheimpflug Image Overview is employed to compare the anterior curvature map,
presented in Figure 2-12. By performing the anterior curvature map analysis, several types of
the steep part of the curvature, such as the bowtie shape, hat shape, or irregular shape, can
be seen as illustrated in Figure 2-13. Normally, Keratoconus corneal topography progresses
from symmetric astigmatism to asymmetric astigmatism, followed by the asymmetric
astigmatism pattern presenting a skewed radial axis. With progressive Keratoconus, inferior

steepening can develop in the end [163].
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Figure 2-11 Pentacam Map Report. The colour map uses cooler colours for higher value and

warmer colours for lower value

Additionally, there is a research on the aberrations of the posterior corneal surface, which is

also related to Keratoconus [164]. In this research, the posterior corneal surface has more
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aberrations than the anterior surface in subjects with Keratoconus. However, according to the
image analysis done using the Pentacam device, it is crucial to determine the structure and

function of the cornea and anterior segment for Keratoconus diagnosing.
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Figure 2-12 Patterns of anterior curvature map. The steep part of curvature map may form a

bowtie shape, a hat shape, or an irregular shape [163]

2.5.2 Histopathology and Biomechanical Factors

According to the aberrations of cornea geometry in Keratoconus patients, the causes of
abnormal corneal geometry can be explained through histopathology. There are three signs

that typically characterise Keratoconus; they are stromal corneal thinning, Bowman’s layer
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breakage, and iron deposits on the corneal epithelium’s basal layer [121, 137]. In the
Keratoconus disease, the corneal epithelium’s basal cells degenerate, and subsequently, it
advances towards Bowman'’s layer, which can be observed from the ferritin particles entering
into and remaining between the epithelial cells [165]. Due to the difference between the
Keratoconic and the normal cornea, the density of the basal cells also decreases in the
Keratoconic cornea [166]. Bowman’s layer presents breakages, and these breakages are filled
with collagen from the stoma and positive nodules of Schiff’s periodic acid. Consequently,
there is a separation of collagen bundles in the form of Z-shaped interruptions [167]. is the
observation included a decrease in the number of lamellae and keratocytes, a degradation in
fibroblasts, a change in the gross organisations of the lamellae, and an inhomogeneous
distribution of collagen fibrillar mass and inter- and intra-lamellae in the stroma, especially
around the apex of the cornea [36, 167]. Under confocal microscopy, the research has been
conducted comparing the number of keratocytes between normal subjects and Keratoconic
ones, which demonstrated that with a greater reduction in the number of keratocytes, the
disease advances further [168]. Normally, Descemet’s membrane is unaffected, excepting the
breakages of this tissue; and the endothelium is also unaffected by this disease [169]. In
addition, a study has demonstrated that there are thicker fibre bundles, a reduced density,
and greater subepithelial plexus of corneal nerves in Keratoconus [170]. The causes of the
reduction in corneal rigidity and thinning relate to the varied distribution and lower number
of stromal lamellae in Keratoconus [36, 167]. However, it also has been noticed that these

causes lead to the development of Keratoconus [171].

Furthermore, this histopathology is related to the connective tissue abnormality, which results

in the weakening of the collagen structure. These characteristic clinical signs of Keratoconus,
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including corneal topographic distortion, are an affirmation of the change in corneal
biomechanical properties [121, 172]. A study by Andreassen, Simonsen, and Oxland
demonstrated a statistically significantly lower Young’s modulus in Keratoconus than a normal
cornea [37]. In addition, there also is a difference between normal and Keratoconic cornea at
high levels of stress; however, under normal physiological stresses, there is no considerable
difference [33]. Due to the corneal material behaviour being non-linear, the values of Young's
modulus cannot consistently be compared among studies [173]. However, Young’s modulus
has been demonstrated to be reduced in Keratoconus [33, 37]. In terms of the determination
of corneal material behaviour through in-vivo testing, there is research pertaining to the
biomechanical estimation of the cornea in Keratoconus through the development of
empirically-derived ocular rigidity coefficients in 1937 [174]. According to these coefficients,
the research presented no considerable variation of ocular rigidity in Keratoconic and healthy
eyes [175]. On the contrary, other research has demonstrated that there is a significant
difference in the ocular rigidity and the steady state elasticity among these two groups [176].
In conclusion, there is a limitation of corneal material estimation in Keratoconus through both
ex-vivo and in-vivo tests, and it also poses a clinical challenge for assessing corneal

biomechanical properties in vivo.

2.6 Glaucoma

Glaucoma has been identified as a leading cause of irreversible vision loss worldwide because
it is asymptomatic until a significantly late stage; hence, the diagnosis is frequently delayed
[177]. Glaucoma affects more than 70 million people with nearly 10% of them being bilaterally

blind [178]. In the early stages, Glaucoma can remain asymptomatic, only presenting
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symptoms when it becomes severe [177]. Consequently, the number of individuals affected is
actually higher than the determined number [179, 180]. Over 8.4 million people were
bilaterally blind as a result of primary Glaucoma as of 2010, and this has been estimated to
rise by at least 3 million people by 2020 [178]. Further, Glaucoma is expected to remain one

of the major eyesight-related diseases in the future.

To understand the causes of Glaucoma, first, the path through which the intraocular fluid
flows must be understood. Based on the structure of an eye, the flow of intraocular fluid has
been defined in chapter 2.4. The clear fluid, namely aqueous humour, is produced by the
ciliary body inside the eye. The aqueous humour exits the eye through the drainage angle,
which is the angle located in the anterior chamber between the iris and the peripheral cornea.
Based on this path rule, any disruption in this outflow of aqueous humour results in an
increased IOP. Moreover, there are longitudinal studies that had been conducted by Armaly
[181] and Perkins [182] on the long-term IOP effect, showing that a small percentage of
individuals with high pressure developed Glaucoma over at least a 7- to 10-year period. Strictly
speaking, Glaucoma is primarily an optic neuropathy, not an intraocular pressure abnormality.
Therefore, the common traits of Glaucoma include high eye pressure, damage to the optic
nerve, and vision loss. Most Glaucoma cases involve elevated eye pressure, which is known as
high-tension Glaucoma. However, there is an exception to Glaucoma, in which the IOP remains
within the normal range, and it is known as low-tension or normal tension Glaucoma. There
are no physically distinguishable characteristics of normal/low-tension and high-tension
Glaucoma [183], but the former has a higher incidence of splinter haemorrhages on the optic
disc than high-tension Glaucoma [184, 185]. Although it presents a higher incidence of splinter

haemorrhages, the visual field loss has been discovered to be the same in normal/low-tension
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and high-tension Glaucoma [183].

In general, Glaucoma has traditionally been a type of optic nerve disease, which usually
follows an abnormal IOP [183]. The pathophysiology of Glaucoma has not been clearly
understood until now. However, the cause of Glaucoma has been established to be a
disruption in the output channel in the maintenance of an appropriate balance between the
amounts of internal fluid. The balance between the input and output aqueous humour is
crucial for maintaining the normal functioning of the eye. In terms of the eye’s structure, there
are only two independent pathways — the trabecular meshwork and the uveoscleral outflow
— through which the metabolism of aqueous humour takes place, thus determining the 10P
[177]. There are two types of Glaucoma patients. One kind is characterised by resistance to
the aqueous outflow through the trabecular meshwork is increased (Figure 2-8(A)). This kind
of Glaucoma patients is known to have open-angle Glaucoma. On the other hand, the second
one is that wherein access to the drainage pathways is obstructed, namely, angle-closure
Glaucoma (Figure 2-8 (B)). Due to the increased resistance of the trabecular meshwork and
disruption in the drainage pathways, IOP will increase beyond the normal range. With an
elevation in IOP, the lamina cribrosa was extruded to protrude out posteriorly displaced and
thinner [186]. Moreover, these pathways are highly associated with the retinal ganglion cell,
and the level of IOP is correlated to the death of these cells [187]. When Glaucoma progresses,
the high level of IOP will injure neurons, ultimately leading to ocular damage in the form of
peripheral vision loss. Therefore, maintaining IOP within the normal range will slow down and
even avoid the functional impairment caused by Glaucoma [177]. However, the management

of IOP is crucial for achieving this.
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Figure 2-13 Agueous humour drainage pathways in Glaucomatous eyes. (A) Primary open-
angle Glaucoma: increased resistance makes it difficult for agueous humour to pass through
the trabecular meshwork. (B) Primary closed-angle Glaucoma: access to the drainage

pathway is typically obstructed. [177]

2.7 Categories of Tonometry

The value of IOP is required, as it is the main quantifiable risk factor and a secondary diagnosis
tool for Glaucoma. Theoretically, the actual IOP can be measured directly by a manometer. A
catheter is fixed in the manometer for the corneal incision to measure the pressure inside.
However, it is not allowed to be used in the clinical models, even if the pressure is measured
with higher precision. Therefore, the clinical requirements affected the invention of the

tonometry.

At present, most tonometers apply a force contact on the eye and record the resistance of the
eye to deformation in order to estimate the IOP. Tonometry is performed using either the
applanation or indentation tonometer. The applanation tonometer adopts different methods
to flatten the cornea and subsequently relates this force to the IOP. The principle of
indentation tonometry follows that a force or a weight will indent or sink into the soft eye
further than into the hard eye. In this study, type of tonometer only focused on the

applanation tonometer.
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2.7.1 The Principle of Applanation Tonometry

The principle of applanation tonometer is based on the Imbert—Fick law [188]. The law states
that the pressure inside a sphere that is filled with liquid and surrounded by a thin membrane
is measured by an additional pressure flattening the membrane. This law is similar to
Newton’s third law of motion: ‘If you press a stone eye with your finger, the finger is also
pressed by the stone eye [189]. The relationship between the pressure inside the sphere and

the counter-pressure has been presented through Equation 2.6.

P_W
A

(2.6)

where P = the pressure inside the sphere in MPa, W = backpressure flattening of the

membrane in MPa, A = area of contact in cm?.

According to the Imbert—Fick law, it is only suitable for a dried sphere surface, a thinner wall
of the body that are highly flexible, but these conditions are not present in the eye [190].
However, most principles of the applanation tonometer originate from the Imbert—Fick law.
With regard to the contact, applanation tonometry is classified as either contact tonometry
or non-contact tonometry. In terms of contact tonometry, Goldmann Applanation Tonometry
(GAT) is the gold standard IOP test and is the most widely accepted contact method. In this

research, the CorVis-ST was chosen to represent NCT.

2.7.2 Goldmann Applanation Tonometry

GAT is considered the gold standard for the measurement of IOP. The principle of the GAT also

emerges from the Imbert—Fick law (Figure 2-14). However, there are some modifications
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required in the pressure transducer to overcome the limitation of the Imbert-Fick law and
adapt to the conditions existing in the eye [191]. In order to consider the true conditions of
the cornea, the Imbert—Fick principle is modified in the form presented in Equation 2.7.
Several studies [10, 24] have revealed that the effects of surface tension counterbalance
bending resistance when the applanation diameter is 3.06mm; hence, the applanation area is
7.35mm?2. Under these conditions, the form of Equation 2.7 can be reduced to the sample

form of Equation 2.6.

W+S=PxA+b (2.7)
where P = the pressure inside the sphere, W = backpressure flattening of the membrane, A =
the area of the applanation of the central cornea, S = the surface tension forces caused by the

tear film, and b = the surface tension forces caused by tear film and bending.

(A)

Tonometric load ( B) Tonometric load

Bending resistance IW Surface tension

Figure 2-14 Comparison between principles of (A) Imbert—Fick law and (B) Goldmann

Applanation Tonometer [10]

The GAT uses a head that is positioned against the cornea. A special disinfected truncated
cone is mounted on the head of the tonometer. The force of this head against the central
cornea is increased gradually until applanation is achieved. At this moment, the applanation
pressure can be noted from the pressure application mechanism. Subsequently, this value is

recorded and considered equal to the IOP. However, despite the GAT being the gold standard
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of tonometry, the curvature and the thickness on the cornea still affect the value determined

by the GAT [192].

2.7.3 Non-Contact Tonometry

In the 1970s, there was a prerequisite that performing tonometry with any device without a
medical degree was not permitted, as it involved the application of topical anaesthesia [193].
Under these restrictive conditions, the NCT was a timely invention by Dr Bernard Grolman,
and this tonometer allowed optometrists to measure IOP without anaesthesia [194]. The main
characteristic of NCT entails measuring IOP without direct contact. It mostly uses an air puff
to replace the contact head on the applanation tonometer. The advantages of NCT include

easy operation, fast measurements, and the avoidance of contagious diseases and allergies.

The theory behind NCT involves using the air puff to have an impact on the cornea [192].
Subsequently, the pressure of the air puff increases with time, and the corneal behaviour is
recorded during this period. When the cornea is flattened or even slightly depressed, the air
puff’s pressure decreases until the cornea recovers; thus, the NCT can utilise the light
reflection to calculate the applanation time and pressure at the given moment. The
proportional relationship between the applanation times, pressure, and IOP can be
considered to measure IOP. However, this form of NCT is vulnerable and affected by uneven
cornea, high astigmatism, corneal oedema, and abnormal thickness. Under these conditions,

the form of Equation 2.8 can be reduced to the sample form of Equation 2.7.

W=PxA+b (2.8)

where P = the pressure inside the sphere, W = backpressure flattening of the membrane, A =
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the area of the applanation of the central cornea, and b = the surface tension force caused by

tear film and bending

Photo Air Light
Sensor Pulse Source

Applanated
Cornea

Figure 2-15 Principles of non-contact tonometry (NCT) [192]

According to the principle of the NCT (Figure 2-15), applanation was identified when the
maximum reflected light reached the photo sensor as the corneal configuration was mirror-
like as approximately flat. Moreover, the original design of NCT employed a constant force -

linear air-pulse to applanate the cornea with an IOP.

Due to International Standard Organization's (ISO) requirements for tonometers (ISO-8612,
2001), the gold standard for IOP measurement is the Goldmann Applanation Tonometry (GAT)
[13]. There is a device's internal calibration - Goldmann-like values which were used to correct

the difference of IOP value between NCT and GAT [195].

In 1989, the Reichert Xpert NCT (Figure 2-16) is the first non-contact tonometer for IOP
measurement by using an internal pressure transducer to measure the air-puff pressure in
real time to estimate the IOP [195]. This advancement of the pressure transducer resulted in

high accuracy since the minimum necessary air-puff pressure to applanate any cornea was
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applied. In 2000, David Luce developed an advanced process which can extract information
about corneal biomechanics from NCT measurement signal [196]. Based on this process, in
2005 the Ocular Response Analyzer(ORA) had been developed [197]. With the advances in
imaging technology, the Scheimpflug technology, which has a high temporal and spatial
resolution and a higher depth of focus compared to conventional slit-imaging techniques used
on the NCT, had been developed. In addition, this Scheimpflug imaging can provide clinically

relevant information for clinical diagnosis and is also commonly used in clinical practice.

Subsequent years of research and development resulted in the launch of what became known
as the Corvis® ST, which is the first non-contact tonometer by using high-speed imaging
combined with an air pulse. Regardless of how the non-contact tonometer improves, the
fundamental purpose of this device remained the same ideal is to provide an IOP
measurement correlated to GAT that was fast, easy, and non-contact. But, due to the
indentation of the cornea by an air-puff causing a dynamic time-dependent response, ORA

and CorVis device can provide extra information about corneal biomechanics.

Figure 2-16 XPERT™ NCT™ PLUS Advanced Logic Tonometer by Reichert Ophthalmic

Instruments
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The Ocular Response Analyzer(ORA) was the world’s first device which can provide an
estimation of corneal biomechanical parameters (Figure 2-17) [195, 197]. The ORA features
an automated three-dimensional positioning system to detect the apex of the corneal. Once
aligned, the air pulse shoots on the corneal apex for 30 ms. This 30 ms air pulse has been
measured both temporally and spatially and demonstrates a Gaussian profile in the ex-vivo
experiment test [195, 198]. Nevertheless, the profile of the air pressure pulse for the real eye
is not symmetrical and not well fitted by a Gaussian profile, which may be explained by
viscoelasticity of air [199]. However, differences in air pressure pulses for the real eye can

indicate the dynamics of ocular properties during measurements [199].

Figure 2-17 Ocular Response Analyzer® G3

During the measurement process, the amplitude of the air pulse pressure at the corneal apex
change over time in Figure 2-18. Moreover, the corneal movement in response to increased
and decreased pressure amplitude. During the course of the measurement, the cornea

deforms inward while air pulse pressure increases.

44



Chapter Two: Literature Review
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Figure 2-18 Typical light signal (red) and pressure signal (green) versus time [195, 197]

After corneal applanation, the cornea still moves into a moderate concavity and stop after
maximum pressure because of viscoelasticity. As the applied pressure peaks and decreases,
the cornea returns to its normal configuration, once again passing through an applanated
stage. Two air pulse pressure values are recorded at the inward and outward applanation
events. According to the characteristic of the corneal materials, the motion of the cornea is
delayed in time by viscous damping, resulting in two different pressure values. Based on these
two different pressure values, the actual IOP and the viscoelastic resistance of the cornea can
be defined. Therefore, the average of both pressure provides a Goldmann-correlated IOP
value and the difference between these pressure is termed Corneal Hysteresis Calibration
coefficients [197]. According to these parameters, the ORA has high potential on the corneal

material estimation in vivo [195, 197].
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In the previous study, there is a method for measuring biomechanical properties in vivo which
was introduced by Grabner et al. in 2005 [200]. This corneal dynamic imaging uses video-
topography imaging of the cornea to analysis corneal indention to describe the corneal
biomechanical properties. Based on the corneal dynamic imaging analysis and ORA principle,
the Corvis® ST has been developed. The Corvis® ST (Corneal Visualization Scheimpflug
Technology) is the first non-contact tonometry by using high-speed imaging device in
combination with a Gaussian shaped air-puff [195]. This ultra-high-speed Scheimpflug camera
captures 140 frames during 31.93 ms measurement process, which can provide more detail
of corneal indention under air-puff. During the measurement process, the corneal
deformation is related to the air-puff pressure changing which is similar to the ORA
measurement process. According to the high-speed image recording, three events during the
deformation process are of special interest, as the moment of first applanation, the highest

concavity and second applanation.

The cornea deformation under the air-puff external load can be divided into nine different
phases, and the image of the corneal deformation during this process is shown in Figure 2-19
[201].

() Pre-Deformation Phase: The cornea geometry is maintained by the IOP and the
structure of the cornea collage fibres are extended and are under tension before the air-
puff process by the CorVis-ST device.

() Ingoing Convex Phase: When the air-puff pressure impacts the corneal surface, the
cornea begins to get squished and the tension on the cornea collage begins to reduce.
Moreover, the motions of the whole eye begin to increase slowly in the posterior

direction.
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Ingoing First Applanation Phase (Al): At the time of the first applanation, the cornea is
pressed and flattened. The force on the cornea’s balance is pushed inward by the air-
puff pressure and outward by the IOP. In contrast, the component of the surface tension
parallel to the direction of air-puff is slight. During this process, the corneal edge profile
is recorded by the CorVis-ST device (shown as Figure 2-19 A). After the duration of the
first applanation, the corneal tissue behaves under tension, changing initially to
compression.

Ingoing Concave Phase: As the cornea undergoes applanation, the cornea becomes
concave and the apex deformation continues to increase. The out-layer of the cornea on
the concave anterior corneal surface is under compression and the in-layer of the cornea
on the posterior corneal surface is under tension. While the anterior corneal surface
compression gives rise to the round shape, the posterior lamellar layers are deformed
toward the anterior chamber. This corneal displacement leads to the fluid in the agueous
chamber getting compressed, causing the IOP to rise with increased scleral tension.
Moreover, the motions of the whole eye continue to increase slowly in the posterior
direction.

Oscillation Phase at the Highest Concave (HC): As the air-puff pressure continues to
increase, the resistance to backward corneal deflection reaches a maximum point.
Furthermore, the backward motion of the cornea is limited. Until the air-puff pressure
increases to maximum, the motions of the whole eye in the posterior direction continue
to increase slowly. This phase is where the highest concavity (HC) shape of the cornea is
observed, in addition to all maximum values for deformation, deflection, and HC

deformation parameters (as shown in Figure 2-19 B, C, and D).
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(V1) Outgoing Concave Phase: As the air-puff pressure begins to decrease from the maximum
point, the cornea begins to return to the pre-deformation phase. When the load on the
corneal surface is released, the motion of the whole eye continues to increase in the
backward direction, while the corneal surface is still under compression.

(VIl) Outgoing Second Applanation Phase (A2): At the time of the second applanation, the
cornea becomes flattened again. The force on the cornea’s balance is pushed inward by
the air-puff pressure and outward by the IOP for a second time. In contrast, the parallel
component of the surface compression to the direction of air-puff is slight. During this
time, the corneal edge profile is recorded by the CorVis-ST device (as shown in Figure 2-
19 E). After the duration of the second applanation, the corneal tissue behaves when
compression changes to tension initially.

(Vl1) Outgoing Convex Phase: The air-puff pressure continues to decrease, and the corneal
surface tension increases until the fully loaded state is attained. The whole eye motion
decreases in magnitude in the forward direction.

(IX) Post Corneal Deflection Phase: The whole eye movement continues to decrease in the
forward direction until the eye fully recovers to its initial state, similar to the pre-

deformation phase.
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Figure 2-19 Sample images with markers illustrating parameters of the CorVis-ST device. (A)
At ingoing first applanation phase, the anterior corneal surface is flattened. At the point of
highest concavity, the radius of curvature (B), bending distance (C), and maximum
deformation at the corneal apex (D) are determined. (E) As air-puff pressure decreases, the

corneal surface returns to its initial state and the second applanation occurs [201].

According to the air-puff pressure versus duration curve, as shown in Figure 2-18, the nine
phases that occur during dynamic corneal response analysis by the CorVis-ST device can be
divided into two parts — loading and unloading. Moreover, eye material behaviour is similar to
hyper-elastic versus viscoelastic material properties [71, 79, 82, 84-86]. In terms of hyper-
elastic versus viscoelastic material properties, unlike purely elastic material properties, this
material has an elastic component and a viscous component. In comparison with purely elastic
and hyper-elastic versus viscoelastic materials, viscoelastic materials dissipate energy when a
load is applied and then removed; on the contrary, the purely elastic materials don’t behave
in the same manner (Figure 2-20). The energy loss in the hyper-elastic versus viscoelastic
material properties is difficult to measurement before the elastic component is defined.
Hence, in this thesis, the eye materials just consider the hyper-elastic component; and it is

forced on the air-puff pressure increase part in the following phases: as pre-deformation
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phase, ingoing convex phase, ingoing first applanation phase, ingoing concave phase, and

oscillation phase.

(A) 4 (B)

Stress
Stress

»
>

Strain

Figure 2-20 Stress-strain curves for a purely elastic material with no hysteresis (A) and a
viscoelastic material with hysteresis (B). The red area shows the amount of energy lost in a

loading and unloading cycle, which is an indication of the magnitude of hysteresis.

In terms of these five phases during dynamic corneal response analysis by the CorVis-ST device,
there are several dynamic corneal response parameters that have been measured to describe
the deformation characteristics and provide information about corneal biomechanics.
According to the dynamic Scheimpflug imaging analysis of the CorVis-ST device, there are
eleven parameters related to corneal deformation pertaining to the effect of air-puff pressure.
At the pre-deformation phase, the initial corneal edge profile from the lateral rectus to the
medial rectus is recorded, and the corneal thickness including CCT is measured. In order to
describe the deformation characteristics when the cornea approaches the ingoing first
applanation phase, there is the first applanation time (A1T), first applanation pressure on the
device's piston (AP1), length of the flattened cornea (A1L), maximum corneal velocity at the
first applanation event (A1V), deformation amplitude of the corneal apex (AlDeformation),
and deflection amplitude of the corneal apex (A1Deflection) (Figure 2-19(A)). As the cornea,
under the air-puff loading, approaches the oscillation phase, the following factors are

50



Chapter Two: Literature Review

considered: The time from beginning of the air-puff until the highest concavity point of the
cornea (HCT), radius of curvature of corneal concavity at the time of the highest deformation
(R), bending distance between the two peaks of the cornea at the time of the highest
concavity (PD), maximum deformation amplitude of the cornea at the highest concavity
(HCDeformation), and maximum deflection amplitude of the cornea at the highest concavity
(HCDeflection) upon maximum air-puff loading (Figure 2-19(B), (C), & (D)). Furthermore, the
difference between deformation and deflection is the displacement measurement
with/without the eye movement. Deformation is the distance from the original position of a
point to its final location on the deformed eye, while deflection is the distance from the line
that links the origin and end of the corneal apex upon air-puff loading (by using the oscillation

phase as an example, as shown in Figure 2-21) [201].

Inverse Radius =

Corneal 1/radius of
Deformation Concave Curvature

) HCdarclength = length of
Undeformed arclength blue line minus length of

white line

Peak Distance (Width or Bending Distance)

— Radius of

Corneal _ Concave
Deflection Curvature

Figure 2-21 Dynamic Scheimpflug images at the pre-deformation phase and the oscillation
phase, showing (A) cornea in pre-deformation phase (blue), at maximal corneal deflection
(red), and at maximal whole eye movement (white); (B) initial corneal shape aligns with
shape at maximal corneal deformation; and (C) correction for whole eye movement by

aligning the cornea with maximum deflection to the initial shape [201]
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There are several parameters obtained from the direct view of the corneal deformation to
describe the specific response of the corneal deformation that is correlated with corneal
biomechanical properties [202, 203]. The response parameters — the pressure at first
applanation (AP1) and the displacement between the apex in the undeformed state and the
deflection at first applanation and highest concavity showed a significant difference between
different corneal material properties as normal and keratoconic eyes [201]. In addition, in
2017 Cynthia Roberts et al. investigate two new stiffness parameters with the dynamic corneal
response parameters [201]. These stiffness parameters are defined as the relationships
between inward applanation pressure and corneal displacement. Finally, the Equations of
both stiffness parameters at first applanation time (SP-A1) and at the highest concavity time
(SP-HC) are based on the biomechanically corrected IOP estimation and response deformation

parameters following in Equation 2.9&2.10.

SP — A1 = (AP1 — bIOP)/Al1DeflAmp (2.9)

SP — HC = (AP1 — bIOP)/(HCDeflAmp — AlDeflAmp) (2.10)
where AP1 = the pressure at first applanation, which is used to align with the time-
synchronized measured pressure signals, b/IOP = biomechanically corrected IOP estimation,
AlDeflAmp =the displacement between the apex in the undeformed state and the deflection

at first applanation, and HCDeflAmp = maximum deflection near highest concavity.

Moreover, there is a significant difference in both stiffness parameters between healthy and
keratoconic eyes. But both stiffness parameters still have a relationship with CCT. This means
that the stiffness parameters are the overall stiffness parameters related to corneal geometry

factors (as CCT, corneal curvature) and corneal material properties [201].
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However, the CorVis device or ORA both have a high potential to estimate not only the IOP
but also the corneal material properties. Moreover, the CorVis device can provide more
information during the measurement process because of Scheimpflug technology. Due to this
advantage, in this thesis, the CorVis device is selected to investigate both IOP estimated
Equation and corneal estimated Equation. Some of the CorVis-ST parameters are described in

the next section.

2.8 Error Sources in Tonometry Measurement

Glaucoma is a slow and irreversible progressive neuropathy that is characterised by damage
to the optic nerve, which can cause visual impairment [177]. According to the causes and
characteristics, this disease can be classified into the two following categories: open-angle and
narrow-angle Glaucoma. It is well known that these two types of Glaucoma are closely
associated with the value of IOP as discussed in Chapter one. In order to slow down the
progression of Glaucomatous damage, management of IOP has been the only proven method
[204]. Moreover, the principle of NCT is the same as that of GAT. There are also numerous
studies pertaining to the evaluation of the factors affecting the accuracy of IOP measurements
done through clinical applanation tonometry. As identified previously, the value of IOP
obtained using the NCT are influenced by corneal stiffness, predominantly the CCT [192, 205,
206], central corneal radius of curvature (Rc) [5, 207], hydration [208], ectasia [33], and age

[209, 210]. In this chapter, these factors of the biomechanical parameters have been discussed.
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2.8.1 Corneal Factors that Effect Contact Tonometry (GAT)

The corneal factors outlined below not only affect the GAT but also affect other applanation
tonometers, even the non-contact ones. As the discussion of the corneal factors specific to
each applanation tonometer is beyond the scope of this paper, concentration is on the clinical
gold standard, the GAT, in this section. The GAT has maintained the status of the reference
standard in tonometry, even though it was developed under the inaccuracy acknowledgement
in 1957 [10]. Research conducted by GAT has shown that the variation of CCT is the most
remarkable. Since then, several research studies have been conducted to estimate the effect
of CCT on GAT in order to develop a correction Equation to reduce this effect. In 1975, the first
study showed that the value of IOP measured by GAT (denoted GAT-IOP) differed by 7.1 mmHg
for every 100 um shift in the CCT [211]. Moreover, there are also several studies exploring the
association between CCT and GAT-IOP, all of which agreed with Ehlers’ argument; however,
the slopes of association were lower than that of Ehlers, ranging between 0.7 and 4.5 mmHg

[23-25, 27, 212, 213].

Subsequently, Liu and Roberts [30] and Kirstein and Husler [214] highlighted that corneal
stiffness was responsible for errors in the GAT rather than only CCT. Due to this suggestion,
other corneal factors affecting corneal stiffness were noticed, such as central corneal
curvature [30]. However, the studies did not agree on the magnitude of the curvature’s effect
on the IOP measurement using GAT (GAT-IOP) [26, 28]. Another important point to consider
is that the effect of the material properties of the cornea on GAT was found to be significant
[25, 30, 208], but there is a limitation in the practical value of this finding due to the current
inability to measure corneal material behaviour in vivo. In addition, Elsheikh and Wang et al.

have identified the relationship between age and corneal stiffness [52, 215] and were able to
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determine its subsequent effects on GAT as well [216]. However, it is known that corneal

material properties are affected by other factors, including age, swelling, ectasia, and healing

wounds.
Table 2-3 Correction factors of GAT-IOP based on CCT variations
Effect on GAT-IOP
associated
Authors Year with the change in CCT Notes
(mmHg/um)
Ehlers et al. [13] 1975 0.071 Manometry study on in vivo eyes
Whitacre et al. [24] 1993 0.0228 Manometry study on 15 eyes
395 participants,
Wolfs et al. [23] 1997 0.019 CCT = 537 (427-620) microns
Foster et al. [217] 2003 0.015-0.018 1232 participants
Elsheikh et al. [216] 2011 0.0165 Numerical study
Shimmyo et al. 1976 participants,
[218] 2003 0.016 CCT =551 + 35 microns
Shah et al. [219] 1999 0.011 908 participants
Stodtmeister [220] 1998 0.007 >79 participants,

CCT =585 + 41 (475-721) microns

Moreover, several research studies have been conducted to examine the effect of refractive
surgery on the IOP measurement by GAT. The following differences between before and after
surgery have been found: -3.4 + 2.5 mmHg in Lam et al. [221]; —3.8 £ 2.2 mmHg in Zadok et
al. [222]; -5.4 £ 3.0 mmHg in Siganos et al. [223]; and —1.8 £ 2.8 mmHg in Pepose et al. [224].
The cause behind this effect is the central thickness reduction and a weak link with the
remaining stroma on the corneal flap [225, 226]. However, the effects of CCT and corneal

material properties exist in the IOP measurement by contact tonometry.
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2.8.2 Corneal Factors that Effect Non-Contact Tonometry

The value of IOP measured by NCT is known to vary with changes in biomechanical parameters,
including material stiffness and geometry. For the applanation tonometer, Rc and CCT are two
major influencing factors on IOP measurement. In most cases, the results indicated that the
pressure reading with the applanation tonometer was affected by CCT, with the NCT being the
most affected and the GAT being the least [5, 24, 206, 207]. In other words, it is true that in
eyes with increased CCT, this measuring technique tends to overestimate IOP. On the contrary,
NCT underestimates IOP with the presence of significantly thinner corneas. Evidenced by the
same token, the effort of the radius shares a similar situation with the CCT. On the other hand,
some studies found that the NCT gives better results than Goldman, especially in adult
patients, and that it is also dependent on the CCT [227]. In conclusion, these influencing
factors may lead to an erroneous diagnosis of Glaucoma. In terms of the effect of R on IOP,
there is no significant change on IOP measurement between different Rc by noncontact

tonometry [46].

All forms of tonometry are affected at present by corneal thickness. In terms of the tonometry
performed using rapid corneal indentation, such as NCT and Rebound Tonometry, CCT is
significantly more impactful due to the cornea’s viscoelastic properties [209, 228]. In addition,
there is a summary of the literature for the effect of CCT on IOP measurements considering
both GAT and NCT in Table 2-4. According to the population studies, the CCT accounts for
between 1% and 6% in the variation of GAT-IOP and 7% to 12% in the variation of NCT-IOP
[209]. In terms of the bias of IOP measurement using different methods, the average value of
the IOP measurement by NCT is normally similar to GAT. However, the trends of NCT is shown

to be lower under a low IOP level and is higher with a high IOP level than GAT [229]. This
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means the error effect of NCT is more than that of GAT. In order to the comparison of the
effect of thickness reduction with surgery on non-contact tonometer, the reduction in IOP
measurement has been found to be —4.3 + 2.1 mmHg with non-contact tonometry (EC-5000,

Nidek) [230] and —4.6 + 2.8 mmHg with the Ocular Response Analyzer [224]

Table 2-4 Comparison of correction factors for GAT-IOP and NCT based on CCT variations

Authors Year Effect on IOP associated Notes
with the change in CCT
(mmHg/um)
GAT NCT
Tonnu et al [209] 2005 0.0028 0.0046 Clinic based in UK
Ko et al [206] 2004 0.0037 0.0063 Clinic based in Taiwan
Siganos et al [223] 2004 0.0026 0.0039 Clinic based in Greece
Eysteinsson et al [231] 2002 - 0.0022 (M)/0.0028 (F) Population based in
Iceland

This research is focused on developing an accurate method of estimating IOP and corneal
material behaviour implementing a non-contact method. All the influencing factors have been
taken into consideration to reconfigure/redevelop the non-contact method, for CorVis-ST for
example. This new method measures the IOP and reduces the effect of the geometry,
including cornea size, corneal thickness, corneal curvature, and so on, and the material

stiffness.

2.9 Concluding Remarks

The research studies pertaining to the behaviour of the eye have a long history, and most of
them are closely related to eye diseases, especially ‘Glaucoma’ that indirectly resulted in the
creation of the tonometer. Moreover, Glaucoma is the main cause of irreversible blindness in
the world [18, 178]. Glaucoma has been described in terms of ocular disorders, with

57



Chapter Two: Literature Review

multifactorial aetiology through the IOP association with optic neuropathy, and it can be
traced back to the increased IOP in the eye [55]. IOP measurement has become an important
reference for the initial diagnosis of Glaucoma. Recently, preventive medicine has started
receiving greater attention, thus establishing that the management of IOP is the best way to

prevent Glaucoma, and the measurement of IOP becomes of greater importance.

The first tonometer, using a force or a weight to indent the eye, was innovated back in the
nineteenth century [55]. This tonometer was called the indentation tonometer, which used a
plunger to delve into the cornea for measuring the IOP. Although this tonometer was not easy
to use in clinical models, it was a breakthrough in the history of tonometry. At present, all
tonometry techniques are based on one concept, which entails applying a mechanical force
to deform the cornea for the corresponding corneal resistance to the IOP. The mechanical
force can be roughly divided into two main categories, ‘contact’ and ‘non-contact’. In terms of
NCT, air tonometry is the most represented product. This air tonometry is an applanation
method that does not require anaesthesia — using air puff to flatten the cornea. In addition,
this type of tonometry overcomes the issue pertaining to the elastic effect of the eye, thus it
has a higher impact on the IOP measurement. While comparing contact and non-contact
tonometry, there are some similar error sources affecting the accuracy of IOP measurement
[38-45]. On the other hand, the NCT by performing an image analysis can provide deformation
parameters that are related to the biomechanical properties of the cornea [32]. Therefore, it
means that the NCT has a higher potential for developing a method of the corneal material

estimation in vivo.
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Chapter Three

Methodology

3.1 Introduction

This section will explore the methods employed to develop and validate the biomechanically
corrected IOP and the in-vivo material estimation algorithms proposed to be implemented in
CorVis —ST. The pressure inside the eye has been mostly estimated in clinics by applying a force
on the ocular globe (Cornea or Sclera) and relating its deformation to an assumed pressure.
The dilemma in this procedure is that material properties of the tissue, its thickness and
geometry, do play an important role in their deformation under pressure. Since some of these
characteristics are not well understood, assumptions resulted in a less accurate estimation of
IOP. In this research, experimental and laboratory data alongside accurate numerical
simulations of the eye and CorVis-ST tonometry helped to better understand relationships

between different parameters to satisfy the objectives including accurate IOP measurements.

This study explores healthy, Forme Fruste Keratoconus (FFKC), and Keratoconic eyes. The
differences in corneal geometry and material properties between healthy and KC eyes were
discussed in Chapter 2. Different corneal geometries lead to different tonometer air-puff
pressure distributions on the corneal surface which is a requirement for numerical simulations.
In FFKC, the corneal has a normal geometry but its material stiffness has started to become
softer which affects the deformation under tonometry pressure on the corneal surface, Figure

3-1. Hence consideration of both geometry and material is necessary for this project. But it is
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difficult to identify the corneal material changer in FFKC eyes, so the FFKC was ignored in this

study.
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Figure 3-1 Comparison of stiffness and topography of healthy, FFKC, and KC eyes

Numerical analysis has been used to simulate variations in eye parameters, including eye
geometry, IOP and material behaviour. Numerical analysis is assumed to follow three
hypotheses: (l) The tissue stiffness can affect corneal deformation during the air pressure
application; (1l) the air pressure distribution changes with the deformation of the cornea; and
(1) the IOP estimate is affected by corneal stiffness. According to these hypotheses, the FEMs
adopted the following features: (1) Full representation of the eye model, considering thickness
variation of the cornea and sclera; (Il) regional variation of the eye material properties,
including the cornea and sclera; and (lll) dynamic representation of the air pressure of the

CorVis-ST device.

This research was divided into two main stages of considering healthy and keratoconic eyes,
respectively, Figure 3-2. At each stage, numerical modelling was used to simulate the eye
geometry, IOP and CorVis-ST air-puff pressure. The results, including corneal deformation,

were obtained and analysed to develop algorithms for estimation of true IOP and corneal
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material properties, which were then validated using both lab experiments on ex-vivo eyes

and clinical data of in-vivo eyes.
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Validation

Figure 3-2 Flow chart of the procedure for IOP and corneal material behaviour Estimation

This chapter will explain the procedures undertaken to create the numerical models and
develop corneal material behaviour and IOP correction algorithms. The chapter begins by
developing a method that can identify the healthy eyes and KC eyes through recognition of
differences in CCT, corneal geometry. The outcome was the ability to split corneal geometry
into two groups: Healthy and KC (including five different corneal geometries). Thereafter,
Abaqus numerical models were developed with different parameters to build a large dataset

of corneal deformations under tonometer air-puff to be compared with clinical findings for
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initial validation. Following this comparison, parameters that play critical roles in estimating
IOP, such as corneal stiffness (which also relates to age) and central corneal thickness, were
identified and used to build algorithms to estimate biomechanically corrected I0P for both
healthy and KC cases. The algorithms were developed using a custom-built MATLAB code.
Subsequently, following a similar method and considering previously published data,
algorithms for corneal material estimation, for both healthy and KC eyes were developed.

Finally, experimental and clinical studies were assessed thoroughly to validate these findings.

3.2 Distinguishing between KC and Healthy Data

Based on the Keratoconus literature review in Chapter 2, KC is associated with significant
corneal distortion. Most of the clinical diagnosis of KC is based on the Scheimpflug camera
system for corneal anterior segment analysis in conjunction with the mapping scanner
Pentacam. However, the cause for the abnormal geometry lies in the disruption of a collagen
organisation, which made the cornea lose its shape and function, resulting in a progressive
visual degradation [232]. This means that the corneal material properties changed before the
corneal geometry showed any changes. Therefore, both the corneal material properties and

corneal geometry are important parts of abnormal corneal detection and parametric study.

As this research relied on CorVis-ST and Pentacam clinical data to develop estimation methods
for IOP and corneal material behaviour, a study to distinguish between corneal geometry of
healthy and KC eyes was conducted. By studying Pentacam corneal elevation maps, it was
possible to categorise the topographies as normal topography (including healthy only) or
abnormal topography groups (including KC only). The FFKC was ignored in this study due to it

is difficult to defined the corneal material change without the corneal geometry change in the
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clinical data.

The Scheimpflug technology of the Pentacam is used to measure corneal geometry. The
corneal geometry measurement by the Pentacam is typically expressed in a Cartesian
coordinate system as a set of regularly spaced discrete points on the corneal surface, Figure
3-3. The thickness of the cornea can be calculated based on the geometry data obtained for

both anterior and posterior surfaces.

A = B

25

0.5

gy 4™

0 -5 0 5
X(mm)

Figure 3-3 Typical corneal geometry data plotted in 3D (A) and (B). Colour of individual
points reflects their Z coordinates, and the scale of the Z coordinates is shown in a colour

scale.

The corneal geometry study relied on two independent clinical databases obtained from the
Rio de Janeiro Corneal Tomography and Biomechanics Study Group in Brazil and the Vincieye
Clinic in Milan (Table 3-1). Through a multi-centre retrospective study, a total of 722 clinical
data points was available for this study. Dataset 1 (Rio) included 253 healthy and 93
Keratoconic participants, and Dataset 2 (Milan) included 227 healthy and 107 Keratoconic
participants. The Institutional Review Boards of the clinical centres ruled that approval was

not obligatory for this record review study.
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Table 3-1 Details of the clinical databases

Database Patients Age (years) CCT (um) CVS-IOP (mmHg)
43+165  539+33.2 14.8 +3.06
Healthy 253 (8-87) (454-629) (6-34)
Dataset 1
(Rio) 38+11.9  478+37.7 11.8 +2.47
Keratoconus 93 (16-72) (389-586) (4.5-18)
38+17.2  543+315 15.7 +2.35
Healthy 227 (7-91) (458-635) (11-25)
Dataset 2
(Milan) 33+11.7  476+412 13.2+2.15
Keratoconus 107 (13-64)  (388-595) (6.5-19.5)

The parametric study was based on the corneal geometry with regular change on the corneal
geometry, corneal material stiffness and IOP. The corneal geometry was assumed to be a
symmetry shape similar to an ellipsoid in this study which is usually analysed by the variation
in topography elevation along different meridia and circumferential line (Figure 3-4). Based on
these geometry analyses, the difference of the corneal geometry between the patient
specifically corneal geometry and symmetry idealized corneal geometry can be evaluated and
used to classify the keratoconic corneal geometry into different groups for simplifying the

individual difference in the parametric study.

W ‘\\\..J’/;
Circumferential .
Lines Corneal Geometry Originated

at Corneal Apex

Figure 3-4 Analysis of corneal geometry elevation along meridian and circumferential lines
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The original elevation data measured by the Pentacam was rotated and shifted due to the
corneal geometric centre and vision centre are different. The elevation data needed to correct
before geometry analysis. The corrected elevation data was rotated and shifted based on the
pupil location and the corrected corneal apex also was redefined based on the pupil location.
After the corrected process, the coordinate of the corrected corneal apex was located in the

coordinates of the origin (0,0).

The elevation data provided for each patient was analysed by determining the changes along
eight meridians with an azimuth of 45°, 90° (Superior), 135°, 180° (Temporal), 225°, 270°
(Inferior), 315°, and 360° (Nasal), Figure 3-5. Along each meridian, the mean and standard
deviation of the surface elevations at corneal apex and points at distances of 1, 2, 3 and 4 mm
from corneal longitudinal axis were determined for normal, healthy eyes (Table 3-2) and

keratoconic eyes (Table 3-3).
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Figure 3-5 Analysis of corneal elevation data along eight main meridians of the eye
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Table 3-2 Mean and SD of differences in elevation data between the corneal apex and

points at distances of 1, 2, 3, and 4 mm from apex for healthy eyes in millimetre

Meridians Distance from corneal apex

with azimuth 1mm 2 mm 3 mm 4 mm
45° 0.061+0.027 0.251+0.054 0.577+0.080 1.053+0.112
90°(Superior) 0.076+0.026 0.284+0.052  0.632+0.079 1.136+0.130
135° 0.085+0.023 0.304+0.048 0.664+0.074 1.180+0.105
180°(Temporal) 0.083+0.021 0.301+0.045 0.662%0.073 1.181+0.107
225° 0.070+0.024 0.279+0.047 0.637+0.073 1.158+0.106
270°(Inferior) 0.056+0.024 0.253+0.046  0.601+0.070 1.112+0.102
315° 0.048+0.021 0.233+0.043  0.563+0.069 1.047+0.101
360°(Nasal) 0.049+0.024 0.230+0.050 0.547+0.078 1.011+0.110
Overall 0.066+0.027 0.267+0.055 0.610+0.086 1.11040.126

Table 3-3 Mean and SD of differences in elevation data between the corneal apex and

points at distances of 1, 2, 3, and 4 mm from corneal apex for keratoconic eyes in millimetre

Meridians Distance from corneal apex

with azimuth 1mm 2 mm 3 mm 4 mm
45° 0.075+0.038 0.276+0.079  0.611+0.122 1.088+0.169
90°(Superior) 0.095+0.038 0.317+0.075 0.674+0.115 1.17940.162
135° 0.100+0.033 0.336+0.071 0.711+0.111 1.231+0.151
180°(Temporal) 0.086+0.032 0.317+0.069 0.698+0.111 1.234+0.159
225° 0.064+0.037 0.281+0.077 0.662+0.121 1.21540.171
270°(Inferior) 0.049+0.036 0.258+0.076  0.635+0.119 1.19040.163
315° 0.047+0.032 0.247+0.068 0.603+0.107 1.11640.150
360°(Nasal) 0.057+0.035 0.250+0.074  0.582+0.118 1.055+0.164
Overall 0.072+0.040 0.285+0.080 0.647+0.123 1.1631+0.174

Corneal elevations at points located at the same distance from the apex are expected to be
similar in healthy eyes. Along the main meridian, the mean and standard deviation of the
difference between max and min elevation in both databases (including healthy and KC eyes)

were determined and shown in Figure 3-6 and Table 3-4.
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Figure 3-6 Analysis of corneal elevation in clinical datasets along circumferential lines with
radii of 1, 2, 3, and 4 mm

Table 3-4 Comparisons of mean and SD of differences (in millimetre) between max and min
elevation along circumferential lines with radii of 1, 2, 3, and 4 mm for normal and abnormal

corneal geometry

Distance

1mm 2 mm 3 mm 4 mm
from corneal apex

Normal Corneal Geometry 0.066+0.003 0.264+0.013 0.604+0.031 1.104+0.179

Abnormal Corneal Geometry 0.072+0.035 0.285+0.073 0.647+0.115 1.163+0.161
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Figure 3-7 Comparison of mean and SD of differences of variations in elevation data
between (A) normal eyes and (B) KC eyes
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According to the results and considering variations in normal and abnormal corneal elevation
across different meridian and circumferential lines, corneal topography is not rotationally
symmetric and had an individual variability. These characteristics caused challenges in
developing FE models. Hence, when considering corneal geometry for healthy eyes in this
project, two approaches were adapted; one that assumes corneal geometry to be rotationally
symmetric in FE models used to perform a parametric study; and another that relies on

patient’s topography data to create patient-specific models for validation.

For KC eyes, it was also assumed corneal geometry to be rotational symmetry in the
parametric study even the corneal geometry was not rotationally symmetric. To reduce the
effect of the corneal geometry in KC eyes, corneal geometries were divided into five different
groups according to how rotationally unsymmetrical or distorted the cornea was, and this was
reflected in a parameter named TopoR. These groups were decided such that the KC group 3
(TopoR=3) had a topographical shape close to healthy patients and came from the mean of all
variations in KC datasets; KC group 2 (TopoR=2) was the result of mean minus SD; KC group 1
(TopoR=1) was the result of mean minus twice the SD; and similarly KC group 4 (TopoR=4) is
the result of mean plus SD; and KC group 5 (TopoR=5) is the result of mean plus twice the SD
(Table 3-5 &Figure 3-8). These five geometrical models for KC patients were used to develop

FE models.
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Table 3-5 Trends of variations in elevation data variation trends in normal and KC groups

Distance
Group name
of the abnormal geometry TopoR from corneal centre
0 mm 1 mm 2 mm 3 mm 4 mm
Normal group -
KC group 1 1 0 0 0.125 0.400 0.816
KC group 2 2 0 0.032 0.205 0.524 0.990
KC group 3 3 0 0.072 0.285 0.647 1.163
KC group 4 4 0 0.112 0.365 0.770 1.337
KC group 5 5 0 0.152 0.445 0.894 1.511
O e ¥ W
G -0.5
£ 4
5 - = =KC Group1l (TopoR=1)
+ .15 | = = =KCGroup2 (TopoR=2)
EJ — = =KC Group3 (TopoR=3)
w -2 | = = =KCGroup4 (TopoR=4)
s KC Group5 (TopoR=5)
0 1 2 3 4 5

Distance from corneal centre(mm)

Figure 3-8 Trends of variations in elevation data in normal and five KC groups

3.3 Numerical Modelling

This study needed to conduct numerical simulations to study the relationship between
intraocular pressure, air-puff pressure and corneal deformation in order to develop algorithms
for estimating biomechanically corrected IOP (blIOP) and material parameters. With numerical
modelling, various scenarios could be simulated which includes variations in central corneal
thickness (CCT), IOP, corneal radius, topography and material parameters. Hence it brought
two main advantages, first reduced the inaccuracies that could be caused by experimental
methods, second it reduced cost and allowed a more thorough analysis. The finite element
(FE) software ABAQUS 6.14 (Dassault Systemes Simulia Corp., Rhode Island, USA) was used to

simulate eye globes and the CorVis-ST tonometry, and predict the resulting corneal
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deformation data.

3.3.1 Normal/Abnormal Geometry of FEM Configuration

Eye geometry is one of the most important elements in the numerical modelling of this study.
As a result of the geometry analysis mentioned in Section 3.2, normal corneas are assumed
rotationally symmetry, unlike KC corneas. In order for the FE models to represent realistic
conditions, they adopted the following features from previous studies [70, 100, 233]: (I) Full
representation of the eye globe, considering thickness variation of cornea and sclera; (ll)
regional variation in the cornea & sclera material properties; and (Ill) dynamic representation

of the CorVis-ST air pressure on the eye.

The eye model included the cornea, limbus, and sclera, and was defined using information on
the anterior corneal central radius (Rc), anterior corneal shape factor (p), central corneal
thickness (CCT), peripheral corneal thickness (PCT), limbal radius (Rl), scleral radius (Rs), and

equatorial and posterior scleral thickness (Figure 3-9).

The shape of the cornea was determined by its anterior corneal topography, CCT and PCT.
Anterior corneal topography in healthy cases was assumed to be ellipsoid as also described
by other researchers [60-62, 234]. The relationship between anterior corneal topography, Rc

and p can take the form:

R, + \/RCZ —p(X2 +7Y2)

7 = 3.1

p

Where X, Y, and Z are the coordinates of a point on the corneal anterior topography; Rc is the

anterior corneal central radius and p is the anterior corneal shape factor.
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Figure 3-9 Geometry parameters of the eye model
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Figure 3-10 General Equation for a general conic section (a) is given by Y? = 2r,Z — pZ?

and the family of conic sections with different asphericities is shown in (b) [235]
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The corneal thickness at any location was assumed to linearly transit from CCT to PCT. On the
other hand, the sclera is assumed a roughly spherical shape [236], and its thickness is made
equal to PCT at the limbus, decreasing to the equatorial sclera, then increasing to the posterior

pole.

The models consider variations in the main geometry parameters as depicted in Table 3-6.
These variations covered the common clinical ranges exported in the literate. In the model,
the value of Rc and p was made equal to mean [59, 60], and Rl was set to the maximum value
of the topography radius in the nasal-temporal cornea in the literate [237, 238]. In addition,
CCT covered the range from minimum to maximum of clinical values for healthy eye, in section
3.2. The thickness variation of sclera is obtained from previous experimental and clinical

evidence [56, 58, 65, 70, 239].

In order to keep the size of parametric study at a manageable level, an initial study was
conducted and found that variations in some parameters, such as Rc, P and Rl had only a
negligible effect on the results [46]. Consequently, constant value of the anterior corneal
central radius, anterior corneal shape factor, limbal radius, and scleral radius of 7.8mm, 0.82,
5.85mm and 11.5 mm, respectively, were assumed since these parameters were not
measured clinically and were found numerically to have a negligible effect on IOP estimations

in the previous study [46].
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Table 3-6 Comparison between clinical measurement data and numerical model settings for

healthy eyes

Clinical Data Numerical model
(Mean * SD) (Range)
Anterior Corneal Central Radius (Rc) 7.79 £0.27 mm [59-62] 7.8 mm
Anterior Corneal Shape Factor (p) 0.82£0.18 [59, 61, 62] 0.82
Central Corneal Thickness (CCT) 0.55 £0.036 mm [63-65] 0.445-0.645 mm
Limbal Radius (RI) 5-6.5 mm [66-68] 5.85 mm [46]
Scleral Radius (Rs) around 11-18 mm [66] 11.5 mm [46]

Peripheral Corneal Thickness (PCT) CCT +0.15 mm [63-65, 69]  cT+0.15 mm [70]

Equatorial Scleral Thickness 0.53£0.14 mm [57, 58] 0.8*PCT mm

Posterior Scleral Thickness 0.99£0.18 mm [57, 58] 1.2*PCT mm [70]

The abnormal corneal geometry had been classified into five different geometry groups with
five values of TopoR, Section 3.2. Due to the characteristics of Keratoconus, this research
assumed that the change in eye geometry affected only the cornea and the geometry on the
limbus or sclera is not different between healthy and KC eye. Overall, the model was meshed
by controlling the total number of element rings in corneal and sclera using 6-noded solid

elements (C3D6H) arranged in one layer across the thickness.

3.3.2 Regional Variation in Material Behaviour

The eye model was divided into four main segments of the cornea, limbus, anterior sclera and
posterior sclera, based on their characteristics of mechanical behaviour (Figure 3-11). In this
project, third-order, hyper-elastic Ogden models were used to represent the ocular tissue’s
mechanical behaviour as obtained from previous experimental works and enabled sensitivity

to variations in stress-strain behaviour related to age [1, 70, 99]. Moreover, scleral regional

73



Chapter Three: Methodology

variation in stiffness and its gradual reduction from the limbus towards the posterior pole is
incorporated [240]. In all models, the optic nerve head was not considered as its effect on
corneal behaviour is negligible. Based on the uniaxial tension results from a previous study [1,
70], the stress-strain relationship in the healthy eye in each segment was described in Figure

3-11.
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Figure 3-11 Model segments with different material properties in FEM (A). Stress-strain
material behaviour of the cornea (B), limbus (C), anterior sclera (D), and posterior sclera (E)

with age-related variation is shown [1, 70].
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Using the stress-strain material behaviour, the Ogden coefficients, y; and «;, as determined

to third order in different eye regions, are shown in Table 3-7.

Table 3-7 Ogden coefficients of eye FE model in cornea, limbus, anterior sclera and
posterior sclera

Age M1 s K2 a2 M3 o3
(years) (MPa) (MPa) (MPa)

10 -214.183 = 23.5457 | 142.131 @ 24.9978 72.083 20.6831

Region

30 -267.423 | 23.5397 | 177.461 @ 24.9995 90.000 | 20.6610
Cornea 50 -327.548  23.5263 = 217.359 @ 24.9999 110.235 @ 20.6187
70 -416.894 = 23.5070 | 276.649 @ 24.9996 @ 140.304 @ 20.5598
90 -520.522 = 23.4835 | 345.416 | 24.9995 175.180 | 20.4876

10 -391.599 | 2.001649 | 273.9372 3.999664 @ 119.0458

2.00625
30 -488.94 | 2.001139  342.0308 3.999936 148.6359 @ -2.0041
Limbus 50 -598.869 2 418.9285 4 182.0542 =)
70 -762.223 | 1.998359 533.2015 3.999952 231.7134 199429
90 -951.69 | 1.996362 | 665.7401 @ 3.999936 289.3115 198728
10 -407.61 | 2.001649 | 279.1595 | 3.999664 129.216 5 00625
30 -508.931 | 2.001139 348.5511 3.999936  161.334 @ -2.0041
Anterior
Sclera 50 -623.354 2 426.9148 4 197.6073 -2
70 -885.496 2 602.1719 4 284.6928 -2
90 -1084.96 2 735.932 4 350.5131 -2
10 -330.079 | 2.001649 224.0066 @ 3.999664 106.4883 5 00625
30 -412.127 | 2.001139 279.6887 @ 3.999936 132.9571 @ -2.0041
Posterior 50 -504.786 2 342.5702 4 162.8503 -2
Sclera

70 -642.478 | 1.998359 | 436.0146 § 3.999952 207.2713 1.99429

90 -802.179 | 1.996362 | 544.3953 3.999936 258.7936 198728
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While coefficients u; had a regular change with age, a; had an almost constant value in
each region. In the analysis, y; varied around the values obtained experimentally from ex-
vivo eyes. In addition, the ratio (Mgr) between the Ogden coefficient y; and p at age 50
related to stiffness variations corresponding to Age. The correlation between Mg and age is

presented in form:

Mr(Age) = 0.5852 x g0-0111xAge (3.2)
Where My is the ratio between the Ogden coefficients y; and u at age 50, Age is

presented in years.

Moreover, the material behaviour in KC eyes was assumed to be softer 20% than the healthy
eyes. To cover the range in normal and abnormal corneal material properties observed in
ophthalmic practice, relative to u; atage 50, Mrwas allowed to vary between 10% and 300%

in steps of 10%.

3.3.2.1 Boundary Conditions

The CorVis’s measurement process includes few factors as air-puff shooting centre and angle
etc, which affects the IOP measurement. In this study, it assumed that the air-puff shooting
centre was same with the corneal centre with a vertical shooting angle. In addition, the eye
material was assumed a nonlinear hyperreality homogeneous material in both healthy and KC
eyes in Section 3.3.2. According to these hypothesises, all models were provided with

boundary conditions that prevented their rigid body motion (Figure 3-12):

e The nodes at the corneal apex and posterior pole were restrained against

displacement in the X-direction (temporal-nasal) and Y-direction (superior-inferior).
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The movement of the equatorial nodes is prevented in the Z-direction (anterior-

posterior).

To avoid the model from rigid-body rotation around the Z-axis, the equatorial nodes

in the X-Z plane are fixed in the Y-direction.
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Figure 3-12 View of a FEM showing (A) full eye model and (B) cross-sectional view.

Boundary conditions are highlighted in Orange.
3.3.3 Loading Configuration

All models were subject to two loading scenarios including IOP and external tonometer air-
puff pressure. The IOP varied from 10 to 30 mmHg as these values are commonly seen in
ophthalmic practice. IOP was applied as a pressure change inside of the eye, modelled by
defining an internal surface as a fluid cavity. Moreover, based on the assumption that aqueous

and vitreous are incompressible, the ocular globe models were filled with an incompressible

fluid that had a density of 1000 Kg/m?3 [241].

The external air pressure provide by the piston was applied on the central cornea. The change

in piston pressure increased from 0 mmHg to 180 mmHg and reduced from 180 mmHg to O
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mmHg during the measurement was obtained from the device manufacturers (Figure 3-13
(B)), and the distribution of the air pressure was obtained based on experimental study [242]
and computational fluid dynamics simulation (CFD) [243] performed on the device (Figure 3-
13 (A)). When distance from the device’s shooting hole to the corneal apex is 11 mm, the
maximum air pressure in the device was around 180 mmHg and was found by the
manufacturer to have been reduced by approximately 50% (105mmHg) as the air puff reaches
corneal apex [46, 243]. The pressure at the centre of each element was calculated using the
cubic spline data interpolation in MATLAB. A new amplitude file that could be read by ABAQUS
was generated to allocate the correct pressure to each element based on its location. The
pressure was applied for 0.026 seconds as described in Figure 3-13 to the inflated eye, and

the resulting deformations were extracted.
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Figure 3-13 Spatial distribution (A) and time variation (B) of air-puff pressure on the cornea
[46, 242, 243]. In (B), thick black line represents pressure measured in device piston and the

red line represents pressure acting on the cornea.
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3.3.4 Stress-Free Configuration

The eye geometry parameters adopted clinical corneal geometry measured under a stressed
condition with IOP. This means that before the I0P-loading and air-puff dynamic simulation,
the stress-free configuration of the FEM needs to be derived to obtain the geometry under
zero IOP. An efficient iterative method was applied for deriving the stress-free condition with

high accuracy [233].

The hypothesis of the stress-free process is that the nodal coordinates of the initial model
with the stressed shape are equal to the sum of the nodal coordinates of the target model

with the stress-free configuration and the deformations under IOP (Figure 3-14).

Application of IOP on Subtraction of deformation Application of IOP on Using difference between
experimentally-obtained from deformed topography estimated stress-free deformed configuration
topography to obtain first estimate of configuration experimentally-obtained topography
stress-free configuration to update stress-free configuration

Figure 3-14 Schematic description of the approach used to obtain the stress-free

configuration of the eye [233]

In the first estimation, the process began at applying the IOP to the initial model with (),

coordinates using FE-analysis, and this led to the nodal deformation D; and the first
estimate target model with the stress-free configuration denoted S; = C, — D, .Then, the
|IOP was applying again to configuration S; to get a new IOP configuration S; with a new

nodal deformation D;j , and the difference between S; and C, was used to compute the

79



Chapter Three: Methodology

error estimation using Euclidean norm in three-dimensions (e; = ||S{ -Gy ||) Hence, a new
stress-free estimate was approximated using the new nodal deformationas C;, = C, — D;.
Based on this new estimate, the procedure continues by carrying out another finite element
analysis and using the resulting nodal deformation Dy to compute a new error estimate (e, =
||S,'( - C, ||) inthethe K iteration. Hence, the stress-free configuration process followed this

loop until the final error had magnitudes less than the pre-set tolerance of 10° mm.

3.3.5 Mesh Density Study

In an initial mesh density study, the numerical model assumed Rc=7.8 mm; P=0.82; CCT=0.545
mm; RI=5.85 mm; Rs=11.5 mm; PCT= 0.695 mm; equatorial scleral thickness= 0.556 mm; and
posterior scleral thickness = 0.834mm. The material properties were set to age 50 and the
boundary conditions were carried out as described in Section 3.3.2. Models in these
simulations differed only in the number of corneal, limbal and scleral rings and hence the number
of elements/nodes used. The elements size in the corneal, limbus and sclera approximated to

be the same. As detailed in Table 3-8, a total of 8 models were included.

Table 3-8 Details of eight model settings tested in an initial study

Model No. 1 2 3 4 5 6 7 8
Number'of 9 14 19 21 24 26 29 31
Corneal Rings
Number of
Limbus Rings 3 4 ° ° ’ ’ ° ’
Number of
. 46 70 93 103 117 127 141 150
Scleral Rings
NuN':ZZ:Of 10096 23236 41776 50704 65716 76804 95056 108304
Number of 10092 23232 41772 50700 65712 76800 95052 108300
Elements
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First, inflation was performed bringing the IOP to a value of 15 mmHg. This is regarded as an
initial loading and the displacement nodes at three particular locations; corneal apex, a limbal
node and posterior pole were compared as shown in Table 3-9. In addition, the tissue
thickness changes at these locations were recorded. Secondly, the cornea was subjected to
CorVis-ST pressure up to 95 mmHg. Both deformation and tissue thickness variations at the

above-mentioned locations were recorded (Table 3-9).

Table 3-9 Displacements and thickness changes after IOP inflation and external loading.

Values in Table are all in um.

Model Number 1 2 3 a 5 6 7 8

After inflation with IOP = 15 mmHg

Corneal Centre | 123.2 123.7 124.2 124.4 1245 1245 1245 1246

Limbus 29 30.2 308 31 31.1 311 311 311

Deformation

Posterior Pole | 24.8 24.8 24.7 247 247 247 247 247

Corneal Centre | -15.7 -15.7 -15.7 -15.7 -15.6 -15.6 -15.6 -15.6

Limbus 3.1 -32 -33 -34 -34 -34 -34 -34

Thickness
Change

Posterior Pole | -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

After inflation and application of CorVis-ST Air Pressure

Corneal Centre | 131.5 133.5 134.7 1349 135.1 135.1 135.1 1351

Limbus 294 306 312 314 316 316 316 316

Deformation

Posterior Pole | 24.3 24.3 24.3 24.3 243 243 24.3 24.3

Corneal Centre | 36.5 37.5 38 38.1 38.3 38.3 38.3 383

Limbus -2.5 -26  -27 27 -277 -27 -2.7 -27

Thickness
Change

Posterior Pole | -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6
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It was evident from Table 3-9 that both displacements and thickness changes began to
converge from the fifth model. Based on these results, the FE models used in the remainder
of this project employed 65,712 six-noded elements organised in 24-element rings in the

cornea,7-element rings in the Limbus, 127-element rings in the sclera and one-element layer.

3.3.6 Summary of Simulation Steps

The development of corneal material behaviour estimation and IOP correlation algorithms
were based on the simulation of the air-puff process by CorVis-ST. This simulation was divided
into two steps — IOP (intrinsic loading) and air-puff (external loading). Before the simulation
of the CorVis-ST process, an initial study on the model geometry was conducted to evaluate
the effect of different mesh densities on the deformation under inflation in the eye and
loading on the corneal centre. This initial study determined a mesh density of the model that

was reliable and computationally efficient for modelling.

The input file of the simulation began with generating an idealised model and the eye setting
was based on the previously mentioned factors. The idealised geometry was described in a
node file using Cartesian coordinates. The models underwent a process to derive the stress-
free form, under zero-IOP. These models were then used for the parametric study carried out

in this project.

The main results of the simulation were recorded using nodal coordinates in the output
database (.odb) file, and the deformed nodal coordinates were extracted from this file using
an ABAQUS python script. Due to the time-consuming nature of the simulation, all analysis

was programmed in a bespoke MATLAB environment that interacted with ABAQUS.
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3.4 Parametric Study

The total number of normal and abnormal models in the parametric study was 4,500. In each
model, specific values of CCT, IOP and material properties were used. The analysis of air puff
application was dynamic and consisted of 300 pressure increments (time step=0.0001s)
covering the 0.03 s of the CorVis-ST procedure. The coordinates of corneal anterior nodes
were extracted at each time step using a Python code, and a MATLAB code was used to
estimate values of CorVis-ST dynamic corneal response parameters (Ppcr). The results of the
study were used to analyse the effect of corneal geometry and material parameters on the
dynamic corneal response (DCR), and to develop algorithms providing estimates of true 10P

and corneal material properties.

3.4.1 Calculation of Dynamic Corneal Response Parameters

The main dynamic corneal response parameters (Pocr) were described in Chapter 2, and these
parameters were estimated while following the same methods used by CorVis-ST. All
simulation results were recorded in a three-dimensional space. The nodal deformations with
the time variable were fitted to a 10™" degree polynomial by using the least-squares method
for the smooth curve on the corneal topography. with this polynomial equation, the maximum
deformation at the corneal apex was determined, Figure 3-15, and the highest concavity time
(HCT) and max deformation on the corneal apex at this time (HCDeformation) were
determined. The corneal edge profile at the HCT phase was defined by using the cubic

interpolation method (as shown by the blue line in Figure 3-16).
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Figure 3-15 Progress of normalised air pressure (A) and nodal deformations at the corneal
apex (B) with time. When air-puff pressure increases to a maximum, corneal apex

deformation reaches its max value.
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Figure 3-16 Corneal anterior profiles during air-puff loading

The two peaks of the cornea at HCT were defined using the point where the first partial
derivatives were zero and the second partial derivatives were negative. Based on the two
peaks of the cornea at HCT, the distance between two peaks (PD) was calculated. Subsequently,
the radius of curvature of corneal concavity at HCT (R) was calculated by fitting it to a parabolic

equation between two points at 1.53 mm from the corneal apex.
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In terms of the time of the ongoing first applanation phase (the red line in Figure 3-16), the
corneal edge profile data at different time points have fitted to a polynomial of a 10t" degree
by using the least-squares method and the second partial derivatives were shown in Figure 3-
17). During the duration of the air-puff simulation, the location of the corneal apex changed
from being at the highest point to its position at the lowest local point (under max corneal
apex load) and from the lowest local point back to the highest point (under reduced apex load

to zero).
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Figure 3-17 Second partial derivatives of corneal anterior edge with respect to time

calculated at corneal apex

In Figure 3-17, values of the second partial derivatives of the corneal curve were zero at the
first and second applanation time (APT1 and APT2). By using APT1, the corneal edge profile
curve at APT1 can be defined. When the corneal surface is flattened, the slope of the tangent
line through the flattened section is zero, resulting in the first partial derivatives of the corneal
curve at APT1 being zero. The length of the flattened cornea is the sum of the distance which
included points at the first partial derivatives of the corneal curve that were zero. Moreover,

the boundary conditions of FEM are restricted to the model rotation and whole eye
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movement. As a result of these conditions, the deflection is equal to deformation at each
phase. The velocity at the corneal apex is equal to the value of the first derivative of corneal

apex deformation with the time variable.

3.4.2 Comparisons between Clinical Data and Numerical Results

Comparisons of Corneal Deformation

To validate the performance of numerical models, their predictions were compared with
clinical data. In this comparative study, IOP, CCT, and corneal material behaviour (related to
age) of eye-specific models matched the parameters of four randomly selected healthy eyes,
and the results were compared with a focus on corneal topography at first applanation and

the highest concavity point.

Comparisons of CorVis-ST Dynamic Response Parameters

The distribution of the main CorVis-ST dynamic corneal response parameters, as predicted
numerically, were assessed to determine if their means were within the ranges expected
clinically. In addition, in the numerical simulation, the input variables (as CCT, IOP and corneal
material stiffness) was continuous, but the simulated input variables was only selected with
groups from the grouping. As a result, the numerical results might provide biased predictions,
which is difficult to compare their mean and STD between predicted numerically and expected
clinically. Hence, a nonparametric statistical analysis was used to compare probability
distributions of the dynamic corneal response parameters between numerical simulations and

clinical measurements.
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A nonparametric statistical analysis was performed to compare the predictions of these
parameters with the clinical data. In the nonparametric statistical testing, a confidence
interval (Cl) provided an interval estimation to present the unknown population of these
parameters. In this study, the numerical predictions of CorVis-ST dynamic response
parameters were assumed to cover 95% of the population of these parameters clinically, when
the ranges of IOP, CCT and corneal material properties in the numerical models covered their

clinically expected ranges.

Comparisons of Age-matched Dynamic Response Parameters Obtained

Numerically and Clinically

Kolmogorov-Smirnov test (K-S test) was used to analyse CorVis-ST dynamic response
parameters obtained from age-matched numerical and clinical data. The K-S test was used to
decide whether age in healthy eyes was the only parameter that controls the material

behaviour. Statistical analyses were performed using SPSS 24 (IBM, Armonk, NY).

In the healthy eyes’ numerical datasets, some response parameters as deflection and
applanation pressure were missing when the material configurations in ABAQUS became
unstable and failed to converge because the characteristic of the incompressible material
behaviour is more stringent on the control of volume changes. Hence, there were only 8
different material configurations with full IOP and CCT configurations in healthy numerical

datasets

Eight different material configurations (based on Equation 3.2) in the healthy numerical

datasets were shown in Table 3-10.
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Table 3-10 Cases used in Kolmogorov-Smirnov statistical analysis of healthy numerical and

clinical datasets

Total number of cases

Mg A[\g(:g\r:;) Command*
Numerical Healthy clinical
0.7 16 15 2 Ignored
0.8 28 15 13 Selected
0.9 38 15 9 Selected
1 48 15 12 Selected
1.1 56 15 3 Ignored
1.2 64 15 4 Ignored
1.3 71 15 6 Ignored
1.5 84 15 0 Ignored

*If the number of clinical data points was smaller than half the number of numerical data
points, K-S analysis could not be performed.

In the statistical analysis, the healthy eyes’ numerical dataset parameters were described by
their mean, standard deviation, and range value. The results of the K-S test of these three
groups (including Mg (Age)=0.8 (28), 0.9 (38), and 1 (48)) in normal numerical and healthy
clinical datasets can help assess the population’s homogeneity. When the p-value of any
dynamic response parameter was smaller than 0.05, it indicated the age-related corneal
material behaviour presented a significantly different distribution of CorVis-ST dynamic
response parameters between numerical predictions and clinical outcomes. In other words,
the differences in results among this study may have been due to individual difference

changes in corneal biomechanical properties, despite their age-related effect.
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3.5 Development of Algorithms to Estimate bIOP and Corneal Material

Behaviour

Three numerical parameters, namely CCT, the ratio (Mg) of the Ogden coefficient u with age
variable based on the u at age 50 and the true IOP (IOPt), were changed in the parametric
study on healthy eyes and the models were analysed to estimate the CorVis-ST dynamic
response parameters (Pocr). The dilemma here is that to obtain material properties, the true
IOP must be known and to obtain the true IOP, the correct material properties are required.
To break this cycle, the true IOP (IOP:) was assumed to be a function of CCT, Mg, and Ppcr
where Mg was expected to be strongly associated with the material behaviours and Ppcr was

expected to be strongly associated with IOPt:

I0Pt = f(CCT, MRI PDCR) (33)

Following this strategy, material properties of the cornea were then assumed to be a function
of CCT, IOPy, and Ppcr Where Ppcr was expected to be strongly associated with the material

behaviours:

My = f(CCT,10P;, Ppcr) (3.4)

This process was followed for both healthy and KC eyes, but with slight variations. In healthy
eyes the material properties were assumed to mainly dependent on age, as was established
experimentally [1, 70]. This could allow the development of an Equation for estimating the
true IOP based on age. However, the KC eyes, as it is known that the material properties have
changed with disease progression, age could not be used as an indication of correct material

behaviour. For this reason, in KC eyes, the material properties were estimated first, followed
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by the estimation of true IOP, Figure 3-18.
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Figure 3-18 Flowchart of procedure for developing algorithms to estimate IOP and corneal

material behaviour in healthy and KC eyes

3.5.1 Development of Algorithms to Estimate IOP and Corneal Material

Behaviour in Healthy Eyes

In the clinical datasets, the dynamic response parameters (Pocr) obtained from the CorVis-ST

related to the IOP reading measured by the CorVis-ST (CVS-IOP), CCT, and Age [46], [254],
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[345], [346]. In addition, the ocular tissue’s mechanical behaviour is related to age [79], [91],
[93]. This means that the dynamic response parameters will be a function of CVS-IOP, CCT, and
corneal material stiffness. Hence, in the parametric study on healthy eyes, the numerical
database took I0Pt, CCT, Mg as an independent input variable and Ppcr provided from the
numerical simulation as output variable, thus the Ppcr was assumed to be a function of IOPt,
CCT, and Mg. By analysing the correlation between input variables (as IOPt, CCT, and Mg) and
output variables (as Pocg), relations between input variables and output variables were
defined. Once the relations between Ppcr and IOPt, Ppocr and CCT, Pocr and Mg were defined,
the Ppcr with highly correlating with the IOPt and lowly correlating with CCT and Mg was used
to develop a biomechanically-corrected IOP algorithm to reduce the effect of CCT and corneal
material stiffness on the IOP estimation. On the other hand, the corneal material estimated
algorithm was developed by using Ppcr with higher correlation with Mg and lower with CCT

and IOPt to reduce the effect of IOP and CCT on the corneal material behaviour estimation.

The procedures to develop IOP and corneal material estimate in healthy eyes was divided into

three stages:

e  Correlation analysis of the dynamic response parameters (Pocr) against IOPt, CCT and Mg
in the numerical database to evaluate the effect of IOPt, CCT and Mg on the dynamic
response parameters for determining which dynamic response parameter will be used
to develop biomechanically-corrected IOP and corneal material estimated algorithm;

e  Correlation analysis of the dynamic response parameters against IOP measurement
obtained from the CorVis-ST (CVS-I0OP), CCT, and Age in the clinical datasets to evaluate
the effect of CVS-IOP, CCT, and Age (related to the corneal material stiffness) in the

clinical datasets for comparison of the results of correlation analysis from numerical
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database to validate the selected dynamic response parameters using in the
biomechanically-corrected IOP and the corneal material estimated algorithm.;

e  Development of a biomechanically-corrected IOP algorithm relating true IOP to CCT, Mg
and highly correlating CorVis-ST parameters to reduce the effect of CCT and corneal
material stiffness on the IOP estimation;

e Development of an algorithm relating corneal material properties to IOPt, CCT, and
highly correlated CorVis-ST parameters to reduce the effect of IOPt and CCT on the

corneal material behaviour estimation.

Correlation Analysis of Dynamic Response Parameters in Healthy Eyes

According to the hypothesis of the IOP estimation algorithm, it is important to decide which
Pocr can be used in the algorithm through the correlation analysis. Regarding the normal
cornea, owing to the consideration of the difference in the data distribution between the
clinical and numerical datasets, a correlation analysis of the dynamic response parameters
with the CCT, IOP and age/Mg (due to its association with corneal material stiffness) was

conducted.

As the relationships between Ppcr, CCT, IOP and corneal material stiffness are unknown, the
correlation analysis was done using the most common correlation method in statistics which
is Person Product Moment Correlation (PPMC). In the PPMC results, the Person’s correlation
coefficient (r) value shows the degree of the correlation between two variables, and the p-
value is used to measure the ‘significance’ of the relationship when it is lower than 0.05.
Hence, the relation between Ppcg, IOP, CCT and corneal material stiffness were defined.

The Ppcr with highly correlated IOP and lowly correlated CCT and corneal material stiffness
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(age/Mg) were denoted as Ppiop. The Ppiop Was then used to develop the IOP algorithm for the
normal cornea. Then If the algorithm still correlated highly with CCT or corneal material
stiffness in the clinical datasets or sufficiently accurate in numerical database (root-mean-
square error > 2 mmHg), another parameter with a stronger association to CCT or age/Mg
would be added into the algorithm to correct for the effect of CCT or corneal material

properties on the IOP estimation.

Estimation Algorithm for Intraocular Pressure for Healthy Eyes

According to the results of the correlation analysis based on the numerical and clinical

datasets, Puior was included in the development of the IOP algorithm (blOP) for healthy eyes:
bIOP = f(CCT,Age, Py;op) [For normal cornea](3.5)

As IOPt, CCT, and Age are independent variables, the algorithm can take the form:
bIOP = f,(CCT)f,(Age) f3(Pyiop) [For normal cornea](3.6)

The work started with determining the lowest possible degree of each factor before
optimising to find the value of the coefficients give the minimum error between the target

value (IOP:) and estimation value (Predicted IOP) using the least-squares method:

min||F (x, xdata)||5 = min Z(F(x, xdata;) — ydata;)? (3.7)
X X
i

Where xdata isinputdata,and ydata isthe observed output,and F(x,xdata) isa matrix-valued

or vector-valued function of the same size as ydata.
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Development of an Estimation Algorithm for Corneal Material Behaviour

for Healthy Eyes

The age-related stiffening obtained from earlier ex-vivo experiments [70, 71, 79, 84, 85] was
denoted a material ratio “Mg” in this study. This parameter presented a comparison of
stiffness in relation to the behaviour at age 50. In addition, this parameter could be developed
because earlier results showed that the stress-strain curve for different ages did not cross each
other, Figure 3-11. The results showed that the gradient of the curves at any stress level varied
depending on age while the non-linearity of the curves remained almost unchanged, Figure

3-19.

Mr>1 <«<— Mg=1 —» MRr«<1

Pressure or Stress

Deformation or Strain

Figure 3-19 Comparison of the effect of M value on the loading-deformation and stress-

strain behaviour

This observation is important as it allowed determination of the full stress-strain relationship
instead of a tangent module (Et) at certain stress and strain. Similar to Equation 3.3 for IOPt,

an algorithm to estimate corneal material behaviour (B) can take the form:

B = f(CCT,I0P:, Ppcr) [For normal cornea](3.8)
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The only CorVis parameter that is strongly correlated with the material behaviour (i.e. Ppcr)
was the stiffness parameter (SP), which is defined as the resultant pressure at first applanation
divided by corneal deflection at highest concavity, developed in an earlier study [201]. The
stiffness parameter at the highest concavity (SP-HC) is defined as the resultant pressure at first
applanation (A1), divided by the difference in corneal deflection between first applanation

(AlDeflection) and highest concavity (HCDeflection), Equation 3.9 [201].

In Equation 3.9,

SP_HC — AP1 —IOP; (3.9)
" 7 Deflection,,,, — Deflectiony, '

Where AP1 is the first applanation pressure measured at the device's piston; Deflectionmay is
the deflection amplitude at the corneal apex; Deflectiona; is the deflection amplitude of

cornea at first applanation; and /OP; is the true IOP value, which can be replaced by bIOP [201].

Healthy eyes are expected to have greater resistance to deflection than KC eyes, and there is
evidence that SP-HC was higher for healthy eyes than KC ones [33, 37, 121, 137,172,173, 175,

176]. Therefore, the relationship of Mg takes the form:

My = f(CCT,I0P,, SP-HC) (3.10)

Values of Mg in a 3D space covering wide ranges of CCT, IOPt and SP-HC were shown in Figure
3-20. The figure showed an association between CCT and SP-HC, and between IOPt and SP-
HC, as expected for an overall stiffness parameter. But a large variation of these parameters
led to a large error on the fitting. Hence, the IOP and CCT values were divided by the mean of
these parameters in the numerical datasets (as 545 um and 20 mmHg), and the SP-HC value
was applied using the natural logarithm to reduce essentially the error for predicting the
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material parameter (B). Following the process, these surfaces were presented by polynomial
equations related to IOP/20, CCT/545 and Ln(SP-HC), and each surface represented one

material behaviour(Mg), Figure 3-20(B). Therefore, the algorithm to estimate B takes the form:

B = f(CCT,I0P,, Ln(SP-HC)) (3.11)
As IOPt, CCT, Mg are independent variables, the relationship between I0Pt, CCT, and Ln(SP-HC)

for each Mg can take the form:

My = {Ln(SP-HC)|f(CCT,I0P,)} (3.12)
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Figure 3-20 (A) 3D point cloud plot and (B) surface plot of corneal stiffness parameter

against IOP and CCT for different Mg values
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According to Equation 3.12, specific values of Ln(SP-HC) from each Mg were estimated based
on the specific IOPt and CCT, Figure 3-21. Based on the relationship between Mg and Ln(SP-

HC), the B was estimated by using cubic interpolation based on the specific Ln(SP-HC).
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Figure 3-21 The process of corneal material estimation. (A) When specific values of CCT
(CCTspecific) and IOP (IOPspecitic) are applied in the SP-HC surface plot, there are several
estimates for SP-HC for different Mg. (B) When these estimates are plotted, B can be

estimated using the corresponding SP-HC (Ln(SP-HC)specific)-

In the clinical dataset, all required parameters (as CCT, AP1, AlDeflection and HCDeflection)
obtained from the CorVis-ST device. Upon development of bIOP Equation, it was found to be
more reliable and closer to the true IOP values [244]. Hence blOP was used in Equation 3.11.
Following the above-mentioned process, the B healthy could be calculated using CCT, bIOP,

and SP-HC value.
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3.5.2 Development of Algorithms to Estimate IOP and Corneal Material

Behaviour in Keratoconic Eyes

The procedure of development of the IOP & corneal material estimate algorithms for KC eyes

with a slight variation was done in three stages:

e  Correlation analysis of the dynamic response parameters against IOP, CCT, Age/Mg and
corneal topography parameter (TopoR)

e  Development of an algorithm relating KC corneal material properties to IOP, CCT, and
highly correlated CorVis-ST parameters

e Development of an algorithm relating true IOP to CCT, Mg, TopoR and highly correlated

CorVis-ST parameters

Since on healthy patients, age could be used as a reliable indication of material behaviour to
calculate true IOP, but, in KC eyes, the material properties have altered and age couldn’t be
reliably used to estimate IOP nor corneal material behaviour. Hence, the process was changed

to begin estimating the corneal material behaviour, and then proceed to estimate the IOP.

Correlation Analysis of Dynamic Response Parameters in Keratoconic Eyes

Similar procedure as healthy was followed to obtain highly correlated parameters (Pocr) with
both IOP and material properties. In this case, CVS-IOP is the only indication of the IOP for KC
eyes. Therefore, clinical datasets were used to conduct the correlation analysis of CVS-IOP
with the CCT and Ppcr. The correlation analysis showed a significant correlation between
thickness and CVS-IOP and the relationship between the Ppcr and CVS-IOP. These are used to

correct the differences between the CVS-IOP and true IOP for material estimation. Then,
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clinical datasets (used in Section 3.2) and numerical datasets were used to conduct the
correlation analysis of the dynamic response parameters with the CCT, IOP, age/Mg (due to its
association with corneal material stiffness), and corneal topography (TopoR). These
parameters were denoted as Ppiop«. The Ppiop Was then used to develop the IOP algorithm for

the keratoconic cornea.

Development of an Estimation Algorithm for Corneal Material Behaviour

for Keratoconic Eyes

As mentioned, the stiffness parameter at the highest concavity (SP-HC) is lower in KC eyes
than in healthy eyes [201]. Similar to Equation 3.10 for the corneal material behaviour in
healthy eyes, the corneal material behaviours in KC eyes was assumed to be a function of

numerically found CCT, IOPt, SP-HC and corneal geometry factor (TopoR):

Mg = f(CCT,IOP;, TopoR,SP-HC) [For abnormal cornea](3.13)

Following the same process in Section 3.5.1, values of Mg in a 3D space covering a wide range
of CCT/545, I0Pt/20, Ln(SP-HC) and five different abnormal corneal topography were shown

in Figure 3-22.
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Figure 3-22 3D surface plots of stiffness parameter against IOP/20 and CCT/545 for different

TopoR. Every surface corresponds to a specific value of Mg.

Based on the assumption that the only available parameter that indicates IOP in clinical data
is CVS-IOP in KC eyes, an algorithm to estimate corneal material behaviours (B) for KC eyes can

take the form:
B = f(CCT,CVS-IOP, Ln(SP-HC)) [For abnormal cornea](3.14)

Estimation Algorithm for Intraocular Pressure for Keratoconic Eyes

After estimating the corneal material behaviours for KC eyes and by considering the corneal
geometry effect and the results of the correlation analysis of the numerical and clinical data,

an algorithm to estimate IOP (bIOPkc) for KC eyes can take the form:

bIOPy = f1(CCT) f,(B) f3(TopoR) f3(Piopy,) [For abnormal cornea](3.19)
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3.6 Validation of Intraocular Pressure

Intraocular pressure (IOP) measurement is an essential part of the eye examination and is
required to risk profile and manage Glaucoma. The reference standard tonometer used in
clinics to measure IOP is the Goldmann Applanation Tonometry (GAT)38. Therefore, the
validation of the blOP against GATis important to demonstrate the feasibility and accuracy of
this algorithm in clinical datasets. The evidence required in clinical datasets is a reduced
correlation of bIOP values against CCT and age (Figure 3-23). On the other hand, as the true
IOP is not known in clinical data, an ex vivo human eye experiment was conducted to assess

the reliability of the bIOP in laboratory conditions.
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CCT, age CCT, age

Figure 3-23 Expected results of correlation analysis of IOP with CCT and Age in clinical

datasets

3.6.1 Validation of bIOP Using Healthy Ex Vivo Human Eye Experiments

This study was designed to determine the effectiveness of the CorVis ST bIOP algorithm in
eliminating, or significantly reducing, the effect of biomechanics parameter variation on IOP
estimates using ex-vivo human eye globes, in which the IOP was controlled and then measured

with the CorVis ST (more detail of ex-vivo experiment procedure shown in Appendix B).
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Donor Eye Details

Five ex-vivo human ocular globes (age 69+3 years) were obtained from the Fondazione Banca
degli Occhi del Veneto Onlus, Venice, Italy, and tested within 3-5 days post mortem. Ethical
approval to use the specimens in research was obtained by the eye bank in accordance with
the Declaration of Helsinki. The central corneal thickness (CCT) was measured using a DGH 55
Pachmate pachymeter (DGH Technology, Exton, USA). After removing the extraocular tissues,
a G14 needle was inserted through the posterior pole, glued around the insertion point to
prevent leakage, and used to remove the vitreous. The inside of the globe was washed with
Phosphate Buffered Saline (PBS, P4417, Sigma-Aldrich, Darmstadt, Germany) a few times until
a smooth movement of fluid was achieved through the needle and a syringe connected to it.
The eye was then injected with a 10% Dextran solution (Sigma-Aldrich, Darmstadt, Germany)
to prevent swelling during the experiment, before fitting it inside the test rig. Throughout
these steps, the eye was kept moist using Everclear; a viscous tear film supplement (Melleson

Pharma, Breda, Netherlands) to prevent drying.

Ex vivo Human Eye Testing Process

A custom-built inflation rig was used in the study to control the IOP in ex-vivo eye globes and
measure it with the CorVis ST, Figure 3-25 and Figure 3-24. The rig included a support
mechanism for the eye to allow it to sit in its natural position with the cornea horizontally
facing the CorVis ST while preventing both vertical and horizontal rigid-body motion. Inside
the horizontal support, a skin-safe, soft silicone rubber padding (Ecoflex® Series, Smooth-On,

Pennsylvania, USA.) was placed to simulate the effect of fatty tissue around the eye.
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Figure 3-24 Test rig showing eye sitting on a rigid support and supported from the back
while being connected to a syringe pump that controls its IOP. CorVis ST is placed at a

distance to enable its automatic trigger.
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Figure 3-25 Schematic views of inflation test rig showing an ex-vivo eye [1] sitting on rigid
support [2], which provided restraint against the vertical motion, and soft back support [3]
that provided flexible restraint against the horizontal motion. The eye has a G14 needle [4]
inserted through the posterior pole and connected to a syringe pump [5] to control the
intraocular pressure using a stepper motor [6]. The needle is also connected to a pressure
transducer [7] to measure the pressure inside the eye. The CorVis ST [8] is used to provide

estimates of IOP through the application of an air puff.
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The needle that had been inserted through the posterior pole was connected to a 4mm
diameter tube attached to a syringe pump, which was controlled using bespoke LabVIEW
software. The pressure applied through the syringe pump on the inside of the globe was
monitored using an FDW pressure transducer (RDP Electronics, Wolverhampton, UK) fixed at
the same horizontal level as the centre of the eye to avoid pressure head differences. The
readings of the pressure transducer were assumed to represent the true IOP (IOPt) acting on
the eye globe. IOPt was controlled to vary between values that covered the natural variation
in IOP seen in ophthalmic practice; 10, 15, 20, 25 and 30 mmHg. These variations were
introduced through the movement of a stepper motor connected to the syringe pump. After
reaching each IOPt level, the eye was allowed to stabilise for 60 seconds (Appendix B.5) before
measuring IOP using the CorVis ST, which provided an uncorrected measurement (CVS-IOP)
and a biomechanically-corrected measurement (bIOP). CorVis ST measurements, which
included CCT, were taken at each I0Pt level until at least three readings of acceptable quality
were achieved. Acceptable quality was in reference to the CorVis ST built-in standards in
assessing a reading, and as part of this assessment, the device could trace and record fully the
deformation profiles of the cornea during the application cycle of air puff. At least 120 seconds
were allowed between successive CorVis measurements at the same IOPt that should enable

the cornea to recover fully from the distortion caused by previous air puffs.

Statistical Analysis

Statistical analyses were performed on IBM SPSS version 24. The five acceptable in total 20
times CorVis-ST readings of bIOP and CVS-IOP were averaged and compared with the true IOP
(IOPt) measured with the pressure transducer. After a normality analysis, the one-way ANOVA

and Bonferroni Post-Hoc analysis was performed to compare the mean differences followed
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by Pearson correlations used to assess the association of both bIOP and CVS-IOP with CCT and

IOPt. p-values of less than 0.05 were considered indicative of statistical significance.

3.6.2 Validation of bIOP using In-Vivo Clinical Data

To evaluate the effectiveness of this algorithm for healthy and pathological eyes, three
independent clinical databases were obtained from Smile Eyes Clinics (SEC), Germany;
Humanitas Clinical and Research Center (HCRC), Italy; and Wenzhou Medical University
(WMU), China (Table 3-11). These were used to provide estimates of the IOP. In the SEC
dataset, 632 eyes were sampled from healthy participants who displayed no pathological
conditions. In the HCRC dataset, 1047 eyes with pathological conditions (astigmatism, cataract,
myopia, hyperopia, Emmet ropy, and retinopathy) were sampled. In the WMU dataset,
however, all patients signed written informed consent. The studies were approved by their

local institutional review boards and adhered to the tenets of the Declaration of Helsinki.

Table 3-11 Details of clinical databases

Database Patients CCT (um) Age (years) CVS-IOP (mmHg)
Smile Eyes Clinics 632 537 +42 40+ 12 145+2.8
Humanitas Clinical 1047 525 + 38 46 + 18 14.1+35
and Research Center
Wenzhou Medical University 912 583+ 30 45 + 17 1456+3.1

All datasets were plotted to study the correlation of IOP value (as IOP measurement and
|OPaigorthims) With CCT and age. The trend lines have been plotted and the Equations have been
defined in Figures. The IOP algorithms, if successful, can reduce association (as slope and R?)

between IOP and CCT or age.
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3.6.3 Thickness Effects on the Estimation of IOP Using Clinical Data

IOP measurements by Goldmann Applanation Tonometry (GAT-IOP) are known to be
significantly affected by CCT. This is because the GAT-IOP underestimates the IOP in eyes with
thin corneas and overestimates IOP in eyes with thick corneas [210, 245]. In order to assess
this, the corneas that were reduced in thickness after refractive surgeries, such as laser-
assisted in situ keratomileusis (LASIK) and small-incision lenticule extraction (SMILE), were
used to evaluate the effectiveness of blOP algorithm by comparing pre and post-operative IOP

estimates.

Clinical Datasets

A total of 48 patients (69 eyes) were treated for correcting myopia or myopic astigmatism at
the Smile Eye Clinic, Munich, Germany. The inclusion criteria were myopia of fewer than 10
diopters (D), and/or astigmatism of less than 5D and a spherical equivalent (SE) greater than
1D but less than 10D. Patients with CCT less than 480um or abnormal corneal topography,
patients with Glaucoma, Glaucoma suspects, and patients receiving IOP-lowering medications
were excluded from the study. Some of the CorVist St parameters were missing CorVis-ST in
the case of some participants. A total of thirty-six patients treated with LASIK (14 patients, 20
eyes) or SMILE (22 patients, 30 eyes) were included in this retrospective case series. The study
was thoroughly discussed with each patient, and informed consent was obtained from all
participants. The study was approved by the local institutional review board and adhered to
the tenets of the “Declaration of Helsinki”. After detailed explanations to individual patients,

they could freely choose whether they wanted to be treated with LASIK or SMILE.

Preoperative and postoperative (1-3 months) evaluation included slit lamp biomicroscopy of
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the anterior and posterior segments, objective and manifest visual acuity, Goldmann
Applanation Tonometry (GAT-IOP), Pentacam (Oculus Optikgerate GmbH, Wetzlar, Germany)
tomography, and CorVis-ST IOP measurements (CVS-IOP). All measurements with the CorVis-
ST were taken by the same experienced technicians and captured using an automatic release
to ensure the absence of user dependency. Only CorVis-ST exams with a quality score of “OK”

were included in the analysis.

Surgical Techniques

All surgical procedures were performed by an experienced surgeon (RW). After assessing the
target refraction, patients received 2 drops of topical anesthesia (Conjuncain-EDO®, Dr.
Gehard Mann GmbH) and underwent periocular disinfection with povidon-iodine 10%. After
standard sterile draping and insertion of the speculum, patients in the femtosecond LASIK
group were treated with VisuMax® (Carl Zeiss Meditec, Jena, Germany) for flap creation and
afterwards, treated with the Mel 80™ excimer laser (Carl Zeiss Meditec, Jena, Germany). After
opening the corneal flap, an ultrasound pachymeter (Pachymeter SP-100, Tomey, Japan) was
used to measure the remaining corneal thickness of the exposed stroma before and after
ablation. On the other hand, patients receiving ReLEx SMILE were treated with VisuMax® only.
The ReLEx SMILE technique was performed as described by Sekundo et al. [245] and Shah et

al. [246]

The following settings were used for the femtosecond laser flap creation: Flap diameter 8.4—
8.5 mm; optical zone 6.5-6.75 mm; and flap thickness 110 um. For ReLEx SMILE, the following
settings were used: Cap diameter 7.9 mm; optical zone 6.25-6.5 mm; and cap thickness 100

um. The flap and cap thicknesses between the two groups were consciously not set equally in
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order to follow the standard surgical parameters usually used in the clinical setting. Lenticule
thickness was obtained from the VisuMax® SMILE planning software readout. Postoperatively,
patients received polymyxin/neomycin/dexamethasone eye-drops four times a day (Isopto-
Max, Alcon) for 5 days. Artificial tear supplements were prescribed for 4 weeks, starting hourly

the first week, thereafter being reduced as required.

Statistical Analysis

Statistical analyses were performed using SPSS 24 (IBM, Armonk, NY). All IOP reading in these
datasets has been confirmed to be the normal distribution in an earlier study [247]. The
independent samples t-test was used to compare the LASIK and SMILE groups in order to
determine whether there was any significant difference in the preoperative conditions. The
relationship of GAT-IOP, CVS-IOP, and bIOP with CCT were assessed using Pearson’s correlation
analysis, and an analysis of the pre- and post-operative IOP values were conducted using the

Paired t-test.

3.7 Validation of Intraocular Pressure Estimation for Patients with

Keratoconus

Several studies in the literature demonstrated that the corneal thickness changes with
Keratoconus [119, 139, 140], along with a reduction in corneal material stiffness [33, 37].
Normally, Keratoconic patients have thinner, steeper, and softer corneas, which poses a
challenge to getting an accurate IOP measurement owing to these situations nonconformity
with most of the GAT assumptions [32, 248]. As a consequence, several studies have

attempted to find the best instrument to estimate IOP in Keratoconic patients [248-251].
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The blOP algorithms in this study were developed using the finite element simulations, which
considered the anterior and posterior topographies of the eye using clinical data. The 10P
estimated algorithms were able to consider all the changes in corneal biomechanics in
Keratoconic patients. However, validating bIOP for KC patients can demonstrate its

effectiveness in correcting corneal factors pertaining to IOP measurement errors.

3.7.1 Clinical Datasets

This multicentre retrospective study included 722 patients, who were enrolled in two
hospitals situated in two different countries in order to include variability from more than one
continent. Dataset 1 included 315 subjects (164 healthy and 151 Keratoconic) from the
Vincieye Clinic in Milan, Italy, while Dataset 2 originated from the Rio de Janeiro Corneal
Tomography and Biomechanics Study Group — Rio de Janeiro, Brazil — with a total of 407
participants (205 healthy and 202 Keratoconic). The Institutional Review Board (IRB) stated
that approval was not obligatory for this record review study. However, the ethical standards
set by the Declaration of Helsinki in 1964 and revised in 2000 were observed. All patients
provided informed consent before their data was used in the study. Complete ophthalmic
examination was performed on all patients, including the CorVis-ST and Pentacam (OCULUS

Optikgerate GmbH; Wetzlar, Germany) exams.

The inclusion criterion for the Keratoconic groups was the presence of bilateral Keratoconus,
without a history of having had any former ocular surgeries, such as corneal collagen cross-
linking or intracorneal rings. For healthy subjects, the inclusion criteria included a
Belin/Ambrdsio Enhanced Ectasia total deviation index (BAD-D) of less than 1.6 standard

deviation (SD) from normative values in both eyes [252], no previous ocular surgery or disease,
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a myopia of less than 10 D, and no concurrent or previous Glaucoma or hypotonic therapies.
Moreover, to confirm the diagnosis, all examinations from each clinic were blindly re-
evaluated by a corneal expert at the other clinic. Age matching between healthy and KC
subjects within each database was not carried out during this study, as there was no evidence

in the literature to suggest the dependence of IOP on age [253, 254].

Only CorVis-ST exams with good quality scores (QS) that enabled calculation of all DCRs were
included in the analysis. All measurements with the CorVis-ST were acquired by the same
experienced technicians using the automatic release to guarantee the absence of user
dependency. Furthermore, an additional manual frame-by-frame evaluation of the exams,
made by an independent masked examiner, was implemented to ensure the quality of each
acquired measurement. Only one eye per patient was randomly included in the analysis to

avoid the bias of relationships between bilateral eyes that could influence the analysis results.

Further evaluation of the IOP estimation algorithms for abnormal corneal material behaviour
was carried out by considering their effectiveness in Keratoconic eyes with different stages of
the disease. For this purpose, the KC datasets were divided into three groups each — mild,
moderate, and advanced — based on the Topographic Keratoconus Classification (TKC)
provided by the Pentacam [255]. According to this classification, mild Keratoconus was
defined with a TKC classification of “Abnormal”, “Possible”, and “1”; moderate Keratoconus
included TKC grades “1-2", “2”, and “2-3”; and advanced Keratoconus included TKC grades

Il3ll’ ll3_PM D”, Il3_4ll’ a nd Il4ll.
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3.7.2 Statistical Analysis

The statistical analysis was conducted using IBM SPSS Statistics 24. Before starting the analysis,
the data were divided into two groups (Dataset 1-Milan and Dataset 2-Rio) and each group
was further divided into two sub-groups (healthy and KC). Since the data was not expected to
be normally distributed and healthy and KC groups were completely independent of each
other, nonparametric Mann-Whitney U and Kruskall-Wallis tests were performed to compare
the differences between various groups with regard to CCT, age, CorVis IOP, and bIOP (blOP
for healthy and blOPkc for keratoconus). The ANOVA’s test was also used to assess the
differences in variance in patients with KC using the two IOP estimates (bIOP, bIOPkc and

CorVis IOP).

3.8 In-Vivo Validation of Corneal Material Algorithm(p)

Many studies attempted to discover and characterise the mechanical properties of the cornea.
There are several studies in the existing pool of literature concerning the biomechanics of the
cornea defined by using three ex vivo methods —tension [33, 47, 50, 51], inflation [53, 71-73],
and the compression test [75] — which are based on the relationship between loading and
displacement. In addition to ex vivo methods, several parameters obtained from the CorVist
—ST dynamic corneal response parameters have been developed for in vivo corneal
biomechanical estimation [174-176]. These dynamic corneal response parameters have been
found to be related to overall corneal stiffness including factors such as corneal geometry and

material stiffness.

This validation relied on a procedure that includes a numerical inverse analysis method that
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uses the pressure-deformation induced by CorVist-ST to determine the corneal hyperelastic
stress—strain properties. The FE models had patient specific corneal geometry obtained from
the Pentacam used to estimate material parameters. This estimates parameter was then

compared by the newly developed material parameter estimation algorithm (B).

3.8.1 Clinical Datasets

As mentioned in Section 3.7, 722 patients in both clinical datasets were included in this
multicentre retrospective study. In order to consider the corneal deformation during the
measurement process, any CorVis readings with visible rotation in the corneal profile were
excluded from the analysis. Consequently, there were only 158 healthy eyes and 34

keratoconus eyes selected for validating the corneal material estimation.

3.8.2 Inverse Analysis Using Patient-specific Models

The validation of corneal material behaviour is based on the FE method using a patient-
specific model that involves real corneal geometry measured with the Pentacam device. The
nodes on the anterior and posterior corneal surface in the numerical method were
determined by the Zernike expression, in a manner similar to how the anterior corneal surface

and their associated thinness values are determined.

In this study, The FEM is meshed using six-node solid elements (C3D6H) arranged in rings
across the ocular surface and in layers across its thickness. The eye models consisted of 65710
six-node elements and were organised in 24-element rings in the cornea and 117-element

rings in the sclera and consisted of a one-element layer. Steps include fitting of clinical data,
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building clinical models, navigating the ABAQUS FE analysis, and conducting post-processing
tasks, such as the inverse analysis. The boundary conditions and loading configurations in the

FEM followed the same process as the idealised model in Section 3.3.

Based on the mesh structure of the idealised model with the same coordinate system and
boundary conditions, the patient-specific model adopts the clinical measurements by only
changing the coordinates of the idealised model nodes. The anterior corneal topography and

corneal thickness map for each eye were fitted to Zernike polynomials up to the order 10.

For healthy or KC patients, the IOP value that was used in the calculation was the
biomechanically corrected IOP parameter (blOP). This value has been proven to be closer to

the true IOP that corresponds to the true IOP value that was set in the numerical simulations.

To validate the effectiveness of the newly developed B algorithm, an inverse analysis was
performed. Apex deformation under CorVis-ST air puff pressure was used as the target curve.
The optimisation was performed using the Particle Swarm Optimization (PSO) algorithm that

was implemented in a MATLAB code [256].

The material properties of the model were optimised until the RMS value is less than the pre-
set tolerance, which means the deformation of the models matched the corneal profile
deformation measured by the CorVis-ST device. Once the true material parameters were
obtained in the Ogden format, they were converted to B and compared with the results

obtained from the B algorithm.

3.8.3 Statistical Analysis

Statistical analyses were performed using the SPSS 24 (IBM, Armonk, NY). The analysis of the
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B was conducted using the estimated algorithm (B) and the inverse analysis (Binv) was

performed using the paired t-test in order to compare the difference between both values.

3.9 Concluding Remarks

In this chapter, the following methodologies employed in the thesis have been highlighted: (1)
Corneal geometry study to classify different types of corneal topography in normal and
abnormal conditions; (2) Strategies and steps used in the numerical simulation of non-contact
tonometry (such as with the CorVis-ST device); (3) Study of the dynamic corneal response
analyser, including parameters and statistical analysis to compare between numerical and
clinical datasets; (4) Strategies and steps taken in the development of bIOP and corneal
material behaviour for normal and abnormal corneas; (5) Validation of healthy IOP-estimated
algorithms using ex vivo human eye experiments; (6) Validation of bIOP using clinical datasets
from patients with normal, Keratoconus, and a history of surgery; and (7) validation of corneal

material behaviour estimation (B) using inverse analysis with patient-specific models
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Chapter Four

Results

4.1 Introduction

Chapter 4 begins by comparing the corneal deformations under the CorVis-ST procedure
obtained from FE models as discussed in the previous chapter and clinical databases to
validate the feasibility of methods and algorithms developed for the IOP and corneal material
behaviour. This project is divided into two parts — normal group (including normal corneal
geometry & material stiffness, such as healthy, myopia, hyperopia Glaucoma patients, and
refractive surgery patients) and abnormal group (including therewith abnormal corneal

geometry & material stiffness, such as Keratoconus patients).

The normal group included eight parts of validation of the FE Model (including dynamic
corneal response and comparison between the parameters of the CorVis-ST measurement
and simulation results), parametric study, development of IOP-estimation algorithm,
experimental validation of IOP algorithm, validation using clinical datasets, validation using
refractive surgery datasets, development of algorithm for corneal material behaviour and its
validation using inverse analysis. In terms of the abnormal group, similar steps were taken but
the difficulty of validating IOP algorithm due to lack of availability of keratoconic ex-vivo

human eyes forced the validation to be done by relying on clinical data.
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4.2 Descriptive Statistics of Numerical Datasets

The numerical study included 4500 models with the CCT, ranging from 0.445 to 0.645 mm,
with steps of 0.05 mm; the IOPt ranging from 10 to 30 mmHg, at steps of 5 mmHg; and the
material stuffiness (Mg, varied from 0.1 to 3.0 at steps of 0.1. There was one generic normal
and five keratoconic corneal geometries. The numerical analysis usually did not converge after
the air pressure relaxed and these unstable numerical models were excluded. Hence, 1950

numerical models completed the simulation successfully and included in the datasets.

From successful runs, there were eleven dynamic corneal response parameters (Pocr),
including the first applanation time (A1T), length of the flattened cornea (A1L), velocity of
corneal apex (Al1lV), deformation and deflection at corneal apex (AlDeformation &
AlDeflection), piston pressure (AP1) at A1lT, highest concave time (HCT), and distance
between the two Peaks of the cornea at point of max concavity (PD), Radius of corneal
curvature(R), deformation and deflection at the corneal apex at max concavity

(HCDeformation & HCDeflection), and stiffness parameter (SP-HC) at HCT, Table 4-1.
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Table 4-1 Results of numerical analysis for normal and keratoconic groups showing mean,

standard deviation and range values

Healthy Keratoconic
Corneal Corneal
Geometry Geometry
TopoR - 1 2 3 4 5
Number 325 325 325 325 325 325
20+7.1 20+7.1 20£7.1 20£7.1 20£7.1 20+7.1
10Pt [MmHg]
(10-30) (10-30) (10-30) (10-30) (10-30) (10-30)
CCT [um] 545 £ 70.8 545 +70.8 545 +70.8 545 +70.8 545 +70.8 545 £ 70.8
m
H (445-645) (445-645) (445-645) (445-645) (445-645) (445-645)
py 1.3+0.8 1.3+0.8 1.3+0.8 1.3+0.8 1.3+0.8 1.3+0.8
? (0.3-3) (0.3-3) (0.3-3) (0.3-3) (0.3-3) (0.3-3)
ALT [ms] 8.35+1.31 9.00+2.38 8.81+2.01 8.54+1.99 8.26+1.5 8.07+1.27
ms
(5.78-12.73) (6.42-13.38) (6.27-13.26) (5.96-12.96) (5.68-12.64) (5.60-12.50)
A1L [mm] 2.04+0.07 2.64%0.05 2.24 +0.06 1.84 +0.07 1.44+0.22 1.04 £0.29
mm
(1.97-2.31) (2.57-2.91) (2.16-2.49)  (1.77-2.11)  (1.37-1.71)  (0.97-1.31)
0.13+0.03 0.18+0.05 0.16 £ 0.05 0.14 £ 0.04 0.12£0.03 0.10+0.01
A1V [mm/s]
(0.07—-0.20) (0.12—-0.25) (0.9--0.22) (0.08--0.21)  (0.06—0.19)  (0.04—-0.17)
HCT [ms] 16.63+0 16.63+0 16.63+0 16.63+0 16.63+0 16.63+0
ms
(16.63-16.63) (16.63—-16.63) (16.63-16.63) (16.63-16.63) (16.63—16.63) (16.63-16.63)
PD [mm] 443+0.71 450+1.13 447 +1.11 4.45 +0.92 4.41 +£0.86 4.39+0.73
mm
(1.58-6.08) (1.66-6.15) (1.61-6.10) (1.60-6.10) (1.56-6.16) (1.55-6.04)
R [mm] 13.21+£26.51 13.61+26.51 13.31+27.05 13.11+29.24 12.91+29.68 12.61+29.71
mm
(5.42-307.9) (5.82-308.30) (5.50-307.97) (5.31-307.80) (5.12-308.15) (4.82-307.15)
AlDeformation
. 0.11+0.02 0.15+0.06 0.14£0.04 0.12£0.04 0.10+£0.03 0.08 +0.02
(AlDeflection)
(0.08-0.19) (0.12-0.23) (0.10-0.22) (0.07-0.21) (0.14-0.25) (0.05-0.16)
[mm]
HCDeformation
. 0.70+0.25 1.15+0.31 1.00+0.35 0.81+0.30 0.60+£0.28 0.48 +0.23
(HCDeflection)
(0.27-1.46) (0.66-1.92) (0.51-1.76) (0.31-1.56) (0.14-1.36) (0.08-1.21)
[mm]
86.29 +35.11
74.53 +23.95 82.94+26.19 77.89+26.15 72.85+25.39 69.49+235
AP1 [mmHg] (39.40-

(28.28-150.3)

159.02)

(36.17-156.64) (31.41-152.91) (26.69-148.98) (23.74-146.28)

4.3 Validation of Numerical Results

In order to validate results of the numerical simulations of the CorVis-ST procedure, a
comparative analysis was performed of the corneal deformation and dynamic corneal

response parameters (Pocr) between numerical predictions and clinical datasets obtained
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using the CorVis-ST. Two parameters with good repeatability and direct relevance to IOP
estimation and corneal stiffness, namely the corneal deformation at the first applanation time

(AT1) and highest concavity time (HCT) were a consideration for these analyses [46, 244, 257].

4.3.1 Comparisons of Corneal Deformation

Eye-specific models representing four randomly-selected (using the simple random sample)
clinical data points with wide variations in age, CVS-IOP and CCT were studied in detail, Table

4-2.

Table 4-2 Four randomly-selected cases considered in a validation study of numerical results

Age [year] CVS-IOP [mmHg] CCT [um]
Case 1 90 25 570
Case 2 50 15 538
Case 3 30 11.5 539
Case 4 40 15 621

Each eye-specific model was generated based on the age, CCT and CVS-IOP values. Anterior
corneal central radius (Rc), anterior corneal shape factor(P), limbal radius (RI) and sclera radius
(Rs), were assumed to be constant values of 7.8, 0.82, 5.85 mm and 11.5 mm, respectively,
since they were not measured clinically and found to have a negligible effect on I0P

estimations [46].

The comparison concentrated on corneal deformation at AT1 and HCT with direct relevance
to IOP estimation (related to the corneal deformation at AT1) [46, 244] and corneal stiffness
(related to the corneal deformation at HCT) [257]. Figure 4-1 shows a comparison of corneal

deformed profile between numerical predictions and CorVis-ST output at AT1 and HCT.
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Figure 4-1 Comparison of numerical predictions with clinical measurements of corneal

deformation at the start of the analysis, first applanation and highest concavity
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The comparison results related to IOP estimation and corneal material behaviour presented a
close match between numerical predictions and CorVis-ST measurement with the difference
remaining below 5% in Case 3. By contrast, the comparisons demonstrated significant
differences in corneal deformation at AT1 of around 45-50% in Cases 1&4, which means CVS-
IOP cannot provide an accurate estimation of true IOP. In terms of the comparisons of the
corneal material behaviours, they also demonstrated differences in corneal deformation
profiles of around 30-50% in Cases 1,2&4. The results demonstrated that both CVS-IOP and
corneal stiffness (based on correlation with age [1, 70, 99]) were inaccurate and led to large

differences in corneal deformation between numerical predictions and CorVis-ST outcomes.

4.3.2 Comparisons of CorVis-ST Dynamic Response Parameters

In order to validate the performance of numerical models, a comparative analysis was
conducted using confidence interval estimates to compare the distribution of main CorVis-ST
dynamic response parameters (Ppcr) between numerical predictions and device’s output. The
numerical results of 1950 models with wide variations in true IOP (IOPt), central corneal
thickness (CCT), and the ratio of corneal stiffness (Mg), were compared with clinical data. Two
clinical datasets obtained from the Rio de Janeiro Corneal Tomography and Biomechanics
Study Group — Rio de Janeiro, Brazil — with a total of 253 healthy and 93 KC participants, and
the Vincieye Clinic in Milan, Italy with 227 healthy and 107 KC participants presented mean,

standard deviation (SD) and range value of each main Ppcrin Table 4-3.
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Table 4-3 Clinical datasets for healthy and KC patients showing mean, standard deviation

and range values

Dataset 1 from Brazil

Dataset 2 from Milan

Healthy KC Healthy KC
Number 227 103 253 87
CVS-10P 15.71+2.35 13.024£2.32 14.8+3.06 11.9+2.33
[mmHg] (11-25) (5-19.5) (6-34) (6-16.5)
ccr 543.9 +31.51 476 + 49.07 539.3+33.15  478.3+39.58
[um] (458-635) (239-595) (454-629) (389-586)
Age 37.64+17.14  32.26+11.79  43.11+1656  37.54+11.84
[years] (7-90.06) (12-64) (7.51-86.33) (15-71)
ToDOR ] 2.95+0.21 ] 2.82+0.14
P (2.67-3.82) (2.59-3.37)
ALT [ms] 7.25+0.36 6.91+0.32 7.29+0.31 6.96 +0.22
(6.6-8.65) (6.09-7.77) (6.59-9.11) (6.58-7.61)
ALL frmmm] 2.19+0.36 1.94 + 0.43 2.15+0.36 1.87 +0.41
(1.34-3.02) (1.08-2.87) (1.34-3.01) (1.15-2.81)
0.16 +0.02 0.180.03 0.18+0.02 0.170.03
A1V [mm/s] (0.07-0.22) (0.13-0.34) (0.07-0.21) (0.12-0.27)
HCT [ms] 16.88 0.0 16.78 + 0.51 16.31+ 0.0 16.39 4 0.67
(1432-18.71)  (15.48-18.02)  (14.09-17.79)  (14.32-17.79)
PD [mm] 5.01+0.29 5.08+0.25 5.07+0.3 5.08+0.23
(3.98-5.71) (4.44-5.66) (3.85-5.81) (4.37-5.56)
R [mm] 7.27+0.95 5.75+1.18 7.03+0.71 5.71+0.96
(4.51-11.28) (2.69-10.06) (5.06-9.48) (3.39-8.54)
Al1Deformation 0.13+0.01 0.14 +0.02 0.13+0.01 0.13+0.02
[mm] (0.1-0.17) (0.09-0.21) (0.09-0.18) (0.09-0.19)
HCDeformation 1.07+0.1 1.2+0.15 1.09 +0.11 1.16 £0.12
[mm] (0.79-1.3) (0.93-2.03) (0.8-1.47) (0.92-1.73)
AP1 44.65 +6.11 37.71+6.09 42.25+7.93 34.62 + 6.06
[mmHg] (32.79-69.37) (17-54.32) (19.38-91.76)  (19.98-46.69)
AlDeflection 0.1+0.01 0.11+0.02 0.09 0.01 0.100.02
[mm] (0.06-0.13) (0.08-0.177) (0.06-0.13) (0.07-0.152)
HCDeflection 0.9+0.11 1.03£0.15 0.91+0.11 1+0.12
[mm] (0.63-1.22) (0.73-1.80) (0.55-1.27) (0.72-1.59)

In statistics, a confidence interval (Cl) is an interval estimate computed from the observed
data to present the true distribution of the unknown population parameter. In this study, 95%
Cl range was calculated by using the mean and SD value of each Ppcr with a standardised

normal distribution (Z-distribution) at p=95%, Table 4-4.
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Table 4-4 Clinical datasets for healthy and KC patients showing confidence interval ranges of

CorVis-ST dynamic response parameters at p=95%

Dataset 1 from Brazil

Dataset 2 from Milan

Healthy KC Healthy KC

CVS-IOP [mmHg] 15.1-15.7 12.3-13.1 14.1-14.7 10.9-11.9
CCT [um] 535.6-543.8 461.6-478.3 531.1-539.1 461.6-478.3

AI1T [ms] 7.16-7.24 6.80-6.91 7.21-7.28 6.89-6.96

AlL [mm] 2.10-2.18 1.78-1.94 2.06-2.15 1.70-1.87
A1V [mm/s] 0.157-0.162 0.166-0.176 0.150 - 0.155 0.161-0.172
HCT [ms] 16.73 - 16.87 16.58 - 16.76 16.13-16.31 16.10-16.39

PD [mm] 4.94-5.00 4.99 -5.08 5.00-5.07 4,99-5.08

R [mm] 7.02-7.26 5.33-5.77 6.85-7.02 5.31-5.71
AlDeformation [mm] 0.129-0.132 0.130-0.136 0.123-0.126 0.124-0.131

HCDeformation [mm] 1.06-1.07 1.14-1.19 1.06-1.09 1.12-1.16

AP1 [mmHg] 43.1-44.6 35.6-37.9 40.3-42.3 31.6-34.6
AlDeflection [mm] 0.098 -0.100 0.103-0.108 0.091 -0.092 0.095-0.101
HCDeflection [mm] 0.869 - 0.896 0.975-1.024 0.884-0.911 0.948 - 0.999

Figure 4-2 and Figure 4-3 presented comparisons of the four deform corneal response
parameters related to IOP estimation and corneal stiffness within Max-Min range in the
numerical predictions and Cl range at 95% distribution in both clinical datasets for healthy and
KC eyes. All numerical predictions covered 95% Cl range of their CorVis-ST outcomes in both
clinical datasets, in other words, the numerical modelling can be used to simulate the 95%

probability of clinical situations.
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Figure 4-2 Ranges of dynamic response parameters - deformation and deflection at the first
applanation and highest concavity in numerical predictions compared to the boxplot
indicating the mean, range and confidence interval ranges at p=95% for the CorVis-ST output

in two clinical datasets (Brazil and Milan) for healthy eyes
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Figure 4-3 Ranges of dynamic response parameters - deformation and deflection at the first
applanations and highest concavity in numerical predictions compared to the boxplot
indicating the mean, range and confidence interval ranges at p=95% for the CorVis-ST output

in two clinical datasets (Brazil and Milan) for keratoconic eyes
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4.3.3 Comparisons of Age-matched Dynamic Response Parameters

Obtained Numerically and Clinically

The dynamic response parameters were compared between the numerical databases and
combined clinical datasets (Brazil and Milan) based on age matching to reduce uncertainties
associated with material stiffness, Table 4-5. The Kolmogorov—Smirnov test demonstrates the

detection of the population’s homogeneity between numerical and clinical datasets.

While the distributions of I0Pt, CVS-IOP and CCT between numerical models and clinical
datasets were homogeneous (P>0.05), six Ppck - A1T, A1V, PD, R, AlDeflection and
HCDeflection - had homogeneous populations between numerical models and clinical
datasets (P>0.05), By contrast, AI1L in group 1 and group 3, AlDeformation and
HCDeformation in all group, and APl in group 1 and group 3 didn’t belong to the
homogeneous distributions between numerical models and clinical datasets (P<0.05).
Moreover, the mean value of AlDeformation and HCDeformation in the numerical models
were slightly smaller than the clinical datasets, and the mean value of AP1 in numerical
modelling was greater than the clinical datasets. However, the reason for these differences is
possibly associated with CVS-IOP or corneal material stiffness (related to the age) estimated

clinically.
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Group 1 Group 2 Group 3
Data Source Numerical Clinical P Numerical Clinical P Numerical Clinical P
database Datasets value database Datasets value database Datasets value
Number 15 13 - 15 9 - 15 12 -
Age(Ms) / Age 28 (0.8) 28 - 38(0.9) 38 - 48 (1) 48 -
[year]
2 + + + + + +
I0Pt/CVS-10P 15+4.23 14.62 +2.35 0491 15+4.23 16.5+3.13 0.560 15+4.23 154171 0.449
[mmHg] (10-20) (10.5-19.5) (10-20) (14-24) (10-20) (11.5-18)
545+73.19  521.77 £26.59 545:+73.19  55822+19.6 545+73.19  554.67 £30.26
CCT [um] (445-645) (477-552) 0.215 (445-645) (527-582) 0.329 (445-645) (528-606) 0.236
7.26+0.73 7.22+0.22 7.32+0.73 744052 7.32+0.74 7.29+0.16
AIT [ms) (6.12-8.60) (6.86—7.65) 0421 (6.20-8.65) (6.99-8.65) 0329 (5.28-8.69) (7.04-7.6) 0.110
2.01+0.03 197403 . 2.02+0.03 2.13+0.29 2.02+0.04 2224041 .
G sl (1.97-2.08) (1.72-2.76) S (1.98-2.09) (1.72-2.61) 0.05 (1.98-2.11) (1.64-2.72) o2
0.15 +0.02 0.16 + 0.02 0.15 +0.02 0.16 +0.02 0.15 + 0.02 0.16 +0.01
ALV [mm/s] (0.12-0.19) (0.13-0.21) 0.241 (0.11-0.19) (0.13-0.18) 0.476 (0.11-0.19) (0.14-0.18) 0.197
4.98 +0.41 5.15+0.25 4.93 +0.42 5.03+0.52 4.87 +0.42 5.070.24
PD [mm] (4.25-5.76) (4.76-5.57) 0421 (418-572) (4.06-5.71) 0560 413-567)  (a67-554) 0281
6.98 + 1.05 6.8+0.51 7.14+1.17 7.26+0.63 731+13 7.15+0.81
R [mm] (5.73-9.57) (6.19-7.63) 0943 (5.78-10.01) (5.99-8.17) 0.398 (5.82-10.5) (5.7-8.52) 0.861
AlDeformation 0.10 + 0.01 0.13 +0.01 001" 0.10 + 0.01 0.14 +0.01 wops 010001 0.13 +0.01 001"
[mm] (0.08-0.11) (0.11-0.16) : (0.08-0.12) (0.12-0.17) : (0.09-0.12) (0.11-0.14) :
HCDeformation 0.90 £ 0.19 1.11£0.07 001" 0.88+0.19 1.11£0.13 ooayr  0850.19 1.08£0.09 0.02%
[mm] (0.59-1.27) (1-1.21) : (0.57-1.24) (0.9-1.27) : (0.55-1.22) (0.93-1.25) :
54.6 +13.18 41.6 + 6.06 i 55.6 + 13.35 46.8 +8.07 56.6 + 13.5 42.8+4.37 i
CRAEEE) (34.2-79) (30.9-54.2) 0.02 (35.5-79.95) (40.6-66.4) 0.106 (36.6-80.7) (33.7-50) <0.01
AlDeflection 0.10 £ 0.01 0.09 +0.01 0750 0.10 £ 0.01 0.1£0.01 0.819 0.10 £ 0.01 0.09 +0.01 0516
[mm] (0.08-0.11) (0.08-0.1) : (0.08-0.12) (0.09-0.12) : (0.09-0.12) (0.07-0.11) :
HCDeflection 0.90 £ 0.19 0.95 + 0.09 0241 0.88 +0.19 0.89 +0.17 0.890 0.85+0.19 09:0.1 0516
[mm] (0.59-1.27) (0.79-1.09) : (0.57-1.24) (0.63-1.13) : (0.55-1.22) (0.72-1.05) :
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4.4 Development of Estimation Algorithm for IOP and Corneal material

behaviour

The process of the development of IOP and corneal material behaviour estimated algorithm
was divided into two parts for healthy eyes and keratoconic eyes. As described in Chapter 3,
in healthy eyes, the corneal material parameter (Mg) being related to age [1] led to a process
that began with the IOP estimation algorithm. However, in KC, age could not be related to
corneal stiffness and therefore the material algorithm was developed first and used next in

IOP estimation.

4.4.1 Correlation Analysis of the Dynamic Corneal Response Parameters

The Pearson’s correlation analysis of dynamic corneal response parameters (Ppcr) is used to
find parameters, which are highly correlated with IOPt and have low correlation with CCT and
Mg in healthy eyes (Table 4-6), and with CCT, Mg and TopoR in KC eyes (Table 4-9), for use in

the IOP estimated algorithms for healthy and KC eyes.

Pearson’s Correlation Analysis of Ppcr for Healthy Eyes

A Pearson's correlation analysis was run to assess the relationship between Ppcr and I0Pt, CCT,
and Mg in the numerical datasets with normal corneal geometry, Table 4-9. According to the
Pearson’s correlation analysis, there were six Ppck — A1T, A1V, PD, HCDeformation, AP1, and
HCDeflection, that had stronger correlations with 0Pt than CCT and MR, in the numerical

results. Moreover, AlL and R had a stronger correlation with Mg than IOPt and CCT.

126



Chapter Four: Results

Table 4-6 Numerical results for normal corneas showing the output of Pearson’s correlation

analysis
10Pt [mmHg] CCT [um] Mkr
Pearson P Pearson P Pearson P
Correlation value Correlation value Correlation value
A1T [ms] 0.807** <0.01 0.371** <0.01 0.398** <0.01
AllL [mm] -0.322%** <0.01 0.435** <0.01 0.682** <0.01
A1V [mm/s] -0.716** <0.01 -0.470** <0.01 -0.449%** <0.01
PD [mm] -0.652** <0.01 -0.531** <0.01 -0.491%** <0.01
R [mm] 0.186** <0.01 0.262** <0.01 0.342** <0.01
AlDeformation [mm] -0.09 0.109 0.539** <0.01 0.656** <0.01
HCDeformation [mm] -0.685** <0.01 -0.521%** <0.01 -0.457** <0.01
AP1 [mmHg] 0.809** <0.01 0.369** <0.01 0.396** <0.01
AlDeflection [mm] -0.09 0.109 0.539** <0.01 0.656** <0.01
HCDeflection [mm] -0.685** <0.01 -0.521%** <0.01 -0.457** <0.01

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

Healthy clinical datasets mentioned in Section 4.2 were utilized to perform Pearson’s
correlation analysis, Table 4-7 & Table 4-8. The correlation results showed that eight Ppcr’s
had stronger correlations with IOP-CVS than with CCT and age (the parameters included A1T,
A1V, PD, AlDeformation, AlDeflection, HCDeformation, HCDflection, and AP1 in Brazil’s
clinical dataset and A1T, A1V, PD, AlDeformation, AlDeflection, HCT, HCDflection, and AP1 in
Milan’s clinical dataset). In particular, there was a stronger positive linear correlation between
CVS-IOP and AP1 (r=0.998, p <0.01 in Brazilian data and r=0.999, p <0.01 in Italian data), and
CVS-IOP and A1T (r=0.895, p <0.01 in Brazil and r=0.984, p <0.01 in Milan), in addition, the

AP1 value related to A1T.
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Table 4-7 Clinical data for healthy eyes from Brazil showing the output of Pearson’s

correlation analysis

CVS-IOP [mmHg] CCT [um] Age [years]
Pearson P Pearson P Pearson P
Correlation value Correlation value Correlation value
CVS-IOP [mmHg] 1.00 0.241" <0.01 0.04 0.51
CCT [um] 0.2417" <0.01 1.00 0.08 0.25
Age [year] 0.04 0.51 0.08 0.25 1.00
AIT [ms] 0.895™ <0.01 0.184" 0.01 0.03 0.67
AlL [mm] 0.263™" <0.01 0.287" <0.01 0.07 0.30
A1V [mm/s] -0.584™ <0.01 -0.247" <0.01 -0.03 0.62
HCT [ms] -0.06 0.40 0.07 0.32 0.09 0.20
PD [mm] -0.730™ <0.01 -0.221™ <0.01 -0.131° 0.05
R [mm] 0.320™ <0.01 0.302™ <0.01 0.07 0.30
AlDeformation [mm] 0.588"" <0.01 0.299™ <0.01 0.244"" <0.01
HCDeformation [mm] -0.752" <0.01 -0.199" <0.01 -0.03 0.61
AP1 [mmHg] 0.998™" <0.01 0.243™ <0.01 0.06 0.39
AlDeflection [mm] 0.466"" <0.01 0.329™ <0.01 0.277" <0.01
HCDeflection [mm] -0.711" <0.01 -0.275" <0.01 -0.152" 0.02

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

Table 4-8 Clinical data for healthy eyes from Milan showing the output of Pearson’s

correlation analysis

CVS-10P [mmHg] CCT [um] Age [years]
Pearson P Pearson P Pearson P
Correlation value Correlation value Correlation value
CVS-10P [mmHg] 1.00 0.313" <0.01 0.210™ <0.01
CCT [um] 0.313™ <0.01 1.00 0.06 0.35
Age [year] 0.210™ <0.01 0.06 0.35 1.00
A1T [ms] 0.984™" <0.01 0.298™ <0.01 0.213™ <0.01
A1L [mm] 0.214™ <0.01 0.224™ <0.01 0.10 0.12
A1V [mm/s] -0.680™" <0.01 -0.225™ <0.01 -0.141" 0.03
HCT [ms] -0.330™ <0.01 -0.143" 0.02 -0.08 0.23
PD [mm] -0.627" <0.01 -0.255™ <0.01 -0.184™ <0.01
R [mm] 0.3017" <0.01 0.316™ <0.01 0.08 0.23
AlDeformation [mm] 0.327™ <0.01 0.126" 0.05 0.285™ <0.01
HCDeformation [mm] -0.702™ <0.01 -0.279™ <0.01 -0.03 0.58
AP1 [mmHg] 0.999™ <0.01 0.313" <0.01 0.210™ <0.01
AlDeflection [mm] 0.07 0.29 0.07 0.28 0.201™ <0.01
HCDeflection [mm] -0.626™ <0.01 -0.304™ <0.01 -0.174™" 0.01

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).
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According to the comparison of results of both correlation analyses in numerical and clinical
datasets, the A1T, A1V, PD, AP1, HCDefomation and HCDeflection showed stronger
correlations with IOP values (CVS-IOP and IOPt) than with CCT, and corneal material properties
(age and Mg) in both numerical and clinical datasets. In these parameters, only AP1 had a
stronger linear correlation with CVS-IOP in both clinical datasets. Hence, AP1 was selected for
use in the IOP-estimation algorithm for healthy eyes. In addition, corneal stiffness had a weak
association with age. Hence, the stiffness estimation error was adjusted using the radius of
curvature at the highest concavity (R), which had the same distribution in numerical and

clinical data and stronger correlation with corneal material behaviour numerically.

Pearson’s Correlation Analysis of Ppcr for Keratoconic Eyes

A Pearson's correlation analysis was run to assess the relationship between Ppcr and I0Pt, CCT,
Mg and TopoR in the numerical datasets with five different keratoconic corneal geometries,
Table 4-9. With reference to the clinical datasets of keratoconic eyes, the clinical data were
similar to numerical data, Table 4-10 & Table 4-11. The results showed that three parameters
— AlT, PD, and AP1 - had stronger corrections with IOPt than with CCT, Mg, and TopoR in the
numerical results. In both clinical datasets, there was no correlation between Ppcr and age.
This means that the correlation between corneal material properties and age was different in
KC eyes than healthy eyes, and age was not suitable to represent corneal material properties
in KC eyes. Moreover, four Ppcr - AlDeformation, HCDeformation, AP1 and HCDeflection in
Brazil’s datasets and two Ppcr - A1T and AP1 in Milan’s datasets - had stronger associations
with CVS-IOP than CCT and TopoR. Similar to correlation analysis in healthy eyes, A1T and AP1

had strong linear correlations with CVS-IOP and AP1. Hence, the AP1 was considered first for
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use in the IOP-estimated algorithms for KC eyes.

Table 4-9 Numerical results for keratoconic corneas showing the output of Pearson’s

correlation analysis

10Pt [mmHg] CCT [um] Mr TopoR

Pearson P Pearson P Pearson P Pearson P
Correlation value Correlation value Correlation value Correlation value
AI1T [ms] 0.781%** <0.01 0.359** <0.01 0.385** <0.01 -0.251** <0.01
AlL [mm] -0.041 0.098 0.055* 0.025 0.087** <0.01 -0.992** <0.01
A1V [mm/s] -0.518** <0.01 -0.341** <0.01 -0.325** <0.01 -0.690** <0.01
PD [mm] -0.651** <0.01 -0.530** <0.01 -0.490** <0.01 -0.056* 0.025
R [mm] 0.186** <0.01 0.262**  <0.01 0.342** <0.01 -0.013 0.606

AlDeformation [mm] -0.052* 0.03 0.316** <0.01 0.385** <0.01 -0.808** <0.01
HCDeformation [mm]  -0.478** <0.01 -0.346** <0.01 -0.282** <0.01 -0.708** <0.01
AP1 [mmHg] 0.784%* <0.01 0.357** <0.01 0.382** <0.01 0.250** <0.01
AlDeflection [mm] -0.052* 0.035 0.316** <0.01 0.385** <0.01 -0.808** <0.01
HCDeflection [mm] -0.470** <0.01 -0.346** <0.01 -0.282** <0.01 -0.708** <0.01

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

Table 4-10 Clinical data for keratoconic eyes from Brazil showing the output of Pearson’s

correlation analysis

CVS-I0P [mmHg] CCT [um] Age [year] TopoR
Pearson P Pearson P Pearson P Pearson P
Correlation value Correlation value Correlation value Correlation value
CVS-IOP [mmHg] 1.00 0.219* 0.03 0.10 0.33 -0.02 0.85
CCT [um] 0.219* 0.03 1.00 0.08 0.42 -0.225% 0.02
Age [year] 0.10 0.33 0.08 0.42 1.00 0.238* 0.02
TopoR -0.02 0.85 -0.225* 0.02 0.238* 0.02 1.00
AlT [ms] 0.899** <0.01 0.13 0.18 0.08 0.43 -0.01 0.95
AlL [mm] 0.346** <0.01 0.369** <0.01 0.14 0.16 0.02 0.82
A1V [mm/s] -0.15 0.12 -0.462**  <0.01 -0.02 0.83 0.13 0.20
HCT [ms] 0.03 0.79 0.02 0.81 0.10 0.33 0.08 0.45
PD[mm] -0.537**  <0.01 -0.07 0.49 -0.03 0.74 -0.12 0.23
R [mm] 0.316** <0.01 0.570** <0.01 0.03 0.77 -0.275%** 0.01
AlDeformation [mm]  0.316** <0.01 -0.270** 0.01 -0.02 0.84 0.271** 0.01
HCDeformation [mm] -0.623** <0.01 -0.532** <0.01 0.05 0.61 0.263** 0.01
AP1 [mmHg] 0.998** <0.01 0.219* 0.03 0.09 0.35 -0.02 0.84
AlDeflection [mm] 0.17 0.08 -0.342**  <0.01 -0.01 0.93 0.258** 0.01
HCDeflection [mm] -0.599**  <0.01 -0.507** <0.01 0.08 0.45 0.265** 0.01

* Correlation is significant at the 0.05 level (2-tailed);
** Correlation is significant at the 0.01 level (2-tailed).
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Table 4-11 Clinical data for keratoconic eyes from Milan showing the output of Pearson’s

correlation analysis

CVS-10P [mmHg] CCT [um] Age [year] TopoR
Pearson P Pearson P Pearson P Pearson P
Correlation value Correlation value Correlation value Correlation value
CVS-I0P [mmHg] 1.00 0.457** <0.01 0.09 0.38 -0.255* 0.02
CCT [um] 0.457**  <0.01 1.00 0.06 0.58 -.486** <0.01
Age [year] 0.09 0.38 0.06 0.58 1.00 0.06 0.56
TopoR -0.255* 0.02 -0.486** <0.01 0.06 0.56 1.00
A1T [ms] 0.861**  <0.01 0.359** <0.01 0.08 0.44 -0.274* 0.01
AlL [mm] -0.09 0.43 0.224* 0.04 -0.08 0.47 -0.223* 0.04
A1V [mm/s] -0.220* 0.04 -0.272% 0.01 -0.08 0.46 0.472**  <0.01
HCT [ms] -0.246* 0.02 0.05 0.67 0.04 0.70 0.01 0.93
PD[mm] -0.306**  <0.01 -0.17 0.11 -0.05 0.65 -0.14 0.20
R [mm] 0.325**  <0.01 0.533** <0.01 0.11 0.31  -0.517** <0.01
AlDeformation [mm] -0.03 0.79 -0.244% 0.02 0.12 0.28 0.532**  <0.01
HCDeformation [mm] -0.475** <0.01  -0.481** <0.01 -0.01 0.96 0.475**  <0.01
AP1 [mmHg] 0.999**  <0.01 0.460** <0.01 0.10 0.38 -0.262* 0.01
AlDeflection [mm] -0.09 0.42 -0.258* 0.02 0.01 0.90 0.488**  <0.01
HCDeflection [mm]  -0.422** <0.01  -0.498** <0.01 -0.09 0.41 0.478**  <0.01

* Correlation is significant at the 0.05 level (2-tailed);
** Correlation is significant at the 0.01 level (2-tailed).

4.4.2 10P Estimate Algorithms for Healthy Eyes

According to results of the correlation analysis presented in Section 4.4.1 and the comparison
of Ppcr between numerical and clinical data described in Section 4.3, an equation that links
these parameters and provides accurate estimates of true IOP is developed. The equations for
a biomechanically connected I0P (blOP) with four parameters — CCT, age, AP1 and R — is

explained below.

Due to the variability of corneal stiffness, the stiffness estimation error was adjusted using the
radius of curvature of corneal concavity at HCT (R), which had a stronger association with Mg

than CCT and IOPt. The IOP estimate algorithm with four parameters can take the form:
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bIOP = C¢er1 X Cap1 X Cager + Ceerz X Cagez + Cr + C (4.1)
where blIOP = biomechanically corrected |IOP; Cceri and Cecrz = the effect of variation in CCT;
Car1 = the effect of variation in the measured pressure at APT1; Cige1 and Cagez = the effect of
variation in age; Cr = adjustment for the stiffness effect error; and C = a constant, 3.3693

mmHg.

In Equation 4.1,

Ccerr = 1.97 X 1072 x CCT3 — 31.32 x CCT? + 1.5 x 10* X CCT — 6.23 x 10°

Capi = 3.86 X 1072 x AP1 + 0.366

Cager = 1.58 X 1077 x [ln(C,V,R_Age)]z —3.84 x 1077 X In(Cp, pge) + 5.99 x 107°
Cccrz = —95.6 X CCT? + 8.56 x 103 x CCT? 4 5.77 x 10° x CCT — 5.87 x 107

Cagez = —2.18 x 10710 x [1n(cMR_Age)]2 +1.53 x 10710 X In(Cy, age) — 1.36 X 10710

Cgr = 0.0309 X R — 6.15

Cvip-Age = 0.5852 x e0-0111xAge(year)

4.4.3 Corneal Material Estimation Algorithms for Healthy and Keratoconic

Eyes

The stiffness parameter (SP) has been described in Section 3.5.2 and an earlier study
demonstrated that this parameter was a useful index to reflect the corneal material behaviour
[201]. Based on this evidence, the stiffness parameter at highest concavity (SP-HC) was used
in the development of an algorithm to estimate corneal material behaviour. Table 4-12
presents the mean and SD value of SP-HC and Ln(SP-HC) predicted from numerical modelling

with normal and keratoconic corneal geometries.
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Table 4-12 Stiffness parameter in numerical results for healthy and keratoconic groups

showing mean, standard deviation, and range values

Normal Keratoconic
Group Group
TopoR - 1 2 3 4 5

10Pt 20+7.1 20+7.1 20+7.1 20+7.1 20+7.1 20+7.1

[mmHg] (10-30) (10-30) (10-30) (10-30) (10-30) (10-30)
CCT [um] 545+70.8  545+70.8  545+70.8  545%70.8 545 +70.8 545 +70.8
K (445-645) (445-645) (445-645) (445-645) (445-645) (445-645)

M 1.3+0.8 1.3+0.8 13+0.8 13+0.8 1.3+0.8 13+0.8

R (0.3-3) (0.3-3) (0.3-3) (0.3-3) (0.3-3) (0.3-3)

SP-HC 115.8+113.47 70.5+38.60  79.4+49.3  98.9+78.41 212.39+429.07 308.46 +569.50
[mmHg/mm] (12.63-916.68) (15.87-240.61) (15.24-315.63) (13.93-555.54) (12.97-4247.47) (11.92-4280.03)

Ln(SP-HC) 4.57 +0.85 4.19+0.54 4.29+0.61 4.47+0.74 4.74+0.98 4.96+1.14
[mmHg/mm] (2.59-7.58) (2.80-5.62) (2.77-5.95)  (2.68-6.70) (2.56-8.35) (2.48-8.36)

Before the development of corneal material behaviour estimation, Table 4-13 presented the
results of Pearson’s correlation analysis between SP-HC and IOPt, CCT, Mr and TopoR in
numerical models with healthy and KC corneal geometries. These results indicated that SP-HC
had a significant correlation with IOPt, CCT, and Mg in healthy eyes (P<0.01). In addition to KC

eyes, its correlation with I0OPt, CCT, Mr and TopoR was significant (P<0.01).

Table 4-13 Results of Pearson’s correlation analysis of SP-HC in numerical results for healthy

and keratoconic eyes

SP-HC [mmHg/mm] Ln(SP-HC) [mmHg/mm]
Healthy Group KC Group Healthy Group KC Group
Pearson P Pearson P Pearson P Pearson P

Correlation value Correlation value Correlation value Correlation value

[nﬁgﬁg] 0.351* <0.01 0.122* <0.01 638* <0.01 0.571* <0.01
[ig’ 0.402* <0.01 0.154* <0.01 515* <0.01 0.431* <0.01
Mg 0.494* <0.01 0.194* <0.01 519* <0.01 0.421* <0.01
TopoR - - 0.164* <0.01 - - 0.322* <0.01

* Correlation is significant at the 0.01 level (2-tailed).
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In this study, Ln(SP-HC) presented a low SD value and a small difference in mean values
between normal and keratoconic groups. Hence, Ln(SP-HC) was related as a parameter to

develop corneal material estimation algorithms.

A 3D surface plot of different corneal biomechanical parameters was drawn between the
IOPt/20, CCT/545, and Ln(SP-HC); the colour of each surface presented a specific corneal
material property Mg, Figures 3-20 & 3-22. Based on this, an equation for each 3D surface was

developed. The form of these surfaces developed for different Mg values tools the form:

B = f(Parsp.yc, In SP-HC) [For normal cornea](4.2)
Where Parsp.Hc is a matrix of coefficients that are defined by CCT and IOPt; In SP-HC is the
natural logarithm value of the stiffness parameter at HCT; B is a material estimate obtained
from a function at specific IOPt, CCT and SP-HC using Shape-preserving piecewise cubic

interpolation based on values of Parsp.xc.

In Equation 4.2,
Parspyc = a1 + axx + azy + a,x? + asxy + agy? + a;x3 + agx?y + agxy?  (4.3)
Where x is CCT in um divided by 545; y is IOPt in mmHg divided by 20; and a; is a

coefficient that depends on CCT and IOPt (presented in Table 4-14).
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Table 4-14 Coefficients of Parsp.nc in Equation 4.7 and values of CCT and IOPt

Mg a, a, as a, as ag a; ag aq

0.3 -3.094 5.249 8.982 0.248 -8.423 -2.416  -0.443 1.704 2.198

05 -7.731 22.224 7.699 -17.455 -8.806 -1.515 5.361 2.852 1.471

0.7 0.440 0.387 4.723 2.974 -5.498 -0.403  -1.200 2.386 0.404

0.8 4.509 -10.507 3.013 12.998 -3.028 0.017 -4.315 1.583 0.002

09 7.603 -17.995 0.764 18.971 0.888 0.297 -5.826  -0.114  -0.259

1.0 8.047 -18.217  -0.500 18.236 3.236 0.395 -5.235  -1.242 -0.336

1.5 -8.355 30.668 1.754 -30.649 0.651 -0.519 11.572 -1.163 0.653

20 -3.101 16.284 -0.219  -18.494 4.480 -0.208 9.073 -3.482  0.508

25 4.677 -9.969 3.607 10.742 -1.410 -1.504 -1.413 -1.463 1.804

3.0 6.842 -16.245 3.244 17.519 -4.064  0.222 -3.391 1.251 0.092

Since the true IOP value is unknown in clinical practice, and the corneal material property in
healthy eyes was related to age, blOP can be calculated and used to replace the IOPt in
Equation 4.2. To consider the effect of bIOP on the corneal material estimate, a close match
between the predictions(B) and the true value (Mg) was expected with the differences

remaining below +0.5%.

In keratoconic eyes, there is no way to estimate the IOP first as corneal material properties
cannot be assumed to have correlation with age, but CVS-IOP is the only parameter obtained
from the CorVis device, which was related to the true IOP in keratoconic eyes, even CCT has a

significant effect on it in Section 4.4.1.

From the relationships between CVS-IOP and AP1 based on the two clinical datasets (Section

4.4.1), a linear relation between CVS-IOP and AP1 in healthy and KC eyes can take the form:

CVS-IOP = 0.384 x AP1 — 1.44 (4.4)

Based on this relationship, CVS-IOP value in numerical modelling was calculated and the
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difference between IOPt and CVS-IOP were assessed via the root-mean-square error (RMSE)
in thirty groups — IOPt varied from 10 to 30 mmHg in steps of 5 mmHg; CCT divided into two
groups; thin (from 445 to 545 um) and thick (over 545 um); corneal material divided into
several groups, soft (Mg from 0.3 to 0.7), intermediate (from 0.8 to 1.5) and stiff (Mg from 2.0

to 3.0), Table 4-15.

Table 4-15 Comparison of differences between IOPt and CVS-IOP in numerical results

RMSE between CVS-IOP and IOPt (%)

ccrT 10Pt  Healthy Keratoconic Eye
Group Mg
[um] [mmHg] Eye TopoR=1 TopoR=2 TopoR=3 TopoR=4 TopoR=5
1  445-545 0.3-0.7 2.2 7.6 5.0 3.3 2.1 2.8
2 <545 - 4.8 12.0 8.0 6.1 4.5 2.8
3  445-545 0.8-15 10 4.1 10.8 7.1 5.3 3.5 2.0
4 <545 - 7.9 16.6 11.0 9.1 9.1 7.3
5  445-545 5.3 10.1 19.7 13.1 11.3 12.6 10.9
6 <545 23.2 39.4 26.3 24.4 32.0 30.2
7 445-545 0.3-0.7 2.1 10.2 5.2 3.3 2.9 1.6
8 <545 R 5.1 14.9 8.3 6.3 7.3 5.5
9  445-545 4.1 13.3 7.2 53 5.8 4.1
0.8-1.5 15
10 <545 8.6 20.3 11.8 9.9 12.5 10.6
11 445-545 5.3 8.7 20.2 11.9 10.0 12.8 11.0
12 <545 21.1 38.6 24.2 22.3 31.2 29.4
13 445-545 0.3-0.7 2.3 13.3 5.5 3.6 5.5 3.7
14 <545 R 5.7 18.4 8.9 7.0 10.6 8.7
1 - . . . . . .
5 445-545 0.8-1.5 20 4.5 16.4 7.6 5.7 8.7 6.9
16 <545 9.4 23.9 12.6 10.7 16.1 14.2
17 445-545 2.3 8.6 22.5 11.8 9.9 14.9 13.1
18 <545 20.2 39.5 23.2 21.4 32.4 30.5
19 445-545 0.3-0.7 2.6 16.2 5.8 3.9 8.3 6.4
20 <545 - 6.6 22.1 9.8 7.9 14.4 12.5
21 445-545 5.0 19.5 8.1 6.2 11.8 9.9
0.8-1.5 25
22 <545 10.2 27.5 13.4 11.4 19.8 17.8
23 445-545 3 8.7 25.1 11.8 10.0 17.5 15.6
24 <545 19.3 40.4 22.2 20.4 33.4 31.6
25 445-545 0.3-0.7 2.8 18.9 6.0 4.1 11.1 9.2
26 <545 - 7.4 25.7 10.5 8.7 18.1 16.2
27 445-545 5.4 22.6 8.5 6.7 14.9 13.0
0.8-1.5 30
28 <545 11.0 30.9 14.0 12.2 23.4 21.5
29 445-545 5.3 8.8 27.6 11.9 10.1 20.1 18.2
30 <545 19.0 42.2 21.8 20.2 35.5 33.8
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Further, according to the results of the correlation analysis (Section 4.4.1), CVS-IOP was
assumed to be the closest available indication of true IOP in estimating the corneal material
behaviours for KC eyes. The difference in B between the predictions and the true values
remained below 7% in TopoR=2-4 but was around 20% in Topo=1&5. In addition, TopoR in
clinical datasets concentrated on the range between 2 and 3, which demonstrated that CVS-

IOP was suitable in estimating corneal material properties in KC eyes.

4.4.4 10P Estimation Algorithms for Keratoconic Eyes

According to the characteristic analysis of corneal geometry in Keratoconus, the effect of
corneal geometry on IOP estimate was considered. The keratoconic corneal stiffness is
expected to be softer than that of normal corneas. The IOP estimate in KC eyes was developed
based on the correlation analysis and the influence of the geometry effect using the TopoR

value:

bIOPx¢c = Cecry X Cap1 X Cgetar X Crr1 + Cecrz X Cetaz X Crrz + Cecrz +C - (4.5)
where blOPkc = biomechanically corrected IOP for abnormal corneas; Cccri, Cecerz, and Ceers =
the effect of variation in CCT; Cap1 = the effect of variation in the measured pressure at APT1;
Cgeta1 and Cgetaz = the effect of variation in corneal material estimation; Crri and Crrz =

adjustment of the corneal geometry effect error; and C = a constant, 3.3693 mmHg.

In Algorithm 4.5,

Ccer1 = 1.27 X 1072 X CCT3 — 6.06 X 1077 X CCT? — 2.3 x 1073 x CCT + 3.6
Capy = 1.5 X 1072 x AP1 — 4.76

Cgetar = 34 %X 1072 x [In(B)]? + 3.89 x 1072 x In(B) + 5.99 x 10~

Ctr1 = —1.08 X TopoR + 4.05
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Ccetz = 2.37 X 1072 X CCT3 — 1.36 X 107 x CCT? — 3.88 x 1073 X CCT + 6.11
Cgetaz = 4.27 X 1072 X [In(B)]*> — 4.42 x 1073 X In(B) + 7.4
Crro, = —1.75 X TopoR + 6.59

Ceers = 2.12 x 1072 x (CCT — 475) + 5.3307

4.5 Validation of blIOP-Estimation Algorithm for Healthy Eyes

4.5.1 Validation of bIOP Algorithm Using Ex Vivo Human Eyes

Both uncorrected IOP values (CVS-IOP) and biomechanically-corrected values (blOP) are
presented in Table 4-16 along with the corresponding true IOP (IOPt) applied by the syringe
pump system and measured by a pressure transducer. The eye donor’s age and the mean and

standard deviation of CCT obtained at each pressure level are also included.

The ANOVA test between the three normally distributed groups of blOP, CVS-IOP and IOPt
showed significant differences (p< 0.001) and allowed for Bonferroni post-hoc test to be

performed in Table 4-16.
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Table 4-16 I0OP measurements including uncorrected CVS-IOP and biomechanically-
corrected bIOP values at controlled true IOP values between 10 and 30 mmHg. Results

include mean, standard deviation and range.

CVs-10P bIOP
Specimen (%) (microns) (mmia) (i) Vor.  Emor (mobia) o, Error
(mmHg) (mmHg)

a0 B4 aw RIS o

(:;32-%37) 15 (115?.53%.%) 4.3 29% (1156.':3(;%) 14 9%

s1 57 agraos) 2P (r3535) 35 18%  oas0g) O 3%
(4:?5?4139) 25 (22;3.'503%1) 30 12% (22:.';3%%) 0.1 0%

e S0 e 279 on

sorts) 15 (meaes 105 % T 23 1w

s2 67 eisew) *  oosno 109 e
o163 B @eoaes M2 S Gesary 10%

r 30 uioae 13 3B sroae 22 7%

(56577-%11%) 10 (11<57.'50-t1(;.55) 7.0 70% (3.'75_11%2) 05 5%

s3 76 swwes S oy ©F 6 gariag 06 %
soses P roars) 72 % o110y 06
NN N

rsos0) 1 (l6017.0) 63 63% i oga) 29 -29%

cons0) 15 (esary 119 9% eeacs 10 7%

W e g w SE w0 gRL w0 s
sosei) 25 esass 130 2% yesase L6 6%

Goma g e85 g gy P08 g gy

(551?3?;:?7) 10 (11555»;11615) >8 58% é?g?ﬁfi) 0.6 6%

sy 15 (o50s) 59 W 3paey 01 %

56 gy 2 prosse) 7S godhg 10 s
Qa5 SOS o5 g 2004 a0 oy

(56565-%1231) 30 (335.3);171)) >0 17% (2257z11t21831) 29 -10%

(1) 1O0Pt = manometric, true intraocular pressure; CCT = central corneal thickness; CVS-IOP = uncorrected
intraocular pressure measurement by the CorVis ST; bIOP = biomechanically-corrected intraocular pressure
measurement with four parameters.

(2) The pressure at 30 mmHg for S3 and the pressure at 10 mmHg for S2 is excluded from the table. These
measurements could not be obtained using the device’s automatic triggering mechanism despite repeated
attempts.
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The average difference for all specimens and at all IOPt levels between CVS-IOP and IOPt was
7.5%3.2 (1.9 to 13.0) mmHg, while it was 0.3+1.6 (-2.9 to 2.4) between blOP and IOPt. While
the difference between CVS-IOP and IOPt was significant (p< 0.001), the difference between
blOP and IOPt was not significant (p= 0.989). The error in CVS-IOP (CVS-IOP — IOPt) decreased
significantly, in percentage values, with higher IOPt. However, while there was also a reduction
in CVS-IOP error, in absolute values, with higher IOPt, the association of the reduction in error
with IOPt was not significant (p=0.617). On the other hand, no correlation was found for bIOP
errors with IOPt in either percentage (p= 0.756) or values (p= 0.617). Further, the CVS-IOP
error increased significantly with higher CCT (0.0196 mmHg/um, p<0.001), unlike the errors

in blOP, which were smaller and not correlated with CCT (-0.002 mmHg/um, p=0.482).

4.5.2 Validation of bIOP Algorithm Using Clinical Datasets

As mentioned above regarding the accuracy of the IOP-estimation algorithms, the blIOP value
has higher accuracy than the CVS-IOP. As a result, there are two I0OP values — blOP, and CVS-
IOP —in correction analysis, which use the trend to illustrate the association between IOP and

CCT, and IOP and age.

In this study, three clinical datasets with no pathological conditions, obtained from Smile Eye
Clinic (SEC), Germany; Humanitas Clinical and Research Center (HCRC), Italy; and Wenzhou
Medical University (WMU), China, were used to provide IOP estimates. The results pertaining

to the three clinical datasets is shown in Figure 4-4, Figure 4-5 & Figure 4-6.
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Table 4-17 Results of three clinical datasets showing mean, standard deviation and a range

value of CCT, age,

CVS-IOP and blOP

, ccT Age Cvs-ilop bloP
Database Patients
(um) (years) (mmHg) (mmHg)
Smile Eye c3 547+3235 38+11.1 14.45+283  13.26+2.19
Clinics (404-650) (19-82) (6.5-35.5) (7.53-28.92)
H”m"";t:; Clinica Loa7 538+37.33 45+17.7 14.13+357  12.85+2.61
Rescanh Center (364-646) (7-94) (6-48.5) (4.9-36.87)
"Aljlee";';:;’ o1 583+855  45+17.4  14.56+3.1 13.02 +2.26
caiea (474-595) (8-94) (7-34) (7.44-25.5)
University

The correction algorithm of bIOP was success

ful in significantly reducing the strength of the

association between CVS-IOP and CCT in the three datasets as follows: from 0.0306

mmHg/um (R? = 0.204) to 0.0014 mmHg/um (R? = 0.0007) in the SEC set; from 0.0288

mmHg/um (R%?= 0.095) to -0.0053 mmHg/um

(R?>=0.0059) in the HCRC set; and from 0.0314

mmHg/um (R%= 0.090) to -0.005 mmHg/um (R?>= 0.0044) in the WMU set.

blOP
Linear(bIOP)

Cvs-lopP
Linear(CVS-IOP)

CVS-IOP = 0.141CCT - 52.081
Reys? = 0.034
blOP = 0.0014CCT + 12.534

Rpiop? = 0.0007
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Figure 4-4 Effectiveness of blIOP in reducing association with CCT and age in clinical

databases obtained

from Smile Eye Clinics
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Figure 4-5 Effectiveness of blOP in reducing association with CCT and age in clinical

databases obtained from Humanitas Clinical and Research Center
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Figure 4-6 Effectiveness of blOP in reducing association with CCT and age in clinical

databases obtained from

Wenzhou Medical University
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In addition, the association between blOP and age reduced in the three datasets (Figure 4-4,
4-5 & 4-6) from 0.0241 mmHg/year (R?= 0.0089) to -0.0183 mmHg/year (R? = 0.0086) in the
SEC set; from 0.0295 mmHg/year (R>=0.022) to -0.0095 mmHg/year (R*= 0.0042) in the HCRC
set; and from 0.0327 mmHg/year (R? = 0.0337) to -0.0038 mmHg/year (R* = 0.0009) in the

WMU set.

4.5.3 Validation of bIOP Algorithm Using Refractive Surgery Datasets

The IOP measurements by CorVis-ST are known to be significantly affected by CCT such that
CVS-IOP underestimates IOP in eyes with thin corneas and overestimates IOP in eyes with
thick corneas [46, 209]. In addition to considering the natural variation in CCT in the healthy
population, corneal thickness is also reduced in laser refractive surgeries such as a laser in situ
keratomileusis (LASIK) and small-incision lenticule extraction (SMILE, Carl Zeiss Meditec AG)
[209, 258]. Hence, to evaluate the effect of corneal thickness on IOP measurement, the results
concentrated on comparing the results with the correction algorithm, Goldmann Applanation

Tonometry and CorVis-ST in measuring IOP before and after LASIK and SMILE.

Participants of clinical datasets

Forty-eight patients (69 eyes) were treated for correction of myopia or myopic astigmatism;
however, dynamic Scheimpflug analyzer IOP parameters were missing for some participants
(first applanation pressure, AP1 for 18 eyes and CCT for 1 eye). Therefore, the study comprised
only 36 patients treated with LASIK (14 patients, 20 eyes [11 male, 9 female]) or SMILE (22
patients, 30 eyes [15 male, 15 female]) with an optical zone of 6.5 mm in all cases, for which

there was a match in preoperative SE between LASIK group and SMILE group, Table 4-18.
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Table 4-18 Pre-operative data for LASIK and SMILE groups showing mean, standard

deviation and range values

LASIK Group SMILE Group P Combined Group
(n =20) (n =30) value (n =50)
559.7+£31.0 542.6 £ 30.0 549.6+£31.2
CCT (um) (505—616) (499-606) 0.06 (499-616)
36.7+7.4 35.6+7.7 36.0+7.5
Age (years) (27-48) (25-51) 0.62 (25-51)
Spherical -3.65+1.12 -3.81+£0.95 0.78 -3.75+1.02
Equivalence (D) (-5.38—1.25) (-5.63—2.00) ) (-5.63—1.25)
Refraction manifest -2.75+1.36 -3.30+1.11 013 -3.08 +1.23
(Sphere) (-5.00-0.00) (-5.5—1.5) ) (-5.50-0.00)
Refraction manifest -1.84+1.32 -0.86 £ 0.61 0.00 -1.25+1.06
(Cylinder) (-4.50—-0.25) (-2.25-0.00) ) (-4.5-0.00)
Refraction manifest 68.16 + 65.88 90.00£71.34 0.29 81.35+69.36
(Axis) (0.00-175) (0.00-178) ) (0.00-178)
16.1+1.7 15.6+2.5 15.8+2.2
GAT-IOP (mmHg) (13.0-20.0) (11.0-22.0) 0.39 (11.0-22.0)
15.2+2.3 14.4+23 14.7+2.3
CVS-IOP (mmHg) (11.5-20.5) (10.5-19.5) 0.22 (10.5-20.5)
14.2+1.4 143+19 143+1.7
bIOP (mmHg) (11.8-18.4) (11.5-19.0) 0.93 (11.5-19.0)

CCT = Central Corneal Thickness; GAT-IOP = IOP measured by Goldman Applanation Tonometer; CVS-IOP = IOP
measured by CorVis-ST; bIOP= Biomechanically corrected IOP measured by CorVis-ST.

Preoperative Results

Table 4-18 presents the preoperative mean, SD, and range of central corneal thickness (CCT),
age, spherical equivalence (SE), and IOP measurements obtained from Goldmann (GAT-IOP)
and CorVis-ST (CVS-IOP and blOP) for both the LASIK and SMILE groups, separately and
combined. An independent-samples t-test found no significant difference between the

preoperative values of all parameters between the two groups.

Results of Pearson’s analysis between the IOP and CCT values in both the LASIK and SMILE
groups, separately and combined, are shown in Table 4-19. In all cases, the analysis showed a
significant preoperative correlation between either GAT-IOP or CVS-IOP with CCT, but not
between blOP and CCT. Hence, the first main observation of the study is that the bIOP

algorithm was successful in reducing correlation with CCT before refractive surgery.
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Table 4-19 Pre-operative datasets for both LASIK and SMILE groups showing results of

Pearson’s correlation analysis

LASIK Group SMILE Group Combined Group
R-value P-value R-value P-value R-value P-value

Pre- GAT-IOP 0.481* 0.032 0.259* 0.045 0.345* 0.015
Operative | CVS-IOP 0.480* 0.032 0.329** 0.002 0.418** 0.003
CCTvs biop 0.006 0.980 0.005 0.978 0.005 0.972

CCT = Central Corneal Thickness; GAT-IOP = IOP measured by Goldman Applanation Tonometer; CVS-IOP = IOP
measured by CorVis-ST; bIOP = Biomechanically corrected IOP measured by the CorVis-ST device

* Correlation is significant at the 0.05 level (2-tailed).

** Correlation is significant at the 0.01 level (2-tailed).

Postoperative Results

Table 4-20 presents the postoperative mean, SD, and range of CCT, SE, GAT-IOP, CVS-IOP, and
bIOP for both the LASIK and SMILE groups, separately and combined. In Table 4-21, the
Pearson’s analysis showed significant correlation between postoperative GAT-IOP and CCT (R
=0.22, p = 0.047 in the LASIK group; R =0.17, p = 0.037 in the SMILE group; R =0.034, p =
0.043 in the combined group) and between postoperative CVS-IOP and CCT (R = 0.362, p =
0.05 in the LASIK group; R = 0.354, p = 0.003 in the SMILE group; R = 0.374, p = 0.008 in the
combined group). In contrast, there was no significant correlation between postoperative
blOP and CCT in all cases (R = 0.09, p = 0.705 in the LASIK group; R = 0.068, p = 0.706 in the
SMILE group; R =0.061, p =0.678 in the combined group). These results illustrate the second
main observation of the study, which is that the blOP correction was successful in removing

the correlation of IOP measurements obtained after LASIK and SMILE with CCT.
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Table 4-20 Post-operative data for both LASIK and SMILE groups showing mean, standard

deviation and range values

LASIK Group SMILE Group Combined Group
(n =20) (n =30) (n =50)
CCT (um) 4833+336 466.0 +33.9 473.0+345
W (420-548) (413-558) (413-558)
Spherical -0.13+0.33 -0.04 +0.26 -0.07 +0.30
Equivalence (D) (-1.00-0.50) (-0.75-0.75) (-1.00-0.75)
12.9+25 123+23 126+2.4
GAT-I0P (mmHg) (10-17) (8-18) (8-18)
116+ 1.6 11.1+1.9 113+1.8
CVS-10P (mmHg) (8.5-15) (6-14.5) (6-15)
141+15 13.5+1.9 13.7+1.8
blOP (mmHg) (11.6-16.9) (9.2-17.5) (9.2-17.5)

CCT= Central Corneal Thickness; GAT-IOP= IOP measured by Goldman Applanation Tonometer; CVS-IOP= IOP
measured by CorVis-ST; blIOP= Biomechanically corrected IOP measured by CorVis-ST

Table 4-21 Post-operative datasets for both LASIK and SMILE groups showing results of

Pearson’s correlation analysis

LASIK Group SMILE Group Combined Group
(n=20) (n=30) (n=50)
R-value P-value R-value P-value R-value P-value
Post- GAT-IOP 0.220* 0.047 0.170* 0.037 0.034* 0.043
Operative Ccvs-iop 0.362** 0.005 0.354** 0.003 0.374** 0.008
CCTvs biOP 0.09 0.705 0.068 0.706 0.061 0.678

CCT = Central Corneal Thickness; GAT-IOP = IOP measured by Goldman Applanation Tonometer; CVS-IOP = IOP
measured by CorVis-ST; blIOP = Biomechanically corrected IOP measured by the CorVis-ST device

* Correlation is significant at the 0.05 level (2-tailed).

** Correlation is significant at the 0.01 level (2-tailed).

Comparison between IOP measurements obtained Pre- and Post-Surgery

Table 4-22 presents the results of the paired-samples t-test that aimed to compare the values
of GAT-IOP, CVS-IOP, and bIOP pre- and post-operation for the LASIK and SMILE groups,
separately and combined. After the treatment, there was a significant decrease in GAT-IOP (-
3.2 £ 3.4 mmHg, p <0.001 in the LASIK group; -3.2 £ 2.1 mmHg, p < 0.001 in the SMILE group;
-3.2 £ 2.6 mmHg, p <0.001 in the combined group) and in CVS-IOP (-3.7 + 2.1 mmHg, p < 0.001
in the LASIK group; -3.3 £ 2.0 mmHg, p < 0.001 in the SMILE group; -3.4 + 2.0 mmHg, p < 0.001

in the combined group). On the other hand, the preoperative and postoperative bIOP did not
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differ significantly (0.1 £ 2.1 mmHg, p = 0.80 in the LASIK group; 0.8 + 1.8 mmHg, p = 0.273;
0.2 £ 1.9 mmHg in the SMILE group, p = 0.58 in the combined group). These results have led
to the third main observation of the study, which is that bIOP was successful in reducing the

differences in IOP measurements obtained before and after refractive surgery.

Table 4-22 Differences between post- and pre-operative data for both LASIK and SMILE

groups showing the mean, standard deviation and p value of the paired t-test results

LASIK Group SMILE Group Combined Group
(n=20,M=11,F=9) (n=30,M =15, F=15) (n=50, M =26, F = 24)
Post—Pre
Mean + SD P-value Mean + SD P-value Mean + SD P-value
ccT
(um) -76.4+19.9 <0.001 -76.6 +£19.6 <0.001 -76.4£19.5 <0.001
GAT-IOP -3.2+34 <0.001 -3.2+2.1 <0.001 -3.2+2.6 <0.001
(mmHg)
CVS-IOP 1 37421 <0001 -33%20 <0.001 34420 <0.001
(mmHg)
-01+2.1 0.795 -0.8+1.8 0.273 -0.2+1.9 0.58
(mmHg)

CCT = Central Corneal Thickness, GAT-IOP = IOP measured by Goldman Applanation Tonometer; CVS-IOP = IOP
measured by CorVis-ST; bIOP = Biomechanically corrected IOP measured by CorVis-ST
** No significant difference between means of pre-and post-values.

The results of the trend line analysis of pre- and post-surgery datasets is shown in Figure 4-7,
Figure 4-8 & Figure 4-9. The correlations between CVS-IOP and CCT significantly increase the
strength between GAT-IOP and CCT in the pre- and post-surgery datasets as follows: From
0.0266 mmHg/um (R?=0.2318) to 0.0348 mmHg/um (R?=0.2301) in the pre-operative dataset
of the LASIK group; from -0.0166 mmHg/um (R?=0.0484) to 0.0177 mmHg/um (R?=0.1312) in
the post-operative dataset of the LASIK group; from 0.0212 mmHg/um (R?=0.067) to 0.0248
mmHg/um (R?=0.108) in the pre-operative dataset of the SMILE group; from 0.0114

mmHg/um (R?=0.029) to 0.0201 mmHg/um (R?=0.1256) in the post-operative dataset of the
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SMILE group; from 0.0241 mmHg/um (R?=0.1194) to 0.0304 mmHg/um (R?=0.1749) in the
pre-operative datasets of both LASIK and SMILE groups; and from 0.0023 mmHg/um (R? =
0.0011) to 0.0196 mmHg/um (R?=0.1402) in the post-operative datasets of both LASIK and

SMILE groups.

On the contrary, the correction algorithm of bIOP was successful in significantly reducing the
strength of the association between GAT-IOP and CCT in the pre- and post-surgery data sets,
using bIOP as follows: From 0.0266 mmHg/um (R?=0.2318) to 0.0003 mmHg/um (R?=4E-5) in
the pre-operative dataset of the LASIK group; from -0.0166 mmHg/um (R?=0.0484) to -0.0041
mmHg/um (R?=0.0081) in the post-operative dataset of the LASIK group; from 0.0212
mmHg/um (R?=0.067) to -0.0003 mmHg/um (R?>=3E-5) in the pre-operative dataset of the
SMILE group; from 0.0114 mmHg/um (R?=0.029) to 0.0041 mmHg/um (R?=0.0053) in the
post-operative dataset of the SMILE group; from 0.0241 mmHg/um (R?=0.1194) to -0.0003
mmHg/um (R>=3E-5) in the pre-operative datasets of both LASIK and SMILE groups; and from
0.0023 mmHg/um (R?=0.0011) to 0.0021 mmHg/um (R?=0.0037) in the post-operative

datasets of both LASIK and SMILE groups.
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Figure 4-7 Correlation between CCT and GAT-IOP, CVS-IOP and blOP for (A) pre- and (B)

post-operative data of LASIK group.
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Figure 4-8 Correlation between CCT and GAT-IOP, CVS-IOP and blOP for (A) pre- and (B)

post-operative data of SMILE group.
149



GAT-IOP = 0.0241*CCT + 2.5117
Rear? = 0.1194

e GAT-IOP(Pre-Surgery)

CVS-IOP(Pre-Surgery)
CVS-10P = 0.0304*CCT - 1.9498
Reys? = 0.1749

bIOP = -0.0003*CCT + 14.422
Ryiop? = 3E-05

bIOP(Pre-Surgery)

Linear (GAT-IOP(Pre-Surgery))
Linear (CVS-IOP(Pre-Surgery))

Linear (bIOP(Pre-Surgery))

25
20 : . e

15

I0P(mmHg)

10

610

530 550 570 590

CCT(um)

490 510

Chapter Four: Results

B e  GAT-IOP(Post-Surgery)
GAT-IOP = 0.0023*CCT + 11.459
CVS-IOP(Post-Surgery) R..2=0.0011
Gar = U

CVS-I0P = 0.0196*CCT +2.0065
Revs® = 0.1402

bIOP = 0.0021*CCT + 12.256
Ryop? = 0.0037

blOP(Post-Surgery)

Linear (GAT-IOP(Post-Surgery))

Linear (CVS-IOP(Post-Surgery))

Linear (blOP(Post-Surgery))

25
20

15 R +* ot

IOP(mmHg)

10

500 540 560

520

480
CCT(pum)

400 420 440 460

Figure 4-9 Correlation between CCT and GAT-IOP, CVS-IOP and blOP for (A) pre- and (B)

post-operative data of both LASIK and SMILE groups.

Overall, there was no significant difference in the mean values of bIOP estimation, which

implies that the bIOP values of the pre- and post-operative datasets are not different when

the P-value is greater than 0.05 in either the LASIK or SMILE group. The linear association test

revealed that the association between blOP and age, and between blOP and CCT in pre-and

post-operative data was lower than for GAT-IOP and CVS-IOP. This means that the effect of

CCT and age was less on the blOP value.

4.6 Validation of blIOPkc-Estimation Algorithm for Keratoconic Eyes Using

Clinical Datasets

The clinical validation of blIOPyc algorithm for keratoconic patients was performed with the

expectation of a significant reduction in dependency of corneal biomechanics. The results
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compared the IOP values between healthy and keratoconic patients using the bIOP and bIOPc
algorithms, respectively, followed by their correlation with corneal thickness and age in two
large clinical datasets from two different continents. There are 315 participants (164 healthy
and 151 Keratoconic) from the Vincieye Clinic in Milan, Italy in Dataset 1, and 407 participants
(205 healthy and 202 Keratoconic) from the Rio de Janeiro Corneal Tomography and
Biomechanics Study Group — Rio de Janeiro, Brazil in Dataset 2 to include variability from more

than one continent.

4.6.1 Analysis of Dataset 1 from Milan and Dataset 2 from Rio

Analysis of Dataset 1 (Milan)

In Dataset 1, the mean age of healthy participants was 35 + 13 years (range 14-73), which was
similar to the mean age of KC patients, 33 + 12 (14-73) years (p = 0.507). In contrast, the CCT
was considerably higher, as expected, in healthy eyes [543 + 32 (458—635) um] than in KC eyes
[482 + 45 (239-595) um (p < 0.001)]. For both groups, the mean bIOP was almost the same —
14.7 £ 1.6 (10.6—20.4) mmHg for healthy eyes and 14.6 + 1.2 (10.9-18.1) mmHg for KC eyes (p
= 0.121) — while the CorVis IOP was lower in KC eyes [13.1 + 2.2 (5.0—19.5) mmHg] than in
healthy cases [15.1 + 1.6 (11.0-23.0) mmHg] (p < 0.001) (Figure 4-10). There were also
significant differences between blOP and CorVis IOP obtained for KC patients (p < 0.0001), but
the same was not observed for healthy participants (p = 0.103) (Figure 4-10). Furthermore,
there was a significant difference in variances of bIOPkc as compared to CVS-IOP in KC patients

(p < 0.0001, Figure 4-10).
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Figure 4-10 CVS-IOP, blOP, and blOPkc values obtained for healthy and KC participants from

Datasets 1 and 2. Results illustrate the stability in predicting IOP values using the bIOP and

blOPc algorithms for healthy and KC eyes, compared to the large differences found in CVS-

IOP. Both blIOP and blOPyc further exhibit lower standard deviation values compared to CVS-
IOP.

Analysis of Dataset 2 (RIO)

Similar to Dataset 1, healthy and KC participants in Dataset 2 had similar age ranges of [40+13
(18-72)] years and [39+13 (18-72)] years, respectively (p = 0.228). However, they had different
CCT ranges of [540 + 33 (454—629)] um and [491 + 41 (381-586)] um respectively (p < 0.001).
Similar IOP results were obtained with the mean bIOP being similar in healthy eyes [bIOP 14.4
+ 2.2 (9.9-24.3)] mmHg and KC eyes [bIOPkc 14.4 + 1.1 (11.5-17.2)] mmHg (p = 0.319); while
the CVS-IOP in KC eyes, [12.6 + 2.5 (4.5-20.0)] mmHg, was significantly lower than in healthy
eyes [14.8 + 2.6 (9.0-29.0)] mmHg (p < 0.001). The blOPkc values were also significantly
different from the CVS-IOP in KC eyes (p < 0.0001, Figure 4-10), while there were no significant

differences between bIOP and CVS-IOP in healthy eyes (p = 0.091). Analogous to the results
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obtained in Dataset 1, the comparative analysis of KC patients showed significantly different

variances of bIOPkc as compared to CVS-IOP (p < 0.0001, Figure 4-10).

4.6.2 Correlation of IOPkc Estimates with Age and Corneal Thickness

The degree of dependency of blOPxc and CVS-IOP on CCT and age in KC patients of both

datasets have been assessed in Figure 4-11.

CcVs-lop ® DbIOP« Rio Dataset (2)
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Figure 4-11 Analysis of the degree of dependency of both blOPkc and CVS-IOP on CCT and

age in the Milan (a, b) and Rio dataset (c, d)

The results show large blOPkc reductions in IOP dependency on CCT: From 1.7 mmHg/100 um
(with CVS-IOP) to -0.8 mmHg/100 pum (with blOPkc) in Dataset 1 and from 2.7 mmHg/100 um
(with CVS-IOP) to -0.3 mmHg/100 um (with blOPkc) in Dataset 2. On the other hand, the
dependency of IOP on age, which was small in the case of CVS-IOP, experienced only small
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reductions. With blOPyc, it changed from 0.12 mmHg/decade (with CVS-IOP) to 0.10
mmHg/decade (with bIOPkc) in Dataset 1 and from 0.17 mmHg/decade (with CVS-IOP) to 0.02

mmHg/decade (with blOPkc) in Dataset 2.

4.6.3 Comparative Analysis Based on Keratoconus Classification

The Keratoconic group in Dataset 1 was decomposed in accordance with the TKC classification
into 30 mild, 50 moderate, and 29 advanced cases. Similarly, in Dataset 2, the subgroups
included 20 mild, 51 moderate, and 19 advanced cases. Figure 4-12 shows blOPkc and CVS-
IOP in KC patients, split into the TKC classification groups. The results present evidence of the
non-significant difference in bIOPxc and CVS-IOP in the three KC stage groups (p =0.095 and p
=0.413 for Dataset 1 and p = 0.693 and p = 0.579 for Dataset 2 with Kruskall-Wallis). However,
as described previously, the CVS-IOP values were significantly lower and had significantly

larger standard deviations than the blOPkc in both datasets and all patient subgroups.

Milan Dataset (1) Rio Dataset (2) . biop

20.07 . bIOPKC

IINaT

I0P (mmHg)

10.04

] ] |
Mild Moderate  Advanced Mild Moderate  Advanced

Keratoconus stages

Figure 4-12 Mean and standard deviation of bIOP and blOPyc in both datasets in KC patients

divided based on disease stage
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4.6.4 Comparison of bIOP and blOPkc in Keratoconic Patients

Milan Dataset (1)

There were no significant differences in the mean values and standard deviations of bIOP and
blOPkc between patients with mild, moderate, and advanced Keratoconus (p > 0.05; see Table
4-23). When comparing the values of bIOP and blOPyc, the main outcome of this sub-analysis
was the significantly smaller standard deviations of blOPkc as compared to bIOP in all stages
of Keratoconus, except the advanced cases (p < 0.001 for mild, p = 0.035 for moderate, and p
= 0.067 for advanced cases). Conversely, the mean values of bIOP and blOPx: were not
significantly different in mild, moderate, and advanced Keratoconus (respectively p = 0.168, p

=0.649, and p = 0.329).

Table 4-23 Number, mean, and standard deviation of all KC data used in Milan Dataset (1)
for bIOP and blOPkc. Further, a homogeneity test was carried out to show the differences in

standard deviation and the ANOVA test was performed to analyse the mean values.

N Mean Stal?da. rd Homog.enelty of ANOVA
Deviation Variances

Mild 106 14.2 2.1

blOP  Moderate 27 14.5 1.9 P=0.677 P =0.508
Advanced 18 13.8 2.5
Mild 106 14.6 1.2

blOPyc Moderate 27 14.7 1.1 P=0.813 P =0.749
Advanced 18 14.4 1.3
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Rio Dataset (2)

Similarly, there were no significant differences in the mean values and standard deviations of
blOP and blOPyc in patients with mild, moderate, and advanced Keratoconus (p > 0.05; see
Table 4-24). The comparative analysis of bIOP and blOPkc in patients with KC showed, as the
main outcome, significantly smaller standard deviations of blIOPxc when compared with bIOP
in all stages of Keratoconus (p < 0.001 for mild and moderate and p = 0.035 for advanced).
Likewise, the mean values of blOP were significantly lower in mild and moderate Keratoconus

as compared to bIOPKC (respectively p < 0.001 and 0 = 0.008).

Table 4-24 Number, mean, and standard deviation of all KC data used in Rio Dataset (2) for
blOP, CVS-IOP, and blOPyc. Further, a homogeneity test was carried out to show the

differences in standard deviation and the ANOVA test was performed to analyse the mean

values.
Vo S e awow

Mild 128 13.5 2.0

bIOP Moderate 51 13.7 2.2 P=0.627 P=0.769
Advanced 23  13.3 24
Mild 128 144 1.1

blOPxc Moderate 51 14.6 1.1 P =0.155 P=0.270
Advanced 23 14.1 1.3

4.7 In-Vivo Validation of Corneal Material Algorithm ()

The main challenge in estimating the corneal biomechanical behaviour in vivo stems from the

difficulty in separating the effects of this behaviour from those of the IOP on ocular response
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to mechanical stimuli. A positive development towards achieving a solution to this problem
was the introduction of the biomechanically-corrected I0OP (blOP) and corneal material

parameter (B) estimates based on the CorVis-ST output.

The bIOP algorithm was developed using a combination of numerical modelling, experimental
and clinical validation, and used corneal deformation parameters (measured by the CorVis ST)
to reduce the effect of stiffness on IOP estimates on the basis of the above-mentioned results.
In the following development procedure in Chapter 3.1, this study takes the next logical step

in providing an algorithm for estimation of the material mechanical behaviour in Section 4.4.3.

In this Section, the algorithm was validated by comparing the result between predictions from
the algorithm and results from the inverse analysis for healthy and keratoconic datasets,
assessing the correlation between its material stiffness predictions and patient’s age in
healthy datasets, and against earlier results of inflation experiments on ex-vivo human eyes

[1].

For inverse analysis, due to the time-consuming nature of procedure, there were only 84
healthy and 17 keratoconic eyes from Milan, and 84 healthy and 17 keratoconic eyes from

Brazil selected to validate corneal material parameter (B), Table 4-25.
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Table 4-25 Selected data from healthy and KC groups showing mean, standard deviation

and range values

Healthy Group Keratoconic Group
(N = 168) (N =34)
Age [years] 39.89 + 16.66 35.62 + 11.07
gely (7-81) (16-59)
543.8 + 29.42 477 +37.59
€T [um] (454-621) (389-551)
154256 13.19+2.35
CVS-1I0P [mmHg] (9.5-29) (9-18)
14.47 +2.28 15.56 + 1.21
biOP/bIOP«c [mmHg] (9.79-24.27) (13.18-19.33)
7.25+0.31 7.05+0.33
AIT [ms] (6.65-8.78) (6.7-7.77)
2124035 1.88+0.42
ALL [mm] (1.34-2.76) (1.3-2.82)
0.16 + 0.02 0.18 +0.03
ALV [mm/s] (0.07-0.22) (0.14-0.27)
5.06 £ 0.28 5.06 + 0.28
PD. [mm] (3.85-5.81) (4.37-5.49)
R [mm] 7.05+0.81 5.89+0.9
(5.54-10.75) (4.25-8.61)
. 0.13 +0.01 0.13 +0.01
AlDeformation [mm] (0.1-0.16) (0.11-0.16)
. 1.09 £ 0.09 1.15+0.13
HCDeformation [mm] (0.8-1.34) (0.9-1.41)
. 0.1+0.01 0.1£0.01
AlDeflection [mm] (0.07-0.13) (0.08-0.13)
. 0.91+0.1 0.99 +0.13
HCDeflection [mm] (0.55-1.23) (0.72-1.21)
42.23 +6.35 37.44+7.12
AP1 [mmHg] (29.3-74.8) (26.9-52.3)
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4.7.1 Comparison of B Obtained from the Estimate Algorithm and Inverse

Analysis for Healthy Eyes

A total of 168 healthy patients were selected from the Milan and Brazil clinical datasets. To
evaluate the effectiveness of the B algorithm, the results from the inverse analysis were

assumed to represent the true material parameters.

Table 4-25 and Table 4-26 presents the mean, SD, and range of the central corneal thickness
(CCT), age, IOP measurements by the CorVis-ST device (CVS-IOP), the biomechanically-
corrected IOP (bIOP), and B values obtained from the estimated algorithm (Beg) and inverse

analysis (Bin) for healthy eyes.

Table 4-26 Clinical datasets for healthy eyes showing mean, standard deviation, a range of B

and p-value of paired t-test results between B algorithm and inverse analysis

Number 168
Beg 0.93+0.19
(from estimated algorithm) (0.56-1.67)
B.. 0.93+0.21
(from inverse analysis) (0.47-1.55)
Differences of Mean + SD 0.00+£0.12
p value 0.998

** Significant differences between means of Beqg and Bin

The Bin obtained from inverse analysis of numerical models simulating the 168 eyes included
in the study had a mean of 0.93+0.21 (0.47-1.55) and the B algorithm provided a feq mean of
0.93+0.19 (0.56-1.67), Table 4-26. There were no significant differences between the two sets

of B values (p=0.99), Figure 4-13.
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Figure 4-13 Results of the B algorithm (Beq) against B inverse analysis (Bin) for 158 healthy

eyes shown with a red trend line against a 45-degree line denoting target perfect fit

4.7.2 Correlation Analysis of the Material Parameter (B) with Corneal

Thickness and IOP for Healthy Eyes

The material estimate algorithm has been able to successfully predict the in-vivo material
behaviour of corneal tissue as estimated using an inverse analysis procedure. The [3 algorithm
was assessed against clinical data obtained from 480 healthy participants enrolled at the
Vincieye Clinic in Milan, Italy (Dataset 1, 253 patients) and Corneal Tomography and

Biomechanics Study Group — Rio de Janeiro, Brazil (Dataset 2, 227 patients).

Dataset 1 (Milan)

253 Participants included in Dataset 1 had a mean age of 43.1+16.6 (8-87) years, CCT of
539.3+33.2 (454-629) microns and blOP of 14.3+2.6 (7.7-29.3) mmHg. Analysis of CCT, blOP,
age and Pgq values confirmed the hypothesis that Beq was not dependant on CCT (p=0.792) or

IOP (p=0.745) but significantly correlated with age (P<0.01), Figure 4-14. Statistical analysis
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was performed using Pearson correlation for blIOP and CCT as the data were normally

distributed and with Spearman's rho correlation for an age where the data were not normally

distributed.
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Figure 4-14 Assessment of the correlation in Dataset 1 between Bgq and each of (a) blOP, (b)

Dataset 2 (Rio)

CCT and (c) Age

In Dataset 2, participants had a mean age of 37.6+17.1 (7-90) years, CCT of 543.8+31.5 (454-

635) microns and blOP of 14.5+2.3 (9.8-24.3). Similar to Dataset 1, the analysis showed that

Beq was not dependant on CCT (p= 0.599) or blOP (p= 0.281), but was significantly correlated

with age (P<0.01), Figure 4-15. Statistical analysis was performed using Pearson correlation
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with bIOP and CCT and Spearman's rho correlation with age for the reasons described above.
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Figure 4-15 Assessment of the correlation in Dataset 2 between Bgq and each of (a) blOP, (b)

CCT and (c) Age

4.7.3 Validation Against Ex-Vivo Inflation Test Results in Healthy Patients

The relationship between Beq and age plotted in Figure 4-14 and Figure 4-15 for Datasets 1

and 2, respectively, is re-plotted in Figure 4-16 and compared with the relationship based on

ex-vivo inflation test results. The comparison shows a close correlation between the two

relationships with the differences being 0.09+0.20 (p<0.01) and 0.10+0.21 (p<0.01) for

Datasets 1 and 2, respectively. Statistical analysis was performed using Spearman's rho

correlation as the data were not normally distributed.
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Figure 4-16 Relationship between 3 and age based on in-vivo clinical data (black dots and a

black trend line) and ex-vivo inflation test results (red dots) for (a) Milan dataset and (b) Rio

dataset

4.7.4 Comparison of B Obtained from the Algorithm and Inverse Analysis

for Keratoconic Eyes

A total of 32 keratoconic patients were selected from the Milan and Brazil clinical datasets. To

evaluate the effectiveness of the B algorithm, the results from the inverse analysis were

assumed to represent the true material parameters. Table 4-25 and Table 4-27 presents the

mean, SD, and range of the central corneal thickness (CCT), age, IOP measurements by the

CorVis-ST device (CVS-IOP), the biomechanically-corrected I0OP for keratoconic (bIOPkc), and B

values obtained from the estimated algorithm (Beq) and inverse analysis (Bin) for healthy eyes.
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Table 4-27 Clinical datasets for keratoconic eyes showing mean, standard deviation, range

of B, and p-value of paired t-test results between B algorithm and inverse analysis

Number 34
Beg 0.76 £0.21
(from estimated algorithm) (0.38-1.23)
Bin 0.76 £0.29
(from inverse analysis) (0.36-1.55)
Differences of Mean + SD 0.00£0.20
p value 0.99

** Significant differences between means of Beq and Bin

The Bin obtained from inverse analysis of numerical models simulating the 34 eyes included in
the study had a mean of 0.76£0.29 (0.36-1.55) and the B algorithm provided a Beq mean of
0.76%0.21 (0.38-1.23). There were no significant differences between the two sets of B values

(p=0.99), Figure 4-17.
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Figure 4-17 Results of the B algorithm (Beq) against B inverse analysis (Bin) for 34 keratoconic

eyes shown with a red trend line against a 45-degree line denoting target perfect fit
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Chapter Five

Discussion and Conclusions

5.1 Introduction

The information presented in previous chapters concerning the validation of biomechanically-
corrected intraocular pressure (bIOP) and in-vivo corneal material behaviour estimation is
discussed in this chapter. Overall conclusions are then provided, followed by

recommendations for future work.

5.2 Overall Discussion

Measurement of intraocular pressure (IOP) is of great clinical importance for a number of
applications including the management and risk profiling of glaucoma. Several methods have
been developed to provide estimates of IOP, most of which rely on a simple concept involving
the application of a mechanical force — usually on the cornea — and correlating the resistance
to deformation under this force to the value of IOP. While this technique is simple to apply, it
introduces inaccuracies that are difficult to eliminate. It has long been realised that corneal
stiffness, which is influenced by the tissue's thickness and material biomechanics, also
influences the resistance to deformation under the applied force, and hence can cause
changes in the IOP measurement. The difficulty to separate the effects of IOP and tissue
biomechanics on the IOP measurement has been the subject of numerous research studies

and has not been entirely possible to date [259].
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The CorVis-ST, a relatively new non-contact tonometer (NCT), aims to address this challenge.
It acquires detailed cross-sectional profiles of the cornea's anterior and posterior surfaces
recorded during the application of the external, dynamic air pressure. This information, along
with measurements of thickness over the central corneal region, was used to distinguish
between the effects of IOP and corneal biomechanics on corneal deformation, and hence
provide an estimate of IOP that is designed to be less dependent on the corneal biomechanical
parameters including central corneal thickness (CCT) and age (related to the corneal stiffness)

[46, 260].

A numerical simulation was found to be a reliable tool for modelling the cornea’s response to
mechanical loads, such as those applied by tonometers [46]. Hence, this study through the
use of numerical simulations evaluated effects of IOP and overall eye material behaviour
(including corneal geometry, and eye material stiffness) on the dynamic corneal response
parameters obtained from the CorVis-ST. Based on the numerical results, the influence of each
parameter on the IOP measurement could be defined and eliminated. As the literature
presented previously, the association of the accurate IOP with geometrical parameters (such
as CCT) or age (material stiffness) has not been investigated widely in clinical models as of
now. Corneal material estimation influences IOP estimation and vice versa which forced these
algorithms to be interrelated [54]. This means that the estimation process entails a set of
activities that interact with one another, using the IOP or corneal material properties to define

each.

Several experimental studies concern the characteristics of corneal material behaviour, which
are based on the uniaxial tension [33, 47, 50, 51], inflation [53, 71-73], and compression tests

[75]. These studies assumed the material properties of the cornea to be: homogeneous linear
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elastic [82, 83], nonlinear hyper-elastic [71, 79, 84, 85], and nonhomogeneous [86]. According
to the tension and inflation tests, the obtained corneal material behaviour demonstrated
nonlinear hyper-elastic material behaviour. Moreover, based on Elsheikh’s research, the
uniaxial test [1] and the inflation test [1, 52, 91, 261] demonstrated an association between
biomechanical properties and age. According to these findings, there is a regular change in
corneal material behaviour with an increase in age. Nevertheless, there are significant
differences in individual corneal material behaviour among those with the same age. Hence,
a new corneal material stiffness parameter () has developed to overcome the challenge of
corneal material behaviour differences in individuals and to enable obtaining these variations

using tonometry.

In this study, the aim was to develop algorithms to better estimate IOP and corneal material
behaviour, based on the dynamic corneal response parameters obtained from a non-contact
method. Through numerical simulations, all algorithms were developed and clinically,
experimentally and numerically validated. More accurate estimation of IOP can have a huge
impact on the prediction of glaucoma [213]. Moreover, a better estimation of corneal material

properties can help with customising clinical procedures.

The development of an IOP estimation algorithm for application in the CorVis-ST initially relied
on the numerical simulation that represents the eye model and CorVis-ST procedure. The
similarity between the numerical and clinical results, including the values of central
displacement at first applanation (A1) and highest concavity (HC), demonstrated the reliability
of the simulations and their ability to model the CorVis-ST procedure with a high level of
accuracy. Subsequently, a parametric study considering a wide range of variation in CCT,

corneal material properties, and IOP was conducted. This study confirmed that the first
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applanation pressure (AP1) has a stronger association with IOP than with CCT and age.
Applying the least squares method, an algorithm quantifying the corneal material behaviour
was developed, and that helped to provide a biomechanically-corrected IOP estimation that
is more accurate and less affected by variations in corneal mechanical stiffness and its
geometry as compared to either not corrected IOP measured with a CorVis-ST or Goldmann

Applanation Tonometry (GAT).

There are several studies regarding corneal material properties [33, 47, 50, 51, 53, 71-73, 75,
79, 82-86], but most measurement methods involve ex-vivo tests and cannot be used clinically.
Hence, it is necessary to develop an in-vivo method for assessing corneal material behaviour,
which has high potentials in clinical application. As mentioned above, the analysis of dynamic
corneal response parameters is indispensable while quantifying the corneal material
behaviour. A new stiffness parameter(SP) introduced in the literature has been demonstrated
to reflect overall corneal stiffness [201]. Hence the corneal material behaviour estimation
algorithm has been developed using the most influential parameters, which are the highest
concave stiffness parameter (SP-HC), IOP, and CCT. This method was effective in determining
material properties and showed high accuracy in comparison to the results of inverse analysis

of clinical data. However, there are several points that require further discussion in this section.

5.2.1 Correlation of bIOP with CCT and Age in Healthy Eyes

A biomechanically-corrected IOP (blOP) estimation algorithm for healthy eyes is developed
through numerical methods, which represent realistic eye material behaviour and the air-puff
procedure similar to the CorVis-ST device. Based on this numerical simulation, the effect of

corneal factors, such as corneal geometric parameters (central corneal thickness, CCT; corneal
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central anterior radius of curvature, Rc; and anterior corneal shape factor, P) and corneal
material stiffness (assuming correlation with age [1]), on IOP measurement has been
guantified. There has been no influence of Rc or P on IOP measurement in literature [46]. For
this reason, this study only considered the effect of both CCT and age (related to the corneal
material stiffness [1]) on the IOP measurement. The results clearly demonstrate the effect of
CCT and age on measured not corrected IOP with a CorVis-IOP (CVS-IOP), and these are similar
to other findings using the GAT and NCT [10, 13, 23, 24, 206, 209, 217, 218, 223, 231]. For
reducing the effects of both CCT and age on IOP measurement, a number of correction
equations were formulated for GAT, ORA, and CorVis, which have been successfully validated
clinically [46, 242, 262, 263]. The numerical simulations of the Corvis procedure in this study
were validated against clinical results obtained in vivo for four randomly selected eyes of four
age groups at same CCT and CVS-IOP, and compared the distribution of main CorVis-ST
dynamic response parameters (Pocr) between numerical predictions and two clinical datasets
obtained from the Rio de Janeiro Corneal Tomography and Biomechanics Study Group — Rio
de Janeiro, Brazil — with a total of 253 healthy participants, and the Vincieye Clinic in Milan,

Italy with 227 healthy participants.

The similarity between the numerical and clinical results and the confirmation of statistical
analysis demonstrated the reliability of the simulations. Subsequently, a wide range of
variations in CCT, true IOP, and the different material properties of the eye were simulated in
the parametric study for the dynamic corneal response analysis. The parametric study
affirmed that the AP1 has a strong association with true IOP, and a weak association with CCT
and corneal material behaviour. Using polynomial fitting, an I0OP estimation algorithm

(Equation 4.1) was developed considering the correlation of IOP estimation with CCT and age
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in order to estimate the IOP with a less impact of corneal factors.

The measured IOP by the CorVis-ST (CVS-IOP) were tested against three clinical datasets of
634 healthy eyes from Smile Eye Clinics (SEC), Germany, 1047 eyes of pathological conditions
(astigmatism, cataract, myopia, hyperopia, Emmet ropy, and retinopathy) from Humanitas
Clinical and Research Center (HCRC), Italy, and 634 healthy eyes from and Wenzhou Medical
University (WMU), China. CVS-IOP measurements were significantly correlated with CCT (r? =
0.204, slope = 0.0306 mmHg/um) and age (r?> = 0.009, slope = 0.024 mmHg/year) in the SEC
set, Figure 4-4; CCT (r? = 0.095, slope = 0.0288 mmHg/um) and age (r?> = 0.022, slope = 0.0295
mmHg/year) in the HCRC set, Figure 4-5; and CCT (r? = 0.09, slope = 0.0314 mmHg/um) and

age (r?=0.0337, slope = 0.0327 mmHg/year) in the WMU set, Figure 4-6, respectively.

Introducing the blOP algorithm reduced its dependency even further on both CCT (r? =0.0007,
slope = 0.0014 mmHg/um) and age (r> = 0.0086, slope = -0.0183 mmHg/year) in the SEC set,
Figure 4-4; CCT (r? =0.0059, slope = -0.0053 mmHg/um) and age (r? = 0.0042, slope = -0.0095
mmHg/year) in the HCRC set, Figure 4-5; and CCT (r? = 0.0044, slope = -0.005 mmHg/um) and

age (r? = 0.0009, slope = -0.0038mmHg/year) in the WMU set, Figure 4-6, considerably.

The biomechanically-corrected I0P estimation algorithm presented in this study offers a
simple and effective method to obtain IOP estimates with less effect of the main corneal
stiffness parameters and less dependency on a major error source to provide more reliable

IOP estimates for glaucoma management.

5.2.2 Validation of blOP Algorithm through EX-Vivo Testing

The evaluation of intraocular pressure (IOP) is a fundamental part of eye examination and is
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essential for the screening and treatment of pathologies such as glaucoma and ocular
hypertension. The association between elevated intraocular pressure (IOP) and glaucoma
development and progression has since been confirmed, making IOP the main modifiable risk
factor for glaucoma, and establishing IOP measurement as an essential part of glaucoma risk-
profiling and management [194, 264]. For this reason, an accurate IOP estimate is highly

desirable.

The reference standard in IOP measurement is the Goldmann Applanation Tonometry (GAT),
which makes the device susceptible to the natural variations in corneal stiffness, caused by
variations in tissue thickness and biomechanics from average levels, and introduces
inaccuracies in IOP measurements [265, 266]. Based on these findings, several attempts were
made to create |IOP estimates that corrected for biomechanics including, most notably, the
dynamic contour tonometer (DCT, DCT-Pascal, Swiss Microtechnology AG, Port, Switzerland)
[267], the ocular response analyzer (ORA) [268] with its corneal compensated IOP (IOPcc)
estimates, and more recently the CorVis-ST [269] through its biomechanically corrected 10P

measurements [46, 270].

In the ex-vivo animal-based experiments, there are existing literatures on the comparison
between IOP estimation and the true IOP on porcine [271-273], rabbit [261], sheep [274],
cows [274], cat [274, 275] and mice [274, 276] using the impact—-rebound tonometer (I-R), a
prototype murine optical interference tonometer (OIT), Goldmann Applanation Tonometry
(GAT), Tono-Pen, Pneumo-tonometry, Ocular Response Analyzer (ORA), CorVis-ST and Schiotz
tonometer. Moreover, several studies assess the accuracy of tonometer using experiments on
ex-vivo human eyes [12, 277-280]. These ex-vivo studies were conducted on an inflation rig

which is developed in house by the research group and enabled simulation of IOP on full eye
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globes. However, these tonometries are calibrated for use in humans and not applicable to
the animal eyes. For these reasons, this study relied on ex-vivo experiments to validate the

blOP algorithms for healthy eyes.

In this study, the results are providing an assessment of the biomechanical correction (bIOP)
algorithm in determining the intraocular pressure (IOP) using a direct experimental technique,
in which the IOP is controlled in ex-vivo human eyes followed by measuring the pressure using
the CorVis-ST and providing blOP estimates. The technique showed that while uncorrected
IOP estimates exhibited inaccuracies, and appeared to be influenced by corneal biomechanics,

bIOP values were significantly more accurate and closer to the values of true IOP.

In this ex-vivo study, the donor’s eye was connected through a pipe network to a motor-driven
syringe pump, which was used to control the IOP. The true IOP was measured using a pressure
transducer (FDW 060-K262-01, RDP Electronics, USA) having a 0.1 mmHg resolution. The IOP
measured using tonometer was compared to the true IOP value and used to validate the

findings of this study in regards to bIOP algorithm.

For the five ex-vivo eye globes employed in this study, for which age varied little between 67
and 76 years, and CCT varied between 458 and 880 um, IOP was maintained at specific values
between 10 and 30 mmHg in 5 mmHg increments. At each true IOP (IOPt) level, at least three
acceptable-quality IOP readings by the CorVis-ST were obtained, along with estimates of bIOP.
While the uncorrected CVS-IOP measurements resulted in large and significant errors (7.5
3.2 mmHg, p < 0.001), bIOP was closer to IOPt with small and non-significant errors of (0.3 +
1.6 mmHg, p=0.989). Further, the CVS-IOP errors were significantly correlated with, and

possibly caused by, the increases in CCT beyond average values (p < 0.001).
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These results, although based on a limited number of human globes, are promising when
compared to previous studies, in which either Perkins or GAT was employed and exhibited
significant errors ranging from a mean of 1.7 + 1.8 to 5.2 + 1.6 mmHg [264, 277, 278].
Conversely, when considering DCT readings, the published literature shows inconsistent
results with reports showing minimal differences compared to true IOP [0.58 + 0.70 mmHg18
or 0.50 mmHg (95% CI=0.40-0.60) [278]] and another showing higher error values (2.3 + 2.4
mmHg) [277]. On the other hand, there is no published work on the evaluation of ORA IOPcc

versus to true IOP by using healthy ex-vivo human eye experiments.

Several studies have showed a significant correlation between CCT and IOP for instance in the
GAT tonometry (from 0.26 to 0.37 mmHg with a 100 um change in CCT) and NCT tonometry
(from 0.39 to 0.63 mmHg with a 100 um change in CCT) [10, 13, 23, 24, 206, 209, 217, 218,
223, 231]. Since individuals have different corneal geometries the variation of IOP estimates
found to be large in most tonometries. However, using bIOP on ex-vivo human eyes was found
no correlation for bIOP errors with IOPt in either percentage (p=0.756) or values (p=0.617).
Further, the CVS-IOP error increased significantly with higher CCT (0.0196 mmHg/um, p <
0.001), unlike the errors in blOP, which were smaller and not correlated with CCT (-0.002

mmHg/um, p=0.482), Table 4-16. But, this observation was not repeated with blIOP [264].

In conclusion, this study provides further evidence of the capability of the blIOP algorithm in
providing a close estimate of the true IOP in the range of 10-30 mmHg in healthy eyes and
the reduction in the association with the cornea's stiffness parameters, most notably the
thickness. Based on this and the previously published studies, the bIOP may provide a possible
solution to the long-standing challenge of offering IOP estimates that are significantly less

affected by corneal biomechanics than other, commonly used, tonometry methods.
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5.2.3 Validation of blOP on Refractive Surgery Clinical Data

The accuracy of current methods of IOP measurement is influenced by corneal stiffness, which
varies with thickness and the tissue’s material behaviour [281]. The resulting errors potentially
lead to failure to correctly risk profile glaucoma, and this has been estimated to affect more
than 20% of patients [213]. Previous studies showed that IOP measurements by Goldmann
Applanation Tonometry (GAT-IOP), the reference standard in tonometry, are affected by an
error margin that varied between 0.7 mmHg and 7.1 mmHg per each 100 mm change in CCT
[209, 211, 282]. The significance of this error margin should be seen in the light of an earlier
estimate that the risk for glaucoma progression increased by 10% for each 1 mmHg increase
in IOP [204], and the potential that this error can lead to significant numbers of false-positives
and false-negatives in glaucoma risk profiling. Within the context of the present study,
refractive surgery raises important questions regarding the implications of tissue loss and
change in biomechanical properties (because of both ablation and weak connection of flap or
cap with residual stroma) on IOP measurement and the accuracy of glaucoma risk profiling. A
previous study showed that the well-known reduction of IOP with applanation tonometry
after refractive surgery was only partly related to corneal thickness change [283]. In that study,
the change in CCT associated with the refractive change explained less than 1.0% of the
change in measured GAT-IOP, and therefore parameters other than CCT might influence IOP

measurement error using applanation tonometry.

Several attempts have been made to address this problem by either quantifying the effect of
CCT (and other parameters that affect corneal stiffness) on IOP measurement or developing
techniques that seek to reduce the dependence of IOP measurement on stiffness in general

and CCT in particular [46, 209, 284]. Among attempts aiming to quantify the effect of stiffness
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parameters on IOP measurements [25, 211, 245, 285, 286], algorithms were produced to
enable more accurate GAT-IOP estimates based on quantifying the errors caused by variations
in the stiffness parameters. On the other hand, efforts to develop new techniques to reduce
dependence on stiffness parameters have been more substantial, resulting in the dynamic
contour tonometer (DCT, SMT Swiss Microtechnology AG) and the Ocular Response Analyzer

(ORA, Reichert Technologies).

The DCT is a digital tonometer designed to be less affected by the corneal thickness than the
GAT; this claim was confirmed by studies evaluating normal and glaucoma patients [204, 287],
although others did not agree, showing significant correlation with thickness [288].
Furthermore, it has been reported that the changes in IOP values obtained with the DCT after
refractive surgeries, photorefractive keratectomy (PRK). and laser in situ keratomileusis (LASIK)

remained nonsignificant, suggesting a low correlation with CCT [223, 224, 288].

Similarly, the ORA with its corneal-compensated intraocular pressure (I0OPcc), produced by the
dynamic bidirectional applanation device is claimed with some success to compensate for CCT
[223, 289, 290], and researchers [223, 291, 292] found that IOPcc was less altered after
refractive surgery than GAT-IOP. Preoperative CCT showed correlation with only the GAT
equivalent but not with the IOPcc. A particularly relevant study of this work has been carried
out by the authors to develop an algorithm to reduce dependency on corneal properties in
the dynamic Scheimpflug analyzer IOP (CVS-IOP) [46, 204, 269, 270, 293]. The resulting blOP
algorithm has been assessed clinically and showed effectiveness in producing IOP estimates

that were largely independent of CCT and the cornea’s biomechanical properties [270, 294].

The aim of this study was to provide a further assessment of the bIOP algorithm by comparing
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it with the GAT-IOP and CVS-IOP measurements before and after the refractive surgery
procedures LASIK and small-incision lenticule extraction (SMILE, Carl Zeiss Meditec AG). These
procedures have a number of main effects on corneal stiffness in (1) reducing the thickness
through ablation, (2) reducing interaction between the flap or cap and the residual stromal
tissue, and (3) possibly affecting the mechanical properties of stromal tissue caused by the
wound-healing process. The effective thickness reduction in both LASIK and SMILE,
attributable to both tissue ablation and the flap or cap creation, is commonly between 10%
and 20% of the stroma’s original thickness, which is expected to result in a notable reduction
in corneal stiffness and hence affect IOP measurements [295-298]. On the other hand, the
wound healing effect on corneal biomechanics has not been quantified and therefore its effect

on tonometry results cannot be considered at present [34, 299].

The clinical data was collected from the Smile Eye Clinic, Munich, Germany and included 36
patients (50 eyes) patients who had undergone refractive surgery by LASIK (14 patients, 20
eyes [11 male, 9 female]) and SMILE (22 patients, 30 eyes [15 male, 15 female]) for correction
of myopia or myopic astigmatism [247]. The first result of the study is the confirmation that
the bIOP correction is able to reduce the known correlation (confounding factor) between CCT
and IOP readings before and after LASIK and SMILE. This was demonstrated with Pearson
coefficients that showed significant correlations between both GAT-IOP and CVS-IOP with CCT
(p<0.05), but no correlation between blOP and CCT in both the LASIK and SMILE groups,

separately and combined (p>0.5).
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The study further provides an important test of the blOP algorithm after laser refractive
surgery and shows that the bIOP readings are not different before and after LASIK (-0.1+2.1
mmHg, p=0.795) and SMILE (-0.8%1.8 mmHg, p=0.273), Table 4-22. In particular, statistical
analyses showed that after LASIK and SMILE, there was a significant decrease in GAT-IOP and
CVS-IOP values (>3 mmHg, p<0.001), whereas there was no significant difference between

preoperative and postoperative blOP readings.

This last finding and considering that the optical zone stayed the same (6.5 mm) suggest that
blOP algorithm is not only able to correct for the changes in CCT induced by the 2 procedures
but also for the dissimilar volume of tissue removed with the 2 refractive techniques. The
results of our study are in agreement with a previous report that showed significant decreases
in CVS-IOP after LASIK and SMILE [247]. Similarly, Osman et al. [300] showed reductions of

CVS-I0OP values after SMILE, although these did not reach statistical significance.

The preoperative analysis showed mean values of bIOP and CVS-IOP lower than GAT-IOP.
However, the mean values of bIOP have been shown in a large normative study to be very
similar to Goldmann values [270]. For this reason, this result might be an incidental Findings
in this clinical data. Moreover, the difference between Goldmann and bIOP and the CVS-IOP
is not constant in the 2 groups (1.9 mmHg between blOP and Goldmann in the LASIK group
and 1.3 mmHg in the SMILE group), and GAT-IOP is known to have a test—retest repeatability

of 2.5 mmHg [301].

In conclusion, this study shows that the new biomechanically corrected blOP was not
significantly correlated with CCT before and after LASIK and SMILE laser refractive surgery,

unlike GAT-IOP and CVS-IOP. Furthermore, the IOP readings using the bIOP algorithm were
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different before and after LASIK and SMILE. These results suggest that the blOP algorithm
should be able to compensate for the effect of laser surgeries on ocular biomechanics

including the loss of tissue caused by ablation and flap or cap cutting. not significantly.

5.2.4 I0P Estimation in Keratoconic patients

The reliable measurement of I0P in patients with Keratoconus (KC) has always been a
challenge [248]. Being thinner, steeper, softer, and less regular than healthy tissue,
Keratoconic corneas usually suffer from systematic underestimations of IOP [250], which can
cause problems when using eye-drops (such as steroids [302]) or undergoing procedures that
can induce a rise in IOP — making it difficult to evaluate whether a borderline 10P

measurement represents a clear abnormality.

The challenge in accurately measuring IOP stems from the way in which tonometry techniques
work, where the cornea’s resistance to deformation, under an external mechanical effect, is
correlated to IOP. This common methodology means that the natural variations in corneal
stiffness, caused by several factors such as changes in thickness, curvature or tissue
biomechanical properties, affect the accuracy of IOP measurements. This problem becomes
particularly serious in keratoconus, where the cornea experiences significant reductions in
thickness and tissue stiffness in addition to notable changes in geometry. This study is an
attempt to separate the effects of corneal mechanical stiffness from those of IOP in the IOP
measurement process, and hence provide more representative IOP values compared with
CorVis IOP. The method used relied on numerical simulation of the CorVis-ST procedure in eye
models with wide variations in true IOP, anterior surface profile, CCT, thickness profile and

material properties. The method, which was similar to that reported earlier for healthy eyes
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[46, 303]. led to the development of an algorithm providing estimates of biomechanically-

corrected IOP values for kc eyes (bIOPyc).

Validation of the blOPy algorithm involved applying it to keratoconic populations and
comparing the results to those of bIOP for healthy populations recruited in the same clinical
centres. While the CorVis IOP measurements in healthy and kc eyes were significantly
different, Figure 4-10 — being lower in kc eyes, as expected — the blOPy. and bIOP for kc and
healthy participants were similar (Figure 4-12). Given that there is no reason to hypothesize
that patients with kc should have a “true” IOP that is different from a healthy population with
a similar composition, this result provides evidence that blOPy. was able to correct for the
confounding biomechanical factors that make IOP measurements in kc patients unreliable
(Table 4-23and Table 4-24). Further evidence is in the reduced dependency of bIOPy. estimates
on two major stiffness parameters; corneal thickness and age, similar to what has been found

in the results of the bIOP algorithm when applied to eyes with healthy tomography [46, 270].

The inclusion of two large datasets from two different continents was necessary to assess the
reliability of the bIOPy. algorithm in populations with different ethnic backgrounds. It is the
first time, to the authors’ knowledge, that an IOP estimate for kc was able to show the same
mean values and standard deviations as for healthy eyes in such a large dataset. Previous
studies illustrated the variable performance of different tonometers with disagreement still
persisting on which tonometer provides the most reliable measurement of IOP in kc. Earlier
reports noted the relatively low reliability of the Goldmann and Tono-pen tonometers [248,
249, 304] and the ability of both the ocular response analyzer (ORA, ORA-Reichert Ophthalmic
Instruments, Depew, NY, USA) or the dynamic contour tonometer (DCT, DCT-Pascal, Swiss

Microtechnology AG, Port, Switzerland) to provide more reliable estimates of I0P [248-251,
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305, 306]. Nevertheless, neither the ORA with its corneal compensated IOP (IOPcc) nor the
DCT-IOP estimates were able to provide IOP values for kc patients that were not significantly

different from those of healthy subjects in the same populations [307].

Another important finding of the study was provided by the analysis of the variances in kc
severity. The differences in blOPyc between sub-groups with mild, moderate and advanced kc
were limited to 0.2 mmHg in Milan Dataset (2) and 0.5 mmHg in Rio Dataset (1) and were not
significant, and in all sub-groups, blOPy. provided a smaller spread compared to CorVis IOP
(Figure 4-11). While this finding is of significant importance when evaluating the IOP in
patients with keratoconus, where measurements are known to vary much between devices
[248], note should be made of the differences in the number of kc patients included in each
sub-group, which may have affected the statistical analysis of IOP results. A similar finding was
reported in an earlier study, which demonstrated no significant differences in the DCT and
IOPcc measurements among patients with different Amsler-Krumeich kc classifications, but in

that study, the mean IOP values were still different compared to healthy subjects [248].

Finally, a comparative analysis of bIOP and blOPy. in patients with keratoconus showed the
absence of significant differences in means between blIOP and blOPy. estimations, a finding
that was repeated in patient sub-groups with mild, moderate and advanced kc. However,
blOPk. values had significantly smaller standard deviations compared to bIOP in most sub-
groups (Figure 4-12). These results indicate that while blOP could potentially be used to

estimate IOP in kc patients, the results may not be as reliable as with the bIOP..

In conclusion, based on the findings, this research proposed blOPy. as a new algorithm for a

more reliable estimate of intraocular pressure in patients with keratoconus. The routine use
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in clinical practice of this algorithm may help take into account the well-known systematic
errors that affect other tonometers, including Goldmann, caused by the particular
irregularities in material properties, anterior topography and thickness profile of the corneas

of keratoconic patients.

5.2.5 In Vivo Corneal Material Behaviour Estimation

The biomechanical characterisation of in-vivo tissue is a developing field in clinical
management and treatment planning. Estimating the characterisation of the mechanical
behaviour of the cornea may enable the clinician to simulate its response to any clinical
manipulation performed during an intervention. Since the corneal material behaviour displays
a great variability from individual to individual, understanding the corneal material behaviour
has become an important subject for future research. Moreover, the cornea has a strong
sensitivity to age and temperature, which is used to condition its biomechanical behaviour in
clinical treatment [52]. Furthermore, the estimation of the corneal mechanical response can
be applied to detect some pathologies whose symptoms may change corneal stiffness [308].
For these reasons, there are several studies, which demonstrate that the in-vivo estimation of
the corneal material behaviour is the core of the analysis with regard to the real response

during treatment interventions [34, 309-312].

The main challenge in estimating the corneal biomechanical behaviour in vivo stems from the
difficulty in separating the effects of this behaviour from those of the IOP on ocular response
to mechanical stimuli. This challenge has made it difficult to produce accurate IOP estimates,
that are free of the effects of corneal biomechanics [30], and the same challenge exists in

determining the tissue’s biomechanics that is free of the effects of IOP. Nevertheless, the
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compound nature of this challenge has meant that finding a solution for either IOP or corneal

biomechanics would lead to a solution for the other problem.

What complicates matters further is that the stress-strain behaviour of biological tissue,
including cornea and sclera, is nonlinear [52, 70], and therefore the tangent modulus (Et) —a
measure of material stiffness — does not have a constant value, but increases with stress and
strain. This effectively means that as the IOP in the eye increases, the stress and strain to which
the eye is subjected increases, causing a rise in the tangent modulus. Therefore, the problem
is not only that the effects of IOP and corneal biomechanics on eye behaviour are difficult to

separate; IOP also effects the immediate corneal stiffness.

This study attempts to address a long-standing challenge related to the in-vivo measurement
of corneal biomechanics, and in doing so it attempts to overcome two major obstacles. First,
the nonlinear nature of the tissue behaviour makes it necessary to determine the whole
stress-strain behaviour, rather than a tangent modulus value which would be valid only at a
particular level of stress or strain. This obstacle was overcome through observation that stress-
strain relationships obtained earlier for ex-vivo ocular tissue had similar trends that saw
almost proportional decreases in strain with increases in tissue age [1, 52, 70]. By taking the
average experimental behaviour obtained for corneal tissue with age 50 years [1, 52, 70] as
the benchmark, at which the new biomechanically parameter (B) was assumed equal to 1.0,
other stress-strain relationships for stiffer or softer material could be derived by multiplying

the strain values by the relevant value of the  parameter.

The second challenge stems from the effect of IOP and corneal thickness on corneal

deformation under the action of internal or external mechanical actions. However, while the
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effect of corneal thickness on overall behaviour is large, it can be estimated and removed as
the thickness and its effect can be measured and excluded accurately. On the other hand, IOP
presents a more difficult challenge since IOP measurement methods — through tonometry —
are affected by corneal stiffness, creating a challenging dilemma with the stiffness affecting
IOP measurement and IOP affecting corneal mechanical behaviour, which is used to estimate
the stiffness. In this study, this challenge was addressed through consideration of a CorVis-ST
parameter — the stiffness parameter at highest concavity, SP-HC — which is more strongly

correlated with corneal stiffness than IOP.

In 2011, the OCULUS CorVis-ST (OCULUS Optikgerate GmbH, Mtinchholzhauser Str. 29 D-
35582 Wetzlar, Germany) was presented. This tonometer includes the functions of
pachymetry and video/image recording of the corneal deformation using an Ultra-High-Speed
Scheimpflug camera. Additionally, these images and videos display the in-vivo biomechanical
responses of the cornea to the air puff. Therefore, the corneal material behaviour can be

assessed for each patient by utilising the CorVis device.

This study presented an algorithm for in-vivo estimation of the corneal material behaviour
based on the dynamic corneal response analysis. The corneal material estimated (B) algorithm
was generated based on predictions of corneal behaviour using finite element (FE) numerical

modelling simulating the effects of IOP and CorVis-ST air puff.

Validation of Algorithm through Inverse analysis

In general, to obtain corneal material properties, two main approaches have been attempted.
A classical method is based on the standard experiments (as tension [33, 47, 50, 51], inflation

[53, 71-73], and compression test [75]), which involve ex-vivo measurements with
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simplifications and assumptions. Other method is to combine numerical model and
experiment to compute the material properties using an inverse finite element method [313-
315]. Inthe inverse finite element method, the corneal stiffness was obtained through inverse
analysis method using Particle Swarm Optimisation (PSO) algorithm to match patient specific
corneal behaviour obtained from CorVis-ST. Hence, to validate the B algorithm, the predicted

B value was compared with the true B obtained from the inverse analysis (Bin).

There were 168 healthy eyes (including 84 healthy eyes in Dataset 1 from Milan, and 84
healthy eyes in Dataset2 from Brazil) and 34 keratoconic (KC) eyes (including 17 KC eyes in
Dataset 1 from Milan, and 17 KC eyes in Dataset2 from Brazil) to validate the accuracy of
corneal material estimation algorithm; this refers to how close a B value, obtained by CorVis-

ST (Beq), matches the true B defined by the inverse analysis (Bin).

The inverse results present that the mean and standard deviation of Bin is 0.93 + 0.21 (range:
0.47-1.55) in the healthy eyes and 0.76 + 0.29 (range: 0.36—1.55) in the KC eyes. Introducing
the corneal material estimation algorithm into CorVis-ST, the mean and standard deviation of
B value (Beq) obtained to be 0.93 £ 0.19 (range: 0.56—1.67) in the healthy eyes and 0.76 £ 0.21
(range: 0.38-1.23) in the KC eyes. But there was no significant difference between Beq and Bin
(0.004£0.12, p = 0.998 in healthy and 0.00+0.20, p = 0.99 in KC eyes). That is to say, the
estimated corneal material behaviour (Beq) value was highly accurate in explaining corneal

mechanical behaviour in vivo.

Keratoconus, the most common ectatic disorder of the cornea, is a non-inflammatory
progressive thinning disease [32]. Recently, it has been demonstrated that increased

distensibility of the Keratoconic cornea tissue appears to be an important pathogenic factor
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in the development of Keratoconus [316]. Previous studies have also shown that the corneal
biomechanical behaviour is related to the uniform distribution of collagen fibrils assimilating
into well-organised lamellae layers [317, 318]. Moreover, it has been noted that the number
of collagen lamellae in Keratoconic tissue is less than in normal ones [167], and the native
collagen fiber network is disorganised and loses the preferred directions [36, 319]. Therefore,
there is a difference in the corneal biomechanical behaviour between healthy and Keratoconic

eyes due to these characteristics of the keratoconic tissues.

With regard to the corneal material behaviour, several studies have demonstrated that the
decreased ocular rigidity was found in Keratoconus compared to normal [33, 175]. Moreover,
the Keratoconic corneas lose their rigidity and remain approximately 60—70% of the level of
normal corneas [32]. Other studies have demonstrated that the ratio of Young’s modulus
between Keratoconic and healthy cornea, is within the range of 0.5 to 0.9 [33, 37, 176, 320].
Therefore, this evidence outlined that corneal material behaviour is softer in Keratoconus than

in normal.

In this study, the results of B values obtained from the corneal material estimation algorithm
(Beq) and the inverse analysis (Bin) are smaller in the KC patients than in healthy patients. In
addition, the results also evidence that the KC material behaviour in the non-linear hyper-
elastic material model remains at approximately 80% of the normal cornea’s level similar to
the rigidity stiffness coefficient defined by Shah [32] and Young’s modulus defined by Edmund

[319].

Validation against Ex-Vivo Inflation Test Results in Healthy Eyes

The B algorithm for healthy eyes was then validated through assessment of its correlation with
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IOP, CCT and age in two large clinical datasets (including 84 healthy eyes in both Dataset 1
from Milan and Dataset2 from Brazil). As expected, Beq was found to be independent of both
IOP (p=0.745 in Dataset 1, p=0.281 in Dataset 2) and CCT (p= 0.792 in Dataset 1, p= 0.599 in
Dataset 2), while being correlated with age (p< 0.01 in Dataset 1, p< 0.01 in Dataset 2), which,
in turn, was found earlier — in an experimental study on ex-vivo human eyes) to be strongly

associated with material stiffness [1, 52].

Another validation exercise was conducted by comparing the relationship between Beq and
age established in the two datasets against the results of the earlier ex-vivo study[1]. The
comparisons showed there were no significant differences between the relationships (p< 0.01

in both Datasets 1 and 2).

The use of the B algorithms in clinical practice could enable customisation of the diagnosis
and management of ocular diseases and allow optimisation of clinical procedures that either
interact or interfere mechanically with the eye. With successful validation, B could help in
identifying eyes with keratoconus, possibly increasing the sensitivity and specificity of indexes
such as the CorVis Combined Biomechanical Index (CBI) [321] or the Tomography and
Biomechanical Index (TBI) [322]. Moreover, it could help in the detection of patients with
higher risk or susceptibility for ectasia development or progression after refractive surgery

and could aid in surgery planning [323].

Glaucoma management could also benefit from the accurate measurement of corneal
biomechanics. Quantifying the stiffness using the B algorithm could lead to improvements in

IOP measurement and possibly better glaucoma management outcomes [30].

There have been previous attempts to measure corneal mechanical properties in vivo. These
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included the Corneal Hysteresis (CH) and Corneal Resistance Factor (CRF) produced by the
Ocular Response Analyzer (ORA) [197], and the Stiffness Parameter (SP) [201] by the CorVis-
ST. These parameters were correlated with the diagnosis of keratoconus [321] and showed
significant increases after collagen cross-linking (CXL) [324] but could not provide
measurements of material behaviour that were separate from the effects of geometry and
IOP. Another attempt is the elastic modulus provided by Brillouin microscopy [325], which,
while related to the cornea’s material stiffness, is not compatible with the nonlinear stress-
strain behaviour. It means the tissue does not have a unique modulus, but has a tangent

modulus, which increases gradually with stress or applied pressure.

In conclusion, this study introduced in this study a new method for estimating the material
behavior of healthy corneal tissue that can aid in the optimisation of procedures that interact
or interfere mechanically with the cornea such as refractive surgeries and intraocular pressure

measurement.

5.3 Conclusions

The aim of this study was to accurately estimate intraocular pressure (IOP) and corneal
material behaviour, based on dynamic corneal response parameters obtained from CorVist-ST,
a non-contact tonometer. This study relied on numerical simulations to develop idealised and
patient-specific eye models and perform through studies to quantify the effect of IOP and
corneal stiffness on corneal deformations under air-puff. Upon this understanding, the
estimated algorithms were developed to estimate IOP and material behaviour for healthy and

keratoconic (KC) patients.
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All findings have been validated clinically, experimentally and numerically [244, 260, 326, 327].
The biomechanically-corrected I0OP algorithms for healthy eyes (bIOP) present higher accuracy
and a lower correlation with central corneal thickness (CCT) and age (related to the corneal
material stiffness) on the IOP in the ex-vivo experiment. Moreover, a study performed that
bIOP on patients from before and after refractive surgeries can reduce the effect of CCT and

corneal stiffness on IOP estimation significantly.

In terms of the effect of Keratoconus on the IOP measurement, the results of the
biomechanically-corrected IOP algorithms for KC eyes (blOPkc) presents that there is no
difference between the means of bIOP values in the healthy group and blOPc in the KC group.
Hence, it showed that the new blOPkc algorithm is a more reliable method of estimating IOP
in patients with Keratoconus, which may help account for the well-known systematic errors

that affect another tonometer.

The corneal material estimation (B) algorithm was successful in reflecting the biomechanical
behaviour of the cornea in individual eyes and in-vivo. This B algorithm was validated through
inverse analysis and demonstrated high accuracy and low correlations with IOP and CCT. In
addition, the result of B algorithm in healthy eyes has a similar relationship between B and

age in comparison to the previous ex-vivo human eye experiment [1].

All developed algorithms for IOP and corneal material behaviour estimation demonstrated
great success. The bIOP algorithm has been implemented by the manufacturer of CorVis-ST
into their device. Both blOPkc algorithm and B algorithm are planned to be added to the CorVis
device very soon. This study will have a significant effect on the early diagnosis of patients

with glaucoma by producing more accurate IOP measurements. With the use of B parameter
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to quantify the corneal material behaviour, future developments on the patient specific
treatments (as refractive surgery, corneal cross-linking treatment) and the contact lenses of

contact lenses will be possible.

5.4 Limitations

In this study, there were several limitations with respect to eye’s geometry and material
properties, which hindered a simulation of the corneal response to deformation under the air-
puff loading on the cornea. These limitations are also important parameters for clinical
applications, such as surgery planning or customised contact lens design. In the future, there

should be focused on eliminating these limitations.

The corneal material behaviour in this study was assumed to have homogeneous nonlinear
hyperelastic material properties [71, 79, 84, 85]. In addition, the material behaviour of sclera
and limbus was assumed to fix based on its correlation with age. However, in reality, it is a
nonhomogeneous membrane [86] due to the irregular distribution of the fibre. Furthermore,
the material behaviour of sclera and limbus are also similar to the hypothesis regarding
corneal material behaviour, which varies between individual patients due to the high
variability in composition and heterogeneity of the population. Hence, the hypothesis of these
eye's material behaviour limited that the corneal material behaviour estimation only can
provide the one material estimated value on the corneal, but this estimation can't detect the
area of the specific local material change, which is a common symptom of keratoconus. On
the other hand, based on this hypothesis of corneal material behaviour, this study ignored the
characteristic of material viscoelasticity, as hysteresis, which also is observed after air-puff

stop on the CorVis-ST. Hence, the numerical method in this study only can provided the
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information about the hyperelastic material properties during air-puff pressure increasing.

The amplitude profile of air-puff pressure with time variable used in this study is measured by
using the anemograph and the distribution of the air pressure was obtained based on
experimental study [242] and computational fluid dynamics simulation (CFD) [243], which did
not consider the effect of corneal deformation [243] and viscoelasticity of air [199] during the
CorVis measurement process. In the future, the FE-model will be changed to the fluid—
structure interaction model, which can simulate the air-puff loading on the corneal and

consider the corneal response deformation during the process.

Additionally, there is an error effect about the effect of the position of the air-puff on the
cornea. The FE-model only can simulate that the air-puff pressure always applied at its centre.
To consider about the air- puff position effect, the parametric study is necessary to include a
condition of the air-puff position on the different corneal factors to make sure the position

effect is lower on the IOP measurement and corneal material estimation.

In this study, the validations of estimated algorithms were based on the ex-vivo human eye
testing and in-vivo clinical validations. In the ex-vivo human eye testing, human specimens are
limited quantity and nonreusable. And, the Fondazione Banca degli Occhi del Veneto Onlus,
Venice, Italy only can provide the healthy human specimens with no pathological conditions
due to the specification in the Institutional Review Board. These limitations make validations
of the performance on blOP and material behaviour estimation algorithm more difficult in
healthy eyes, even keratoconic eyes. In addition, the in-vivo clinical validations by using clinical
datasets took a large number of medical resources to diagnosis. For this reason, the number

of the clinical validation in this study was limited.
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However, the method can be improved by these three points, which make the error effect of
the corneal factors on IOP and corneal material estimation lower. In addition, in this study,
three estimated algorithms of IOP and corneal material behaviour have been developed, but
the clinical validation and ex-vivo human eye test are not enough to prove the feasibility and
credibility of these algorithms. As a result, the most important thing in the future is to do a

large number of clinical trials.

Overall, according to these limitations, few points should be considered for future works:

e The corneal material behaviour in this study was assumed to have homogeneous
nonlinear hyperelastic material properties [71, 79, 84, 85]. However, in reality, it is a
nonhomogeneous membrane [86] due to the irregular distribution of the fibre.

e  The material behaviour of sclera and limbus was fixed based on its correlation with age.
They are similar to the hypothesis regarding corneal material behaviour, which varies
between individual patients due to the high variability in composition and heterogeneity
of the population.

e  The amplitude profile of air-puff pressure with time variable used in this study was
measured by using the anemobiagraph which do not consider the corneal deformation
effect during the CorVis process. In the future, FSI models may be required to simulate
the air-puff loading on the corneal and consider the corneal response deformation
during the process.

e  The air-puff nozzle distance was fixed to 11mm in this study and it was located at a
perpendicular distance from the apex. In reality there may be a variation in terms of both
distance and direction of the air-puff on the cornea. These may provide more accurate

simulations and help to improve the accuracy of the algorithms.
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There is a variation between equations developed for KC and Healthy eyes. If possible,
these two equations should be combined to eliminate the need for diagnosis before
applying an equation. It would help with a wider application of this algorithm in clinics
and daily practices.

B for Keratoconus relied on CorVis IOP as an indication of internal pressure. Upon
availability of more accurate information from the instrument, adjustments can be made
to eliminate the need for usage of CorVis IOP in the determination of material
characteristics.

Models for keratoconic patients assumed rotationally symmetric. If more information is
available about topography of KC eyes, more accurate assumptions can be made to
improve the accuracy of this work. It may help with combining both equations into one

single algorithm.
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Appendix A - Diagnosis of Keratoconus

A.1 Introduction

In early treatment of keratoconus, early diagnosis of ectasia is of paramount importance. Loss
of corneal strength and alteration of corneal shape are a central feature of keratoconus
progression [149-159, 328]. Normally, the detection of the corneal shape alteration as
thinning and decreased curvature is based on the corneal topography analysis or image
analysis with either videokeratography or optical coherence tomography instruments.
Nevertheless, these instruments cannot measure corneal material properties, even after the
significant changes in the corneal morphology [328]. For this reason, to develop an instrument
to measure in-vivo corneal material stiffness is important to aid the diagnosis of keratoconus

when corneal topography is normal.

The CorVis-ST (Oculus Optikgerate GmbH, Wetzlar, Germany) is introduced as a noncontact
tonometer which measures the response of the cornea under an air puff using an ultra-high

speed Scheimpflug camera to provide estimates of IOP and dynamic response parameters.

A stiffness parameter (SP), found in the literature, was used by the CorVis-ST for diagnosing
the corneal diseases as Keratoconus which affect corneal material stiffness [201]. After
biomechanically-corrected IOP algorithms were developed, the SP-HC was calculated for two
clinical datasets from the Rio de Janeiro Corneal Tomography and Biomechanics Study Group
in Brazil and the Vincieye Clinic in Milan (Table 3-1). A total of 722 clinical data points was
available for this study. Dataset 1 (Rio) included 253 healthy and 93 keratoconic participants,

and Dataset 2 (Milan) included 227 healthy and 107 keratoconic participants. The Institutional
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Review Boards of the clinical centres ruled that approval was not obligatory for this record
review study. A 3D plot was developed for healthy and KC eyes, with the axis representing CCT,
age, and SP-HC, as shown in Figure A-1. The SP-HC with CCT and age has a cover area between
the healthy and KC clinical dataset. This implies that the classification of corneal material

diagnosis using SP-HC still has a blind area. However, the SP is not enough to diagnose the

keratoconus.
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Figure A-1 A 3D plot of the SP-HC with CCT and age by using the healthy and KC clinical
dataset in (A)Brazil and (B)Milan

The automatic diagnosis technique is important and suitable for users, including medical and
non-medical staff, to separate between healthy and Keratoconus. As this research relied on
the CorVis-ST and the Pentacam to develop better estimation methods for IOP and corneal
material behaviour, it was required to develop a method that allows quick identification of
patient data using the CorVis-ST. Hence, the aim of this research was to develop an automatic
diagnosis process based on corneal thickness and different dynamic corneal response
parameters provided by the Corvis ST to detect corneal mechanical changes noninvasively for

separating keratoconic from normal eyes.
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A.2 Participants and Methods

Clinical Datasets

1342 patients were included in this multicenter retrospective study. The patients from two
clinics located in two different countries were selected to include variability from different
continents and to develop an automatic diagnosis process to separate healthy and keratoconic
eyes in more than one ethnic group. The patients were divided into two groups — training
group and validation group. The training group included a total of 346 patients (253 healthy
and 93 keratoconic) enrolled from the Rio de Janeiro Corneal Tomography and Biomechanics
Study Group, Rio de Janeiro, Brazil and 334 patients (227 healthy and 107 keratoconic) from
the Vincieye Clinic in Milan, Italy. The validation group included 407 participants (205 healthy
and 202 Keratoconic) from the Rio de Janeiro Corneal Tomography and Biomechanics Study
Group — Rio de Janeiro, Brazil, and 315 participants (164 healthy and 151 Keratoconic) from

the Vincieye Clinic in Milan, Italy.

The Institutional Review Boards of the clinical centres ruled that approval was not obligatory
for this record review study. However, participants provided informed consent before using
their data in the study. Complete ophthalmic examination was performed on all patients,

including the CorVis-ST and Pentacam (OCULUS Optikgerate GmbH; Wetzlar, Germany) exams.

The inclusion criterion for the Keratoconic groups was the presence of bilateral Keratoconus,
without a history of having had any former ocular surgeries, such as corneal collagen cross-
linking or intracorneal rings. For healthy subjects, the inclusion criteria included a
Belin/Ambrdsio Enhanced Ectasia total deviation index (BAD-D) of less than 1.6 standard

deviation (SD) from normative values in both eyes [252], no previous ocular surgery or disease,
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a myopia of less than 10 D, and no concurrent or previous Glaucoma or hypotonic therapies.
Moreover, to confirm the diagnosis, all examinations from each clinic were blindly re-
evaluated by a corneal expert at the other clinic. Age matching between healthy and KC
subjects within each database was not carried out during this study, as there was no evidence

in the literature to suggest the dependence of IOP on age [253, 254].

Only CorVis-ST exams with good quality scores (QS) that enabled calculation of all DCRs were
included in the analysis. All measurements with the CorVis-ST were acquired by the same
experienced technicians using the automatic release to guarantee the absence of user
dependency. Furthermore, an additional manual frame-by-frame evaluation of the exams,
made by an independent masked examiner, was implemented to ensure the quality of each
acquired measurement. Only one eye per patient was randomly included in the analysis to

avoid the bias of relationships between bilateral eyes that could influence the analysis results.

Automatic Diagnosis Process Using Corneal Thickness and Dynamic Corneal

Response Parameters

The automatic diagnosis process was constructed by using corneal thickness classification and

dynamic corneal response parameter classification.

The common symptoms of keratoconus are a bilateral [122, 123] and asymmetric [124, 125]
degeneration of the cornea characterized by the local thinned area, resulting in the thinned
part protrusion. In addition, the location of corneal thickness thinning is a random occurrence
[126-128]. Hence, the corneal thickness classification was based on the corneal thickness

variation.
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The corneal thickness classification was developed by using the evaluation data of corneal
topography obtained by the Pentacam device from the training group. Before developing the
corneal thickness classification, the evaluation data needed to rotate with an axis of rotation
along the corneal apex and a plane of rotation in the plane based on the pupil to reduce the
error of the measurement. The rotated evaluation data on the anterior and posterior corneal
surface were determined by the Zernike expression, and then the corneal thinness along four
meridians with an azimuth of 90° (Superior), 180° (Temporal), 270° (Inferior), and 360° (Nasal)
was determined, Figure A-2. In addition, the recorded image of the IOP measurement on the
CorVis-ST is recording the corneal topography in the temporal-nasal cross-section following
with corneal apex response deformation in the anterior-posterior direction. Hence, the
corneal thickness classification was based on the average difference in corneal thickness

between corneal apex and four different points from the corneal longitudinal axis.

The mean and standard deviation of the difference in corneal thickness between the corneal
apex and points at distances of 1, 2, 3 and 4 mm from the corneal longitudinal axis were

determined for healthy eyes, Table A-1.

Table A-1 Mean and SD value of the difference in corneal thickness between corneal

apex and points at distances of 1, 2, 3, and 4 mm from the corneal apex in micrometer

The distance

1mm 2 mm 3mm 4 mm
from the corneal centre

Mean and SD of difference in corneal
thickness between corneal apex and
different points at distances (um)

3.345 13.465 32.555 65.453
+2.3441 | +4.6294 | +7.1472 | +10.2465
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Figure A-2 Comparison of corneal thickness along four meridians with an azimuth of 90° (Superior), 180° (Temporal), 270° (Inferior), and 360°

(Nasal) between healthy and keratoconic eyes in millimetre
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The first condition of the healthy/keratoconic corneal classification is defined by the changes
in corneal thickness with the distance variable. If the change in corneal thickness between the
corneal apex and points at a distance of 1, 2, 3 and 4 mm from the corneal apex lies within
the range of the mean * SD value, the corneal is categorised in the healthy cornea geometry.
On the other hand, if it is beyond the range, it is categorised in the keratoconic corneal

geometry.

Both corneal shape and corneal material stiffness are important elements for the diagnosis of
the keratoconus. In the CorVis-ST process, there are 25 dynamic corneal response parameters
related to IOP, CCT, corneal geometry, and corneal material behaviour. Due to the materail
stiffness was assumed to be a nonlinear hyper-elasticity in this research, the dynamic corneal
response parameter analysis was only focused on the loading phase during the IOP
measurement. Hence, only 13 dynamic corneal response parameters (as bIOP, CCT, A1T, AlL,
A1V, HCT, PD, R, AlDeformation, AlDeflection, HCDeformation, HCDeflection, and AP1) was

also considered for addition to the diagnosis process.

In pattern classification, to allocate the object described by varieties of measurements into
one amongst a finite set of categories is the final goal. There is a particular characterization
method based on the k-nearest neighbor (KNN) algorithm, which works well in practice [329].
Therefore, the dynamic corneal response parameter’s analysis was based on the KNN method

to detect the loss of the corneal stiffness for the early diagnosis of the keratoconus.

The KNN method is a non-parametric lazy learning algorithm, which does not make any
assumptions regarding the underlying data distribution. It assumes that the data points in the

feature space have a factor of distance. According to these distances in the feature space, a
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class label is associated with each vector in the training data. In addition, there is a single
number, K, that decides how many neighbours influence the classification. Based on the K
neighbours, the weight factors of the distance metric can be defined to determine the
breakaway points for classification. Basically, any point can find the K-nearest breakaway
points used to determine the classification. In the KNN MATLAB toolbox, there is an automatic
method to define the K value using the distance scale. Hence, the dynamic corneal response

parameter's analysis was developed using a custom-built MATLAB code.

In this study, the KNN training process used the Leave-p-out cross-validation to test the ability
of the training model in order to exclude the problem of overfitting or selection bias. The
training data was an automatic random selection of 70% of clinical data from the training
group and the results were validated by 30% of clinical data from the training group. Due to
define the best value of K neighbours, the code used the automatic hyperparameters
optimization to minimize cross-validation loss. For reproducibility, the code set the random
selection and used the expected-improvement-plus acquisition function. Once the KNN
training process was finished, the value of the K neighbours and the distance algorithm also

was defined automatically in the KNN MATLAB toolbox.

Validation of Automatic Diagnosis of Keratoconus

The automatic diagnosis process allocated patients to the healthy or keratoconic eyes
according to the results of the analysis of corneal thickness and dynamic corneal response
parameters obtained from the CorVis-ST. The process of the automatic diagnosis was
developed by using the clinical data in the training group from two medical organization and

used the doctor's diagnoses as the "gold standard. The parameters included in the diagnosis
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process were the result of corneal thickness classification and the dynamic corneal response
parameters (including blOP, CCT, A1T, AlL, A1V, HCT, PD, R, AlDeformation, AlDeflection,

HCDeformation, HCDeflection, and AP1).

To make corneal thickness classification less effect of the measurement error, the evaluation
data obtained from the CorVis-ST removed the eye rotation and redefined the corneal apex
by using the location of the maximum corneal curve. The corneal thickness was calculated by

using the rotated evaluation data and new corneal apex.

Subsequently, to exclude overfitting in the dynamic corneal response parameter analysis, the
process was independently validated by using clinical data from the validation group. In
addition, to reduce the effect of human error and machine error in the IOP measurement, a
total of 722 patients in the validation group were collected from the same medical

organization.

A.3 Result

The clinical datasets were divided into the training group for developing the automatic
diagnosis of keratoconus and the validation group for evaluating the performance of the
automatic diagnosis. All independent clinical databases were obtained from the Rio de Janeiro

Corneal Tomography and Biomechanics Study Group in Brazil and the Vincieye Clinic in Milan.

A total of 1392 patients (617 left and 775 right eyes) were included in this research. The
training group included 304 left and 366 right eyes and the validation group included 617 left
and 775 right eyes. The mean and SD value of age in normal patients was 41+17 years in the

training group and 38+13 years in the validation group, while the mean and SD value of age in
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keratoconic patients was 35+12 years in the training group and 36+13 years in the validation
group. In addition, the training group comprised 305 women and 365 men with a sex ratio
(male to female) of 0.89 in healthy patients and 2.68 in keratoconic patients and the validation
group comprised 298 women and 424 men with a sex ratio (male to female) of 0.84 in healthy

patients and 2.61 in keratoconic patients.

The automatic diagnosis was constructed with corneal thickness classification and dynamic
corneal response parameter classification. The results of corneal thickness classification
provided by the Pentacam and the CorVis-ST for clinical datasets of the training group were
summarized in Table A-2. The results showed that the corneal thickness classification by using
the Pentacam had a higher correct classification with 85% specificity and 99% sensitivity than
using the CorVis-ST with 58% specificity and 95% sensitivity. Hence, the results demonstrated
that only using the corneal thickness measured in the temporal-nasal cross-section by using
the CorVis-ST not enough to separate healthy and keratoconic patients. To consider addition
more parameters in the automatic diagnosis was necessary to increase the specificity and

sensitivity of the diagnosis process.

Table A-2 Results of corneal thickness classification using the Pentacam and the CorVis-

ST for clinical datasets of the training group

Corneal Thickness Classification

Using Pentacam Using CorVis-ST
Clinical Diagnosis
Health  Keratoconic Health Keratoconic
Eye Eye Eye Eye
Health
475 28 456 80
Predicted Eye
Outcome Keratoconic 5 162 24 110
Eye
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The dynamic corneal response parameter classification of the training group by using the KNN
method. The parameters in this classification including bIOP, CCT, A1T, AlL, A1V, HCT, PD, R,
AlDeformation, AlDeflection, HCDeformation, HCDeflection, and AP1. The dynamic corneal
response parameter classification of the training dataset showed that 670 patients using 4
neighbours and standardized euclidean distance in the KNN method without considering the
result of corneal thickness classification were correctly classified with 80% specificity and 95%

sensitivity (Table A-3).

Table A-3 Comparison of the results of the classification in the training group between
dynamic corneal response parameter classification with and without the result of

corneal thickness classification

Train Group Dynamic Corneal /?gqunse Dynamic Corneal /fi’?spo.nse
Total = 670 patients Parameter.ti/zjjlﬂcat/on Parametermigsyﬂcat/on
(480 Healthy and 190 KC eyes) Corneal Th/ci//ness Classification Corneal Thickness Classification
Positive Predictive Value 92.3% 99.2%
False Discovery Rate 7.7% 0.8%
False Omission Rate 13.6% 2.6%
Negative Predictive Value 86.4% 97.4%
Ture Positive Rate (Sensitivity) 95.0% 99.0%
False Positive Rate 20.0% 2.1%
False Negative Rate 5.0% 1.0%
False Positive Rate 20.0% 2.1%
True Negaive Rateb (Specificity) 80.0% 98.0%
Positive likelihood Ratio 475.0% 4702.5%
Negative likelihood Ratio 6.3% 1.1%
F1-Score 93.6% 99.1%
G-Measure 93.6% 99.1%
Accuracy 90.7% 98.7%

Additionally, when the parameters of dynamic corneal response parameter classification
included the result of the corneal thickness classification, the specificity, sensitivity, and
accuracy of the classification in the training group increased to 98%, 99%, and 98.7%,
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respectively (Table A-3). Hence, the 4-nearest neighbour KNN classification model with
standardized euclidean distance based on the input variables (including dynamic corneal

response parameters and the result of the cornea thickness classification) was used in the

automatic diagnosis of keratoconus.

In the validation group, the automatic diagnosis of keratoconus correctly classified 97% of the
cases with specificity and 98% sensitivity (Table A-4). The result of the combined datasets
including 670 patients (480 healthy and 190 keratoconic eyes) in the training group and 722
patients (369 healthy and 353 keratoconic eyes) in the validation group showed a good

predictive accuracy of this diagnosis was 98.1% (with 97.2% specificity and 98.6% sensitivity), .

Table A-4 Results of automatic diagnosis of keratoconus in the training group,

validation group and combined group

Training Group Validation Group Combined Group
Total = 670 patients Total = 722 patients Total = 1392 patients
(480 Healthy / 190 KC eyes) (369 Healthy /353 KCeyes) (849 Healthy /543 KC eyes)
Positive Predictive Value 99.2% 97.1% 98.2%
False Discovery Rate 0.8% 2.9% 1.8%
False Omission Rate 2.6% 2.0% 2.2%
Negative Predictive Value 97.4% 98.0% 97.8%
Ture Positive Rate 99.0% 98.0% 98.6%
(Sensitivity) -
False Positive Rate 2.1% 3.1% 2.8%
False Negative Rate 1.0% 1.9% 1.4%
False Positive Rate 2.1% 3.1% 2.8%
True Negaive Rate 98.0% 97.0% 97.2%
(Specificity) =
Positive likelihood 4702.5% 3144.9% 3568.8%
Ratio =7
Negative likelihood 11% 2.0% 1.5%
Ratio '
Fi-Score 99.1% 160808.2% 245520.0%
G-Measure 99.1% 97.5% 98.4%
Accuracy 98.7% 97.5% 98.4%
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A.4 Discussion

There are 1 in 2000 people in the general population affected by Keratoconus [121]. Normally,
characteristics of the keratoconus are thinning and steepening of the cornea. A large amount
of literature supports the observation that keratoconic cornea has a lower tangent modulus
value than healthy cornea [36, 37, 98]. According to existing biomechanical models, clinical
topographic and tomographic data, and studies at the genetic and molecular level, these
observations have shed light on biomechanical pathogenesis and aetiology of keratoconus [33,
36, 37, 176, 328-332]. In particular, collagen and extracellular matrix pathways were found to
be related to the mechanical stability of the keratoconic cornea [36, 37, 332]. These results
were later confirmed by the studies of Scarcelli et al [328], Nash et al. [33] and Edmund [176].
The loss of biomechanical stability leads to the corneal morphologic change as the softer area
on the cornea strains more than the surrounding stiffer areas [33, 176, 328, 330]. In addition,
the increase in curvature is also related to the loss of biomechanical stability. All of the corneal
morphologic change contributes to an overall stress redistribution [328, 330]. Therefore,
observed deterioration in mechanical properties before the resulting changes in thickness and
corneal topography may be an appropriate target for the early diagnosis of keratoconus [330,

333, 334].

To achieve this aim, dynamic corneal response parameters and corneal thickness obtained
from the Corvis-ST were used to develop an automatic diagnosis of keratoconus aimed to

separate normal from keratoconic eyes.

This study included 1392 cases from two different continents, Italy and Brazil. The inclusion of

only one eye per patient eliminated the risk of bias due to the relationship between bilateral
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eyes. Only clinical data with clear keratoconus and clearly normal eyes were included in this
study. In this study, forme fruste keratoconus and subclinical cases were excluded from the
databases, because it is difficult to detect the corneal material change by using in-vivo
instrument. Moreover, the doctor's diagnoses as the "gold standard" were used to develop
the automatic diagnosis of keratoconus by using corneal thickness and dynamic corneal

response parameters.

All data were divided into training group (480 healthy and 200 keratoconic eyes) and validation
group (414 healthy and 353 keratoconic eyes). The training group was used to develop the
automatic diagnosis process to distinguish between normal and keratoconic eyes. The results
indicated that once the corneal thickness added to the input variables of the KNN model, the
KNN classification created showed high sensitivity and specificity with an accuracy of 98.7%.
Moreover, using the automatic hyperparameters optimization to minimize cross-validation
loss, the optimum number of neighbour points and the optimum distance algorithm in the
KNN classification were defined. Following the determination of the optimum parameter
combination of the KNN model, in the validation group, the predicted outcome also showed
high sensitivity and specificity with an accuracy of 97.5%. The correctly classified more than

95% of the cases in both groups.

To compare the earlier studies about the diagnosis of keratoconus, most results provided both
sensitivity and specificity lower than 90% [330, 335], but a new biomechanical index, CBI,
provided higher sensitivity, specificity and accuracy of the keratoconus diagnosis than this
research [321]. Furthermore, all studies are based on the dynamic Scheimpflug CorVis-ST
device. Hence, the CorVis-ST has high potentiality on detecting the loss of biomechanical

stability.
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Additionally, many similar studies performed with the ocular response analyzer, which is also
a non-contact tonometer using the air puff. These results showed sensitivity and specificity of
the diagnosis lower than 90% [336-338]. However, this study provided a new method for the
diagnosis of keratoconus using the dynamic corneal response parameters and corneal

thickness based on the CorVis-ST.

The external validation of foremost importance to exclude overfitting and test reproducibility
when considering a multi-input variable in the KNN classification. This validation included in
this study, which produced a close result to the training group. In other words, this last finding
excluded the risk of overfitting and confirmed the diagnostic capability of the method for

keratoconus.

This study introduces a new method for keratoconus diagnosis, which showed highly sensitive,
specific and accuracy to separate healthy from keratoconic eyes. The results of external
validation datasets also confirm the feasibility of this method combined with topography to

aid the diagnosis of keratoconus.
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Appendix B - Ex-Vivo Experimental Procedure

B.1 Introduction

This Appendix B was to provide a detailed explanation on how the CorVis’s ex-vivo human
eye’s test was performed and how CorVis’s measurement data obtained from the test was

analysed.

B.2 Specimen preparation

The fresh donor's eye was collected from the Fondazione Banca degli Occhi del Veneto Onlus,
Venice, Italy, and tested within 3-5 days post mortem. Soft muscular tissue around the eye
was removed by using surgical tongs and curved scissors. The superior direction based on the
location of the superior rectus muscle and the medial direction based on the location of the
anterior medial rectus muscle was marked to determine the side of the donor's eye. To define
the location of the posterior pole, a 3D printed component was designed by using the previous
experiment data [70]. The eye globe was placed in a 3D printed component to allow for
accurate needle insertion through the posterior pole. The internal components of the eye
were removed through the posterior pole with a 14G needle. Due to the glue to affect the
material property, the needle needed to be lightly glued around the posterior pole with tiny
amounts of glue. The intra-ocular cavity was then washed with Phosphate-buffered saline
(PBS, Sigma, Dorset, United Kingdom). During this procedure, the outer surface of the eye was
kept hydrated by the PBS drops every 2 minutes. Finally, the prepared specimen was injected

with a 10% Dextran solution (Sigma-Aldrich, Darmstadt, Germany) to prevent swelling during
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the experiment, and then transferred on the test rig.

B.3 Test Rig

A new test rig was developed to accurately and quickly test the performance of the
biomechanically-Corrected intraocular pressure algorithm with the specimens under different

IOP by using the CorVis-ST (Figure B-1).

Figure B-1 Ex-Vivo Experimental equipment the custom-designed clamp

The test equipment (Figure 3-25) was built in-house, and all equipment was set inside a
tailored-fit tent to assure no light disturbance, which would affect the CorVis' measurement
during the testing. In addition, the IOP control system was made of an FDW pressure
transducer (RDP Electronics, Wolverhampton, UK) to measure the IOP accurately, a stepper
motor and a syringe to regulate the pressure in the circuit, and the control software was
written in LabVIEW (version 10.0.1). The software was connected to the pressure transducer,
the stepper motor and the syringe that allowed the user to regulate any pressure inside the

eye in a dynamic or a constant manner. Before the specimen set on the test rig, a jar open to
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atmosphere to level the pressure in the circuit to almost 0 mmHg at the beginning of the test
and finally a custom-designed clamp allows the specimen to sit on a circular based with the

needle attached to the posterior pole.

The custom-designed clamp was constructed with two parts, as the specimen holder and the
posterior pole cast (Figure 3-24). The specimen holder was designed by the previous
experiment data which provided a smooth contour to hold the inferior region of the specimen.
The posterior pole cast was 3D printed by silicone which can support the eye from being
pushed back by the air puff. In addition, the soft material is playing the role of fat tissues

around ocular.

For pressure transducer to accurately measure the pressure, two important rules must be
respected:
e The length of all pipes to any junction should be equal.
e The height of the nozzle of pressure transducer should be equal to the height of the
syringe pump and they all have to be in the same height as the needle which is located

at the centre of the eye pointing toward apex.

B.4 Testing Control and Protocols

The control software was used to control the stepper motor of the syringe to regulate the IOP
of the specimen, and the IOP was monitored by using the pressure transducer. The
experiments started with 3 pre-conditioning cycle which increased pressure to 40 mmHg and
decreased to 0 mmHg in each cycle. The pre-conditioning cycle ensured that the specimen

was sitting stably and comfortably on the custom-designed clamp and the tissue's material
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behaviour was stable and repeatable [52]. Once the pre-conditioning cycle had finished, an
initial pressure was regulated to 2.5 mmHg for increasing the accuracy and sensitivity of the
pressure transducer. The testing IOP was controlled to vary between values that covered the
natural variation in IOP seen in ophthalmic practice - 10, 15, 20, 25 and 30 mmHg. Between
each testing I0OP, the eye should be relaxed to 2.5 mmHg and waiting a period of 2 min. This
time was determined by the previous experiment to allow the tissue to recover its initial state.
In each setting IOP, the IOP measurement process was triggered automatically from the CorVis
device. During the ex-vivo testing, each measurement (as CCT, CVS-IOP, and AP1 et. al) was
shown on the CorVis monitor. The deformation at the corneal apex at the first applanation
and the highest concave, CCT and AP1 should be consistent for 10 readings in the same
pressure. If not, more measurements will be taken to decrease errors. Normally, each IOP was
taken 20 times IOP measurement to select 10 reading, which was used in post statistics
analysis. Throughout these steps, the eye was kept moist using Everclear; a viscous tear film

supplement (Melleson Pharma, Breda, Netherlands) to prevent drying.

B.5 Reliability Test of Test Rig

The test rig was used to validate the biomechanically-corrected intraocular pressure algorithm
for healthy eyes. For this reason, to validate the reliability of the pressure support system and

the accuracy of the pressure transducer in the experimental equipment is important.

In this study, 5 fresh porcine eyes were used in the reliability test. All of the fresh porcine eyes
were collected from a local abattoir and tested within 6-9 hours after death. Then, specimen
preparation and testing protocols in the validation test followed the same protocols with the

ex-vivo experiment. In addition, the testing IOP was controlled to vary from 10 to 30 mmHg,
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and the rate of pressure increase by 0.5 mmHg per second.

The validation test was used to test the sensitivity of the pressure transducer and the stability
of the pressure support system by using 5 porcine eyes. Following the process, the IOP inside
the porcine eyes was recorded beginning at 2.5 mmHg and stopping when the IOP achieved
the setting value and became stable. After the testing, the eye should be relaxed to 2.5 mmHg
and waiting a period of 2 min. In addition, the test of each specimen repeated 3 times on each

setting IOP to validate the reproducibility of the test rig.

The results of the validation test were shown in Figure B-2. The accuracy of the pressure
support system was validated by using repeated measured ANOVA. The result of the repeated
testing was shown that there was no significant difference in IOP between the set level and
the final stable level (p>0.05) with the Bartlett's Sphericity Test. In addition, all results showed
that the IOP was still unstable after the IOP achieved the setting IOP, Figure B-2. The mean
and STD of the time period from the first time of the setting IOP achieved to the final time of
the IOP stable condition was 61.0+0.7 second in 10 mmHg of I0OP setting, 61.0+1.0 second in
15 mmHg of IOP setting, 60.7+0.8 second in 20 mmHg of I0OP setting, 61.0+1.0 second in 25
mmHg of I0P setting, and 60.7+0.6 second in 30 mmHg of IOP setting. According to these
results, after reaching each setting IOP level, the eye was allowed to stabilise for 60 seconds
before measuring IOP using the CorVis-ST. Hence, the reliability of the test rig has been
validated that the process with the rate of pressure increase by 0.5 mmHg per second and
range of IOP varied from 10 mmHg to 30 mmHg has high accuracy to be used to validate the

biomechanically-corrected intraocular pressure algorithm for healthy eyes ex-vivo.
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Figure B-2 Results of the reliability of test rig
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Appendix C - Flowchart of Numerical Modelling
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Figure C-1 Flowchart is demonstrating the process behind the analysis of numerical modelling
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