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GENERAL INTRODUCTION

The study of the vertebrate eye cornea is an interdisciplinary subject which involves medical
science, biology, mechanics, material science, etc. The study of corneal biomechanical
properties has significant importance in ophthalmology. The present work has been inspired
by the following research questions. How are the biomechanical properties of the vertebrate
eye cornea such as elastic moduli distributed through the thickness? Would it be possible to
establish a 3D map of the cornea with the values of its local properties? These identified
properties are of great value as they can be used to examine the corneal pathology, in which
the properties of the pathological corneas differ from that of the healthy ones. This would
also enable forward numerical models to predict the corneal mechanical behaviour under all
sorts of conditions to assist, for example, refractive surgery, and take into account corneal
deformation due to removed tissue and thus reduce refractive errors and improve visual

acuity.

To study corneal biomechanical properties, it is first necessary to be able to examine the
composition and internal structure of the eye cornea. The measurement of depth-resolved 3D
(depth-resolved) deformation behaviour of cornea under intraocular pressure is a useful
method to study the local corneal biomechanical properties. Robust 3D inverse problem
identification methodologies need to be developed to identify the constitutive parameters of
the cornea by making use of the experimental measurement techniques such as full-field
measurement of displacement/strain. The above research objectives however have some
challenges to meet. The examination of the internal features and the measurement of the
depth-resolved 3D deformation of the cornea need to be implemented in a non-contact way so
that they can be applied to the practical in vivo studies. High resolution and spatial resolution
of the deformation measurements are required to enable an accurate identification of the local
corneal biomechanical properties. In addition, it would be advantageous if the identification

is less time-consuming.

Currently, most of the research that has been undertaken to characterize the corneal
biomechanical properties was based on uniaxial tensile tests or corneal surface measurements

using digital image correlation in inflation tests. However, depth-resolved 3D deformation



measurements have not been achieved yet, which are essential to better understand the
internal corneal biomechanical behaviour. Additionally, current identification of material
constitutive parameters is generally based on finite element model updating (FEMU), which
often suffers from local optimal results and long processing time. The Virtual Fields Method
(VFM) has been developed as an alternative identification method that overcomes the
shortcomings of the finite element model updating method. In the present work, a
methodology that can be applied to measure depth-resolved 3D displacement and strain fields
in semi-transparent light-scattering materials by combining optical coherence tomography
(OCT) with digital volume correlation (DVC) is proposed. To the best of our knowledge, this
is the first time that volume strain data were derived by performing digital volume correlation
on optical coherence tomography reconstructed volumes. The proposed methodology has
been applied to measure the depth-resolved 3D deformation of an inflated porcine cornea. In
addition, an effective method has been developed to correct the commonly seen refraction
induced distortions in optical coherence tomography reconstructions, which is another
original contribution of the present study. Moreover, a 3D implementation of the virtual
fields method is presented, which enables the identification of material constitutive
parameters from the 3D deformation measurements. Even though the cornea has inspired and
guided this work, it is valid for other soft tissues as long as their internal structures can be

reconstructed by optical coherence tomography with sufficient quality.
This thesis is organized as follows:

Chapter 1 presents a literature review on the background knowledge of the cornea such as
corneal structure, its composition, intraocular pressure, etc. The state-of-the-art on
experimental studies of corneal biomechanics is introduced. Various volume imaging
techniques are then reviewed with a view to the corneal internal structure analysis. Different
approaches to identify the constitutive parameters are then introduced followed by

methodologies to obtain the required full-field deformation measurements.

Chapter 2 details the application of the VFM to 3D strain data with both manually
defined and piecewise optimized virtual fields, in the case of linear elasticity. Finite element
models (FEM) were introduced to validate the derivation of these 3D virtual fields. Finally,
the ability of the manually-defined virtual fields method to retrieve constitutive parameters
from strain data corrupted by Gaussian noise was compared against the piecewise-optimized

virtual fields.



Chapter 3 presents depth-resolved 3D deformation measurements of silicone rubber
phantoms under tension obtained by performing DVC on volume reconstructions of the
phantoms obtained with OCT. Using stationary tests and rigid body translations of the
phantoms, the strain measurement performance of the system was studied in terms of the sub-
volume size, strain noise, interpolation bias and strain induced speckle decorrelation. Finally,
the elastic constitutive parameters of the silicone rubber phantoms were identified with the
VEM.

In Chapter 4, 3D displacement fields of a silicone rubber phantom and of a porcine
cornea were obtained in controlled inflation tests. However, these fields which were obtained
from a direct application of DVC onto the OCT reconstructions do not represent the true
deformation of the materials due to a refraction distortion that affects the OCT

reconstructions and leads to spurious strain.

Chapter 5 presents a method that has been implemented to correct the refraction induced
distortions in 2D/3D. Rigid body rotation tests, in which non-zero displacement fields with
zero strain were introduced in silicone rubber phantoms, were carried out to evaluate the
performance of the refraction correction method and its ability to eliminate the spurious strain.
Refraction correction was then applied to the porcine cornea to obtain 3D displacement and

strain fields that arose in an inflation test.

In the last chapter, conclusions and perspectives are presented.






CHAPTER 1

LITERATURE REVIEW

1.1  Study of corneal biomechanics

The eye is a complex organ, and its primary function is to refract light through a series of
windows and lenses on to the back of the eye and convert it into electrical signals that can be
interpreted and understood by the brain via the optic nerve [1]. Among all important parts of
the eye, the cornea plays the most important role in refracting light and providing a stiff
protective envelope for the inner ocular contents as well as serving to maintain the shape of
the eye [2, 3]. The integrity and functionality of the cornea is essential for vision. Any
abnormalities in its composition or structure due to disorder or disease such as keratoconus,
corneal dystrophy, glaucoma, mass lesions, etc. severely degrade vision [4-8]. Refractive
surgery is widely performed to improve the refractive state of the eye, with 1.8 million
operations in 2001 in US alone [9]. As cornea thickness is used as the criterion to perform
refractive surgery without taking into account of the corneal biomechanical properties,
residual refractive errors might remain due to the difference in corneal biomechanical
properties of different patients. For these reasons, a comprehensive understanding of the
biomechanical properties and deformation behaviour of cornea is of great importance in

clinical applications [10-13].
1.1.1 Anatomy of the cornea

The cornea is located at the outer front of the eye ball and has a transparent multi- layer
structure, as illustrated in Fig 1.1 [1]. It protects the eye from the outer environment, absorbs
oxygen and nutrients from the tear film and maintains the shape and stability of the eye by
resisting the intraocular pressure. It also plays an important role in the image formation by
refracting light to the back of the eye [1, 14, 15].

As can be seen from Fig 1.1, the cornea is composed of five layers, namely epithelium,
Bowman’s layer, stroma, Descemet’s membrane, and endothelium. The epithelium, which is

approximately 10% of the total cornea thickness, is the outermost layer of the cornea. It



contains mostly stratified squamous cells and serves as a barrier to protect the eye from the
external environment. The innermost layer is the endothelium, which is responsible for the
clarity of the cornea by maintaining a balance between the fluid flowing in and out of the
cornea. Excess fluid in the cornea can make vision hazy, and thus, the endothelium plays an
important role in pumping water against the gradient, which is essential for optical
transparency. Bowman’s membrane lies below the epithelium, and Descemet’s membrane
lies above the endothelium. These two membranes are very thin layers and consist of
collagen fibrils. They serve as protective barriers against injury and infection. The stroma,
which locates between Bowman’s and Descemet’s membranes, constitutes 90% of the
cornea’s thickness and thus dominates the cornea’s structural performance. It consists of the
stacked lamellae of regularly arranged collagen fibrils embedded in a hydrated matrix of
proteoglycans, glycoproteins, and keratocytes. The collagen fibrils are arranged in two
preferred orientations, which are orthogonal and alternate between the adjacent lamellae.
Since the collagen fibril is the stiffest component of the corneal structure, its arrangement and
distribution mainly determine the mechanical properties and light transparency of the cornea
[16-18].
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Fig 1.1: Anatomy of cornea: (a) Schematic of the cross-section of human eye. (b) Expanded
view of the cornea showing five layers. (c) TEM image of the stroma in the cornea showing

two preferred orientations of collagen fibrils. (Reproduced from reference [1], Ambekar et al).



1.1.2 Intraocular pressure

Intraocular pressure (IOP) is the fluid pressure inside the eye. It is mainly determined by the
coupling of the production and the drainage of aqueous humor mainly through the trabecular
network located in the anterior chamber angle. Intraocular pressure is usually measured in
millimeters of mercury (mmHg) or kilo-Pascal (kPa). Accumulated evidences indicate that
IOP is positively correlated with age, sex, race, blood pressure, obesity and other cardiac risk
variables [19, 20]. It is generally accepted that in the total population, the normal IOP reading
is 15-16 mmHg (2.0-2.1 kPa) on average, with standard deviation of 2.5-3.0 mmHg (0.33-0.4
kPa). Although the value increases with age, 21-22 mmHg (2.8-2.9 kPa) is generally

considered the approximate upper limit of the normal value [21, 22].

Intraocular pressure is related to some eye diseases such as glaucoma. Glaucoma is an
eye disease in which the optic nerve is damaged as a consequence of the elevation of
intraocular pressure above the physiological level of individuals. Intraocular pressure may
become elevated due to anatomical problems, inflammation of the eye, genetic factors, or as a
side-effect from medication. Therefore, it serves as an indication of the physical status of the
eye. Measuring and monitoring intraocular pressure and its influence in the corneal
deformation is therefore an extremely important aspect of diagnosis, treatment, and

management of glaucoma [23, 24].
1.1.3 Corneal pathology

There are several types of corneal pathologies that are usually seen by ophthalmologists. The
first one is keratoconus and related non-inflammatory corneal thinning disorders [8]. It is a
degenerative disorder of the eye in which structural changes occur within the cornea causing
it to thin and change to a more conical shape than a normal gradual curve, which distorts and
decreases vision. The second one is corneal dystrophy. It is a group of disorders, defined as a
non-inflammatory, inherited, bilateral opacity of the cornea. It appears as grayish white lines,
circles, or clouding of the cornea [25]. Another one is the inflammation of the cornea such as
keratitis and corneal ulcer. It is an inflamed condition of the cornea commonly resulting from
viral infection. It represents a break or disruption in the corneal epithelium or even stroma,
which can cause a loss of corneal transparency and potentially significant loss of vision in

serious cases [26, 27].
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Since these corneal pathologies are generally associated with the changes in the shape
and the composition of the cornea, they are essentially associated with the changes in the
corneal biomechanical properties as well. Therefore, a method of identifying the corneal
biomechanical properties would be very useful as it could be utilized in evaluating and
diagnosing corneal pathology by comparing the identified biomechanical properties of the

normal and the pathological corneas.
1.1.4 Experimental study of corneal biomechanical properties

Many experimental studies have been carried out in order to characterize the biomechanical
properties of the cornea. Generally, there are two types of tests that are usually adopted to
examine the mechanical response of the cornea under pressure, which are the inflation and

strip tensile tests.
1.1.4.1 Inflation testing method

The inflation testing method has been applied by many researchers as it can provide a
physiologically representative mechanical characterization of the cornea. Fig 1.2 shows a
schematic of a typical inflation test rig which was developed by Anderson et al [28]. In this
experimental setup, the cornea specimen is fixed by mechanical clamps and glued to the
fixture along its ring of sclera tissue to provide watertight edge connection and avoid fluid
leakage during the inflation tests. The cornea specimen is subjected to a changeable posterior
pressure provided by adjusting a small vertically moveable reservoir. The pressure in the
chamber is measured using a pressure unit. A water tank equipped with a temperature
controller is added between the chamber and the reservoir to ensure the temperature in the
pressure chamber remains constant throughout the test. During the tests, a laser displacement
sensor is used to measure the displacement at the apex of the cornea from which the corneal
biomechanical properties can be evaluated through the Pressure-Apical rise relation. Beside
this, two digital cameras can be positioned in the plane of the cornea-scleral intersection to
continually record changes in corneal profile during the tests as described by El-sheikh et al
[29].
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Fig 1.2: Schematic of a typical cornea inflation test rig from literature (Reproduced from

reference [28], Anderson et al).

The nonlinear material properties of the cornea were studied by Woo et al [30] and were
confirmed by Anderson et al [28]. In Anderson’s study, inflation tests were carried out to
measure the apical rise of porcine cornea specimens subjected to a gradually increasing
posterior pressure up to a maximum of 105 mmHg. The results show that the stress-strain
relation experiences two phases: an initial phase of linear behaviour, followed by sudden
stiffening at about 30 mmHg. The explanation is that the cornea is mainly composed of
corneal matrix and collagen fibril layers. In the first phase, the collagen fibril layers remain
loose and the mechanical behaviour is dominated by the corneal matrix. Thus, apical rise
increases linearly with the pressure, and the cornea shows low stiffness. After the pressure
has increased to a relatively large value, the collagen fibril layers become taut. Due to the
higher stiffness of the collagen fibril layers, they start to dominate the corneal mechanical
behaviour, and thus the cornea shows higher stiffness. Therefore, the nonlinear behaviour of
the cornea is due to material property rather than geometry, and it can be characterized by a
matrix regulated initial phase followed by a collagen regulated phase, as shown in Fig 1.3
[28].
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Fig 1.3: Nonlinear behaviour of cornea specimens under inflation conditions: (a) Curves of

corneal Pressure-Apical rise, and (b) The two phases of corneal behaviour. (Reproduced from
reference [28], Anderson et al).

Elsheikh et al compared mechanical properties of human and porcine corneas using inflation
tests [29]. They divided the human cornea specimens into 3 groups according to the age of
the donors and with a single group of the porcine corneas all within the same age range. The
results showed that when subjected to an increasing posterior inflation pressure of up to 170
mmHg, both human and porcine corneas exhibit nonlinear behaviour, with all specimens
demonstrating low initial stiffness and sudden stiffening after a certain pressure level.
Although human and porcine corneas show differences in the pressure at which they start to
stiffen, their overall mechanical behaviour is consistent with Fig 1.3. The stress-strain curves
of the four groups are compared in Fig 1.4 [29]. It shows that cornea stiffens with age and
human corneas are generally stiffer than porcine corneas.
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Fig 1.4: Comparison of the stress-strain relation between human and porcine corneas
(Reproduced from reference [29], El-sheikh et al).
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Another experiment was carried out by Elsheikh et al to evaluate the epithelium’s
contribution to corneal biomechanics [31]. Two groups of corneas with and without
epithelium were tested under inflation conditions. Based on the results, they concluded that
the stiffness of the epithelium was considerably lower than that of the stroma, and might

therefore be ignored in numerical simulation studies.

The viscoelastic properties of bovine cornea and sclera were studied using inflation tests
coupled with digital image correlation by Boyce et al [32, 33]. They obtained the full-field
surface deformation maps over a certain pressure range through digital image correlation.
They found that for pressures near and above the IOP, the majority of the deformation
localized in the limbus and peripheral regions, and the central cornea remained largely
undeformed. This result can be explained by the well-known preferred circumferential
alignment of collagen fibrils in the peripheral regions. Viscoelastic behaviours such as
hysteresis, creep and relaxation were observed in a broad pressure range of 0-32 kPa. In the
range of 3.6-8 kPa, which represents the physiological pressure range, small viscoelastic
deformation was observed, and the cornea within this range can be approximated as a linear

viscoelastic or linear pseudo-elastic material.
1.1.4.2  Striptensile testing method

Strip tensile tests have been extensively used by researchers to determine the mechanical
properties of cornea and other soft biological tissues due to their evident implementation
simplicity [34-37]. Fig 1.5 gives the schematics of the excised cornea strip specimen and the
strip tensile test as studied by El-sheikh et al [34].
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Fig 1.5: Schematics of the excised cornea strip specimen and the strip tensile test
(Reproduced from reference [34], El-sheikh et al).
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Compared with the inflation test, the strip tensile test has three inherent limitations due to the
excised cornea strip specimen. The first limitation is the effect of variation in length in the
strip specimen as the original cornea has a spherical configuration. Therefore, the central
length is longer than that of the two sides. This limitation leads to a non-uniform stress
distribution during the tensile test. When flattening the originally curved specimen, strains are
generated, which will superimpose to the tensile strain under the test conditions. This is the
second limitation. In addition, the variation of corneal thickness also influences the
identification results as constant thickness is generally assumed. Elsheikh et al verified these
effects by comparing the results of the inflation and strip tensile tests. They found that the
stress-strain relations derived from the tensile tests exhibited larger stiffness than that from
the inflation tests [34].

The inflation test is a physiologically representative method for determining the
mechanical properties of the cornea, as can be concluded from the above discussions.
Therefore, this testing method was selected in the current project when studying the ex-vivo
depth-resolved mechanical behaviour of the cornea.

As the cornea has a complex composite structure, in addition to the fact that some
pathologies can locally change the internal corneal biomechanical properties, surface
measurements are not adequate to address the complete mechanical behaviour of the cornea.
Therefore, it would be useful to develop a method that be used to characterize the internal

corneal biomechanical properties and the 3D deformation behaviour.
1.2  Tomographic techniques for structure analysis

The analysis of the internal microstructure of a material is important for the study of the
material mechanical properties. Instead of traditional surface imaging, imaging techniques
that can look within the materials are needed, which are referred to as Tomography. Various
tomographic techniques based on different mechanisms have been developed, such as X-ray
computed tomography, magnetic resonance imaging, confocal microscopy, optical coherence

tomography, etc. These will be introduced in this section.
1.2.1 X-ray computed tomography

X-ray computed tomography (X-ray CT) is a technology that utilizes computer-processed
series of X-ray projections to produce tomographic volume ofa scanned object. It enables the

12
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user to see the internal structure of an object in a non-invasive and non-destructive way. X-
ray CT is based on X-ray absorption contrast. The attenuation is characterized by Beer’s Law,
which defines the intensity attenuation as a function of incident and detected X-ray intensities,
path length, and material attenuation coefficient. During a scan, a series of 1D projections of
the attenuation through an object are obtained by rotating the X-ray source and the detector
array (mounted on opposite sides of the scanned object) at various angles. These projections
are then processed by the computer using a specialized algorithm to produce a cross-sectional
2D distribution of X-ray attenuations (2D X-ray CT image). A 3D volume distribution of X-
ray attenuations can then be obtained by scanning different cross-sections of the object along
the axis of rotation. This technique has been widely used in medical imaging (e.g. shown in
Fig 1.6 (a) for a brain CT image) which is very useful for diagnostic and therapeutic purposes
[38-40]. It is also applied in industrial areas for internal inspection such as structural analysis,
flaw detection, failure analysis, deformation analysis, etc [41-43]. Figl1.6 (b) gives an
example of the 2D view of X-ray CT image of a low density polymeric foam which was

previously developed by Pierron et al [41].

Fig 1.6: Examples of the X-ray CT images: (a) Brain CT image with aphasia and headache,
arrows show acute infarct (Reproduced from reference [38], Jordan et al) (b) X-ray CT image

of low density polymeric foam (Reproduced from reference [41], Pierron et al).
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X-ray CT, however, has some limitations. Not all the scanned objects have sufficient X-ray
absorption contrast for effective imaging. Some image artefacts such as ring artefact, beam
hardening, etc can pollute the image acquisition and interpretation. Ring artefacts commonly
occur due to miscalibration or failure of individual detector elements. They appear in the
reconstructed images as a number of concentric rings superimposed on the object’s structure.
Beam hardening is another common artefact. It arises when the average energy of a
polychromatic X-ray beam passing through an object increases (becomes harder) as low
energy photons are absorbed more readily than high energy ones. X-rays passing through the
central region of the object are said to be ‘hardened’ more than those passing through the
edges because more material is traversed. This can cause a cup appearance in the image
which differs from the ideal case when there is no beam hardening. Apart from the image
artefacts, when reconstructing a volume with high spatial resolution, the acquisition can be
very time-consuming. Although high spatial resolution X-ray CT (with spatial resolution
about 1 pm) has been developed for industrial applications, most of the medical applications
of X-ray CT are millimetre scales because a limited dose of low-energy X-rays is coupled
with high-efficiency detector to meet the requirements of optimized tissue differentiation and
optimized patient exposure time for medical research as described by Helliwell et al [44].
High cost of the machine is another drawback. Due to these limitations, X-ray CT is not a

suitable technique for imaging cornea.
1.2.2 Magnetic resonance imaging

For biological tissues with high water content such as brain, eye or artery tissues, etc.
magnetic resonance imaging (MRI) is a useful tomographic technique to investigate the
anatomy and function of these tissues. MRI is based on the nuclear magnetic resonance
(NMR) phenomenon. During MRI, a strong magnetic field is applied across the tissue to be
examined. The magnetic field is then oscillated at an appropriate resonance frequency to
excite the nuclear spins of the hydrogen nuclei. The radio frequency signal emitted by these
excited hydrogen nuclei in the tissue (e.g. from water, fat molecules) is then detected when
they relax from the magnetic interaction. As the frequency of the emitted signal is dependent
on the tissue and the pulse used to excite the spins, locations with different signal frequency
indicate different amount of hydrogen nuclei. This provides a method to map the tissue in
terms of hydrogen nuclei density. Thus, for tissues with different hydrogen densities, images

showing contrast can be obtained. MRI is widely applied in medical areas. It is particularly
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well suited for the imaging and diagnosis of soft tissues such as brain, heart, eye, etc. as
shown in Fig 1.7 [45-47]. However, it can only be used for materials that present MR signal.
MRI is a safe technique as it does not involve harmful ionizing radiations compared with X-
ray CT. This technique also has limitations. Although many MRI scanners have spatial
resolution better than 100 pm, only a small number are better than 10 pm as described by
Glover et al [48]. The machine makes tremendous noise during scanning, and it usually
requires a long scanning time. In addition, MRI equipment is very expensive. Thus, this

technique is not suitable for the present study.

Fig 1.7: Examples of the MRI images: (a) Brain MRI image showing generalized cerebral
atrophy (Reproduced from reference [45], Lee et al) (b) A heart MRI image (Reproduced

fromreference [46], Sommer et al).

1.2.3 Confocal microscopy

Confocal microscopy (CM) is a point by point illumination optical imaging technique that
can provide sharp and high resolution images of a scanned sample. Different from the
conventional microscopy, CM increases the optical resolution and contrast by using point
illumination of the specimen and excluding the out of focus light in the specimen. As
illustrated in Fig 1.8(a), this is implemented by placing a pinhole in the optically conjugate
plane (conjugates to the focal point of the lens) in front of the detector. As CM uses point
illumination, less light can be collected for each point. To avoid too much image noise,

enough light needs to be collected for each point. This is achieved nowadays using laser light
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