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Abstract

Understanding the biomechanical properties of the cornea is important in order to
develop and improve new reliable standard procedures which can be used effectively to
assess corneal behaviour in any disease condition, or before/after any ocular surgery.
We believe that the Ocular Response Analyzer (ORA) is the only device that can
measures the biomechanical properties of the cornea in vivo. However, it has been
used for the first time both in vivo and in vitro. This thesis presents a clinical and
laboratory investigation of the biomechanical properties of the cornea before/after
LASIK and corneal cross-linking to improve our understanding of the knowledge
required in both the laboratory and the clinic. Different machines were used in this
project, including an ORA, an Oculus Pentacam, a spectrophotometer and a UV-X
lllumination system.

Laser in situ keratomileusis (LASIK) is, at present, one of the most well-known
operations used to correct refractive errors; however, ocular problems arising from
corneal thinning have been reported in some previous studies. Therefore, | looked at
the effects of surgery on the central/peripheral thickness and the anterior/posterior
curvature, and determined to what extent they affect the biomechanical properties of the
cornea.

During the past decade, much research has focused on improving and
developing a new operation called corneal collagen cross-linking with riboflavin and
UVA, which is used to stop the progression of keratectasia in the cornea (which occurs
in keratoconus and sometimes follows refractive surgery). In the next phase, a range of
experiments were conducted on cross-linking to determine to what extent this operation
affects the molecular structure and biomechanical properties of the cornea.

This thesis has shown for the first time that it is possible to obtain ORA signals in
vitro and this opened up the possibility of examining whole eyes as well as excised
corneas. It is also confirmed that the values of CH do not represent only a corneal
biomechanical property, but rather depend on the presence of the rest of the eye. These
in vitro studies have opened up a number of possibilities the future corneal
biomechanical studies.
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Chapterl. Introduction

1.1 Structure and anatomy of the human eye

Vision is a complex process which depends on many processes that must work
together. The human eye consists of very precise parts, and each part has a different
function; this section starts by looking at the external parts and continues with the

internal parts of the eye.

The major constituents of the eye are shown in Figure 1.1. The cornea is one of
the principal optical components (Maurice 1984); it constitutes the outer part of the front
of the eye, and provides 40D or more of the eye's optical power. It is surrounded by fluid
anteriorly (tear film) and posteriorly (aqueous humour), and is composed of clear
transparent tissue. There are no blood vessels in the cornea; however, it is extremely
sensitive because there are many nerve endings (Forrester et al. 2002). The corneal
thickness at the apex is around 0.52mm and it increases peripherally to around
0.67mm. The diameter of the cornea is typically 11.7mm horizontally and 10.6mm
vertically; i.e. the horizontal diameter is greater than the vertical diameter (Hogan et al.
1971). It comprises five layers of corneal tissue: epithelium, Bowman’s membrane,

stroma, Descemet’s membrane and the endothelium (Davson 1984).

The rest of the outer eye, constituting approximately 85% of the external surface
of the eye, is the fibrous sclera (the white of the eye) (Oyster 1999; Saude 1993). It is a
dense and tough structure which provides protection for the inner contents of the eye.

Six muscles are attached to the sclera and control the eye’s movement; also, the optic
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nerve connects to the sclera at the back of the eye (Carpenter 1977). Children have a
thin and bluish sclera, whereas in older people it tends to become yellowish because of
the deposition of fat (Saude 1993). The sclera can be divided into three layers: the
episcleral tissue, the substantia propria and the lamina fusca. Each of these layers has

a special and unique structure (Duke-Elder et al. 1968).

The area which is approximately 1.5-2.0mm wide, marking the transition between
the cornea and the sclera, is called the limbus (Hogan et al. 1971). It is an important
area because it is related to some intraocular surgery such as for cataracts and

glaucoma.

The region behind the back of the cornea and in front of the iris is called the
anterior chamber. The anterior chamber is occupied by a watery fluid known as the
aqueous humour (Hogan et al. 1971), which is produced by the ciliary body and
contributes to the eye shape. The posterior chamber, located in a space between the

lens and the iris, is divided many times by the zonular system.

One of the principal parts of the eye, which is located behind the iris and in front
of the vitreous body and has 15.0 dioptres of the eye’s refractive power, is the
crystalline lens (Maisel 1985). It is attached to the ciliary body by means of zonular
fibres. Many different layers are involved in the construction of the lens: the capsule; the

epithelial layer; and the stroma, composed of lens fibres.

The vitreous is a thick transparent substance which occupies the area between
the lens and the retina. It is composed mainly of water (> 98%), comprises about 2/3 of

the eye’s volume and gives it its shape (Forrester et al. 2002).
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The retina is multilayered sensory tissue and is the most accessible part of the
central nervous system. The retina contains many cells and tissue layers, a pigment
epithelium, photoreceptors (which capture light rays and convert them into electrical
impulses), an external limiting membrane, an outer nuclear layer, an outer plexiform
layer, an inner nuclear layer, an inner plexiform layer, a ganglion cell layer, a nerve fibre

layer and an internal limiting membrane (Davson 1990).

Sclera

Choroid

Ciliary body
Suspensory
ligament Retina
Cornea
Iris Fovea (center

7 of visual field)
Pupil

Optic nerve

Aqueous

humor AR i = [ \
& Vi .. P /. —

Lens

Central artery
and vein of the retina

Optic disc
(blind spot)

Vitreous humor

Figure 1.1: The major components of the human eye.
http://t3.gstatic.com/images?g=tbn:ANd9GcTFU6C49FsMS3bNiKyk20XQGYS8C-I1-
oh92rvgyus7ubciiBQh7w [accessed: 21 September 2011]
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The six extra-ocular muscles control eye movement. The extra-ocular muscles
(EOMs) are divided into two kinds: four rectus muscles which control the eye’s
movement from left to right and up and down, and two oblique muscles which move the

eye and rotate the eyes inward and outward (Carpenter 1977) (Figure 1.2).

Superior rectus
Superior oblique

Medial rectus Superior oblique

Lateral rectus

Inferior oblique
Inferior rectus

EYE Muscles
Figure 1.2: The Six Muscles of the human eye. From Healthy eyes for life:

http://www.healthyeyesforlife.org/wp-content/uploads/2011/03/Image-2-
Eye _muscles_anatomy_names.jpg [accessed: 21 September 2011].

The last part that we will mention here is the conjunctiva. It is the transparent
membrane which covers the outer surface of the eye, starting from the outer corneal
edge, passing to the visible part of the sclera and finishing inside the eyelids (Maurice

1984).


http://www.healthyeyesforlife.org/wp-content/uploads/2011/03/Image-2-Eye_muscles_anatomy_names.jpg
http://www.healthyeyesforlife.org/wp-content/uploads/2011/03/Image-2-Eye_muscles_anatomy_names.jpg
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1.2 General structure and function of the cornea

The cornea is the foremost part of the outer layer of the eye and has a
differentiated transparent structure. As the window on the front of the eye, transparency
is one of the most important features of the cornea (Maurice 1957). Maurice suggested
that the cornea scattered less than 1% of incident light. It is also a powerful lens and
provides the eye with 40D of its total refractive power (Oyster 1999). Because of the
lack of a blood supply, oxygen cannot be delivered to the cornea by the red corpuscles.
Therefore, the anterior precorneal tear film absorbs oxygen from the external
environment and supplies it to the cornea. Furthermore, the agueous humour supports
the eye with essential nutrients. The cornea and its tear film protect the eye from germs,
dust and other harmful substances. As the cornea represents the outermost lens of the
eye, one of its most important functions is to focus light on the retina. One of the most
important benefits of the cornea is that it protects the lens and the retina from harmful
rays, such as ultraviolet (UV) wavelengths in sunlight, and prevents injury to the eye.
Blurred vision, tearing, sensitivity to light and redness are signs resulting from deep
scratches penetrating the cornea. In addition, there are some diseases and disorders
that affect the cornea such as corneal infections, allergies, dry eye, Kkeratitis,

keratoconus and corneal ectasia.

The corneal structure and function depend on several factors, the most important
of which are: the collagen fibril density and number; the collagen fibril diameter; the
refractive index of the cornea; the corneal thickness; and the collagen orientation in the

cornea (Maurice 1970).
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1.3 Structure of the corneal layers

The main layers of the cornea are shown in Figure 1.3 and each is described

below.

Epithelium = .»)

Bowman’s
layer

Stroma ovemea— — =

Descemet’s
membrane .. —

Endothelium -~

Figure 1.3: The structure of human cornea (Cowell et al.1999).

1- Epithelium: The epithelium is the outer and most anterior layer of the cornea. It is
a cellular region composed of several layers of squamous cells. It is about 50um
thick (10% of total corneal thickness) (Hogan et al. 1971) and is continuous with
the bulbar conjunctive which is, at the same time, attached to the anterior surface
of the sclera. There are also very strong apoptotic responses by these cells
which allow for a balance between natural cell deaths vs. re-epithelisation, and
allow the healthy epithelium to maintain a state of homeostasis (Stocum 2006).

The average life of an epithelial cell is about ten days; this is the time it takes a
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basal cell to replicate and migrate to the superficial layers. Because of this
phenomenon, the epithelium often heals rapidly if it is damaged by a foreign body
or after some refractive surgeries (Oyster 1999). Due to the fact that there is no
vascular supply to the cornea, the tears act as a natural waste transport system.
The tears are instrumental in delivering nutrients to the cornea and removing
dead cells and other waste materials. Tears also help to maintain homeostasis in

the cornea (Probst 2003).

2- Bowman’s layer: This layer contains disorganized collagen fibrils (rich in type IV
collagen and laminar fibres, it also contains collagen types |, Ill, V, VII, XII and
XVI) (Forrester et al. 1996). Type VIl collagen especially provides support for cell
adhesion. Bowman’s layer also provides structural integrity to the cornea and
damage to this layer may alter the shape of the cornea (resulting in refractive

changes) (Feder and Rapuano 2006).

3- Stroma: The stroma is the thickest layer in the cornea, making up around 90% of
total corneal thickness, around 0.5mm. (Maurice 1984). Its composition is made
up of 78% water, 15% collagen, 5% other proteins, glycosaminoglycan (0.7%

keratan sulphates, 0.3% chondroitin sulphates) and 1% salts (Davson 1984).

Structurally, the stroma consists of many layers or lamellae (Fig 1.4), each of
which is parallel to the tissue surface. These lamellae are composed of parallel collagen
fibrils embedded in a hydrated matrix containing proteoglycans, proteins to which the

glycosaminoglycans keratan sulphate and chondroitin sulphate are attached Posterior
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lamellae run continuously from limbus to limbus (Davson 1984) and consist of flattened
bundles of collagen fibrils running in a parallel manner (Gipson 1994). There are
between 200 and 300 lamellae in the centre of the human cornea and around 500 near
the limbus (Maurice 1957; Radner et al. 1998). Successive lamellae run at different
angles in order to confer the required radial strength to the cornea. At the centre of the
human cornea, the lamellae have a preferential vertical and horizontal organisation
(Aghamohammadzadeh et al. 2004). This preferred orientation is more prevalent in the
posterior than in the anterior (Abahussin et al. 2009). These authors suggested that the
collagen arrangement in the anterior third of the cornea may relate to corneal
biomechanics, as the collagen in this part of the cornea is more isotropic (uniformity in
all orientations). Radiating out from the centre of the eye, the lamellae appear to be
stacked in a less ‘crossed’ manner until the outer boundary of the cornea/sclera join
where there appears to be little to no crossing. These outer collagenous lamellae
provide the cornea with structural integrity and are believed to be involved in
maintaining the cornea’s shape (Boote et al. 2006). Although corneal collagen has an
organized arrangement in the stroma, Hayes et al. (2007) have shown that there is a
remarkable difference in the collagen arrangement between mammals. Furthermore,
the collagen fibril orientation can be affected; as an example of this, Kamma-Lorger et
al. (2009) have shown that the orientation of the collagen fibrils is significantly changed

in trephine-wounded corneas.

The stroma also contains keratocytes (flattened fibroblasts) which are situated

between the lamellae and connected by interconnecting processes. These cells


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aghamohammadzadeh%20H%22%5BAuthor%5D
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produce collagen and proteoglycans, the major components of the stromal extracellular

matrix (Figure 1.4).

Figure 1.4: The arrangement of lamellae (L) and the keratocytes (K) in the cornea (Forrester et al.

4-

2002)

Descemet’'s membrane: This layer is composed of types IV and VII collagen,
laminin and fibronectin (which have a role in attaching cells to extra cellular
matrices). Type VIII anchorage fibrils are found predominantly in the latter (Snell
and Lamp 1998). Descemet’'s membrane also provides structural integrity to the

cornea and maintains the intraocular pressure.

Endothelium: The posterior layer of the cornea is the endothelium. It is similar to
the epithelium except it is only one cell layer thick; it is bathed on the posterior
surface by the aqueous humour. Both the epithelium and, more so, the
endothelium have a function in maintaining correct tissue hydration. The

endothelial cells are rich in mitochondria (Ramey 2007). Any damage to these
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cells, either through injury or the natural ageing process, affects the amount of
fluid retained in the cornea (Twersky 1975). There are a number of pathologies
which can cause disruption in this natural system. As the endothelial layer does
not have any regenerative properties, any damage to this cell layer will results in

a loss of active cells and will have a direct impact on the transport of fluid

1.4 Stromal collagen

Collagen is the main component of connective tissues; however, there are some
differences in the collagen properties in the body. For example, if we compare the
cornea, sclera and skin, it can be clearly distinguished that the collagen matrix in the
cornea is transparent, compared with others. Collagen has many types, some of them
being almost completely triple helical (Figure 1.5) such as types I, II, lll, V and VI,
whereas collagen type IV has numerous small non-collagenous domains between
relatively short collagenous domains (Friend et al. 1994). Collagen makes up about
71% of the dry weight of the cornea (Friend et al. 1994), with mostly types | and VI
collagen (type 1 being in a fibrillar form) but with some types Ill, V and XllI; collagen
types V and VI represent 10% and 25% respectively of the total content of collagen

(Friend et al. 1994) (Figure 1.6).

Corneal collagen fibrils are hybrids of type | and type V. As in most type | fibrils
they consist of collagen triple-helical molecules which probably aggregate into
microfibrils which then form the fibrils themselves (Meek and Boote 2004). Corneal

collagen fibrils are 25-30nm in diameter and the small size is thought to be regulated by

10
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the proteoglycans (Freund et al. 1986). Stromal collagen differs from the other
connective tissues, such as the collagen fibrils in the sclera which have a non-uniform
diameter from 25 to 230nm. (Komai et al.1991). The narrow, uniform collagen fibrils give
the cornea its clarity, because they run parallel to each other. The spacing of the fibrils
is another essential factor in maintaining the transparent nature of the cornea (Maurice
1957). When the distance between the collagen fibrils or between the lamellae

increases the cornea loses some of its transparency (Edelhauser 1994).

Figure 1.5: The structure of the collagen triple helix (Oyster 1999)

11
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Figure 1.6: The types of collagen in the cornea (Forrester et al. 2002)
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1.5 Proteoglycans (PG) and Glycosaminoglycans (GAGS)

1.5.1 Glycosaminoglycans (GAGS)
Sulphated carbohydrate polymers are what make up GAGs. These polymers are
formed from 40-100 disaccharide units connected by molecular bonds (Scott 1992);

these often contain uronic acid or hexosamines.

GAGs are strongly hydrophilic in nature. Therefore when they are in water-based
solutions, they have an extended structure. This happens because of their considerable
sulphation; this is more noticeable when they connect to core proteins covalently. In the
corneal stroma, the two main GAGs are KS (keratan sulphate) and CS (chondroitin
sulphate). These are responsible for the unique function of proteoglycan. GAGs differ in
their sugar residues and linkages, and in their possible positions and numbers of

sulphation sites.

Normally, the sulphation of GAGs in CS chains is consistent; there is one
sulphate for each disaccharide along the chain. There are many water molecules in the
molecular domain of GAGs. When they are in aqueous solution, these take up a very
large; this is basically an aqueous gel which can withstand forces of compression (Kreis

and Vale 1993).

13
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1.5.2 Proteoglycans (PGs)

Proteoglycans (PGs) are hybrid molecules. They have a protein core which has a
covalent bond to one or more chains of polysaccharide GAG (Figure 1.7). Stromal
proteoglycans come in two main forms or classes; one form has keratan sulphate (KS)
side chains, the other form has chondroitin/dermatan (CS/DS) sulphate side chains
(lozzo 1999). The core protein structure of proteoglycans is different to that of
glycoproteins. In proteoglycans, the sugar chain is longer, has less variation, and does
not branch. Also, it is more acidic as it has high level of sulphur, and is strongly negative

charged.

l\ Glyeoszarnina-
glycan

*- core

Pratein

Figure 1.7: Proteoglycans (PG) with attached Glycosaminoglycans (GAGs) (Oyster 1999)

Proteoglycans are widely distributed; they are in intracellular vesicles, on the
surfaces of cells and also in the extracellular matrix. The core protein of proteoglycans
has a molecular size in the range of 36 to 40 kDa, and its homology has some amino

acid sequences (Blochberger et al 1992).

This protein core is found in the keratocytes in the form of ribosomes bound by a

membrane. Using particular tetrasaccharide sequences, GAGs are connected to the

14
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protein core; then, proteoglycans are secreted into the extracellular matrix. It is the GAG
and the protein component of the molecule which determine the biological actions of

proteoglycans.

Proteoglycan binding sites have been found in bovine corneal stromal collagen

fibrils, at positions a, ¢, d and e (Meek et al. 1986).

In the corneal stroma, there are just three different protein cores with KS GAGS;
their corresponding proteoglycans are lumican (Blochberger et al. 1992), keratocan
(Corpuz et al. 1996), and mimecan (Funderburgh et al. 1997). In the CS/DS fraction, the

main stromal PG is Decorin.

e Lumican

Lumican is a KS proteoglycan; it shares 50% of its genetic homology with
fioromodulin (Grover et al. 2000), it is also has its importance in corneal transparency
(Chakravarti et al. 1998). Although lumican is mainly expressed in the cornea, it also
has functions in the lungs (Ying et al. 1997), kidneys (Schaefer et al. 2000), muscles
and cartilaginous tissue (Saamanen et al. 2001). Generally, lumican is normally
expressed by stromal keratocytes. However, soon after corneal damage, it may be

briefly expressed by the corneal epithelium (Saika et al. 2000).

The KS chains in corneal lumican have high sulphate content; this indicates a key

role in producing and maintening corneal transparency (Hayashida et al. 2006).

15
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e Keratocan

Corneal keratocytes are primarily responsible for expressing keratocan. Thus
their physiological distribution is very limited in comparison with other PGs that contain
KS, e.g. lumican. Most keratocan is found in the cornea and sclera, much less so in
non-corneal tissue, e.g. cartilage, ligament and skin, when it is mainly a non-sulphated
glycoprotein. It has been suggested that keratocan and lumican have very similar three-

dimensional structures (Dunlevy et al. 1998).

Many believe that keratocan, along with lumican, plays a part in controlling

collagen fibrillogenesis and corneal transparency (Carlson et al. 2005).

e Mimecan

It was from bovine bone that osteoglycin, now called mimecan, and was first
isolated. Subsequently, as a minor KSPG, it was isolated from the bovine cornea and
cloned. It is a 25kDa corneal PG and is the product of a gene (Funderburgh et al. 1997).
Although mimecan has KS GAGs in the corneas of humans, bovines and chicks, this is
not the case for murine corneas (Funderburgh et al. 1997). In many tissues, mimecan is
found as a non-sulphated glycoprotein. While it is expressed as the chick cornea
develops, it cannot be identified in hen corneas; this is perhaps because the level is too
low (Dunlevy et al. 2000). A comparable process can be observed in keratocytes.
However, in the stroma, the glycosylation of decorin, keratocan and lumican is tissue-
specific. In this process, they are converted from non-sulphated matrix glycoproteins to

a particular class of proteoglycans.

16
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e Decorin

It has been suggested that decorin is a bidentate ligand which is connected to two
adjacent and parallel collagen molecules. In this scenario, collagen fibrils assist in
stabilizing the fibrils to enable fibrillogenesis (Scott 1996). Decorin may also play a part

in regulating the thickness of collagen fibrils (Vogel et al. 1984).

Decorin was first found in cartilage and bone (Rosenberg et al. 1985; Fisher et al.
1989). Later it was found in many connective tissues; these include tendons, skin, the

sclera and cornea.

17
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1.6 Corneal transparency

The light scattering in the cornea can be assessed by using a confocal
microscope; however, spectrophotometry is regarded as the most common and
most frequently used method to determine corneal transparency. Optical coherence
tomography can also be used to measure central corneal transmission; however, it
cannot be measure the peripheral region of the cornea. Beems and Best (1990) and
Best (1988) have shown that the human cornea is 94% transparent by using a blue-
green argon laser; however, the large contribution from scattered light can affect the

measurements as the detector is mounted within the anterior chamber.

To date, there is no agreement on an explanation for the transparency of the
cornea, although there are a number of models that have been used to explain this
property. The thickness of the cornea, the structure of the stroma, the refractive index /
orientation / spacing of the collagen, keratocytes and the hydration level in the cornea
are considered to be the main factors that contribute to light scattering (Freund et al.,
1986). Meek et al. (2003) summarised several factors that can alter the transparency of
the cornea: changes to the fibrils’ diameters, increases in fibrils density, refractive index

changes in the stromal components and increases in corneal thickness.

In 1973, Farrell et al. found an inverse relationship between corneal thickness
and transmission (when corneal thickness increases, transmission decreases). The
same relationship was found by Boote et al. (2003), between transmission and the
number density of fibrils within the stroma (when the density number increases,

transmission decreases).

18
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Because the collagen fibril density is not equal between the central and peripheral
corneal regions, Doutch et al. (2008) investigated the corneal transmission up to 3mm
from the corneal centre and showed that the reduction in transparency in the peripheral
region of the cornea is due to differences in fibril radii and possibly in the refractive

index ratio between the fibril and interfibrillar substances..

On the other hand, Freund et al. (1995) consider that fluid retention, which
causes swelling in the cornea (oedema) (Fig. 1.8a), is an influential factor in the loss of
transparency of the cornea (Fig. 1.8b). It has also been demonstrated clinically that

corneal swelling causes blurred vision.

Posterior layer in
normal cornea

Posterior layer in
swelling cornea

Figure 1.8a: Fluid retention causes swelling in the cornea:
http://www.harvardeye.com/procedures/images/DSEKAnimation.gif [accessed: 17 October 2011]
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Figure 1.8b: Pictures of normal (left) and swollen (right) human corneal stromal collagen fibril distribution

by using transmission electron microscope (Smolin and Thoft 1994)

Mechanical forces can also affect transparency; thus, when applying force to the
cornea, transparency properties will be affected until this force is removed (Maurice

1951).

When Maurice sectioned the cornea, he found that the refractive index increased
in the deeper layers; however, the refractive index can be estimated by using X-ray
diffraction (Leonard and Meek 1997). Meek et al. (2003) have demonstrated the effect
on transparency of a change in the ratio of the refractive indices of the collagen fibrils
and that of the GAG-rich matrix between them, the greater the mismatch, the lower the

transparency.

Moreover, because of scattering in the ultraviolet, the cornea has low transmission

in this region. In 1984, Lerman reported that in the case of ageing corneas, the UV

20
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transmission decreased. Later on, however, Best (1988) and Beems and Best (1990)
showed that with increasing age, there is no decrease in visible transmission. In the
same context, when the cornea is not under pressure, Kostyuk et al. found the

transmission of the cornea is decreased by about 5% (Kostyuk et al. 2002).
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1.7 Biomechanical properties of the cornea

Research on corneal biomechanics began in the 1960s (Bryant et al. 1996;
Kampmeier et al. 2000; Fung 1981; Andreassen et al. 1980). It is important to
investigate the biomechanical properties of the cornea in order to understand the whole

ocular behaviour.

Nowadays, measurement of the biomechanical properties of the cornea is
becoming one of the fundamental factors in refractive surgery as such measurement
can detect some corneal disorders. Therefore, researchers have started to find
solutions to measure the biomechanical properties of the cornea in vivo. By
biomechanical properties we mean the response of the cornea to any stress or strain
applied which changes some corneal properties. Previously, researchers had difficulty
in finding a device to measure the normal biomechanical properties of the cornea in vivo
and to compare those with ex vivo results. As a result of the viscoelastic nature of the
cornea (Buzard 1992), any load applied to the cornea will change its biomechanical
properties.

First of all, we must understand the impact of each layer on the biomechanical
properties of the human cornea. Boote et al. (2005) and Ethier et al. (2004) believe that
the stromal layer has a strong influence on the biomechanical properties of the human
cornea. However, corneal biomechanics can be affected by an increase in lamella
interweaving (Maurice and Monroe 1990). Corneal biomechanics are found to be
related to the content and distribution of fibrils which are the major components of the

stromal layer in the cornea (Kokott 1938; Boote et al. 2005). The mechanical stiffness
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of the stromal layer is higher than the endothelium and epithelium layers and that is
because both the endothelium and epithelium are essentially cellular structures (Patel et
al. 2004). Moreover, Descemet’'s membrane has low mechanical stiffness and it is not
certain whether or not this layer plays a role, even a very small one in corneal
biomechanics (Beuerman and Pedroza 1996; Danielsen 2004). As with Descemet’s
membrane, in 1992, Seiler et al. reported that the biomechanical property of Bowman’s

layer is negligible.

There are some general composite microstructure factors that influence the
biomechanical properties of the cornea:
1- The cornea has hyper-elastic behaviour because the stromal layer is
predominant in the cornea (90% of the overall corneal thickness) and has a high
density of collagen fibrils which give this layer hyperelasticity and reduce the

mechanical stiffness.

2- The variation of the corneal thickness between the central and the peripheral
regions suggests that mechanical stiffness increases away from the central

region.

3- Wearing contact lenses for long periods causes corneal swelling which causes
the space between the collagen fibrils to increase and then influences corneal

biomechanics.

23
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4- When the lamella interweaving increases, the biomechanical properties between
the anterior and posterior of the stroma become unstable (Hennighausen et al.

1998).

5- Some corneal disorders such as keratoconus influence corneal biomechanics

(Nash et al. 1982).

As mentioned previously, there are some microstructure factors that affect the
biomechanical properties of the cornea; also, any alteration to the cornea could affect

the corneal biomechanics, e.g. after a LASIK procedure (Djotyan et al. 2001).

Nowadays, the biomechanical properties of the cornea can be measured in the
clinic and in the laboratory. So far, there is just one method to measure corneal

biomechanics clinically. In 2005, at the European Society of Cataract and Refractive
Surgeons’ annual meeting (Lisbon, Portugal), the ocular response analyzer (ORA) was
introduced by Reichert ophthalmic instruments. This machine can measure some
biomechanical properties of the cornea by measuring corneal hysteresis (CH) and
corneal resistant factor (CRF) in addition to the accurate measurement of IOP and
corneal thickness. Corneal hysteresis measures a viscoelastic property of the cornea by

measuring the difference between two different inward and outward pressures and

corneal resistance factor is a measure of the overall rigidity of the cornea.

On the other hand, there are two main techniques for taking this measurement in

the lab. The first technique is called inflation testing (Figure 1.9) and the second one is

24



Tariq A Alhamad | 2012

called strip extensometry testing. However, as will be shown later, the ocular response

analyzer can be used in laboratory measurements as well.
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Figure 1.9: components of the inflation test (Elsheikh A 2010)

The biomechanics of the cornea are related to many factors. To prove this, Boyce
et al. (2008) have shown that the cornea becomes stiffer when the intraocular pressure
is increased; in contrast it decreases as IOP decreases. Moreover, they reported that
when strain is applied to the cornea, the peripheral region of the cornea has the most
deformation. In 1999, Meek et al. reviewed the biomechanical properties of the tissue
affected by the collagen organization, and found that this helps to preserve the shape of
the cornea. Interestingly, Meek suggested that the performance of corneal
biomechanics is inconsistent because of the regional variation in the orientation of the
collagen. In 1997, Shin et al. demonstrated that the strain distribution on the excised

human cornea varies across the cornea. Moreover, the biomechanical properties of the
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human cornea are disparate between two eyes from the same person (Li and Tighe

2006).

Finally, the biomechanical properties of the cornea are associated with age, due
to the fact that corneal tissue becomes stiffer as age increases; as a result, the IOP
reading increases (Elsheikh et al. 2007, 2008). IOP measurements are closely
connected to corneal biomechanics and, for this reason, in recent years much effort has
been devoted to trying to find a method to measure IOP that is not influenced by the

biomechanical properties of the cornea.
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1.8 General corneal abnormalities

1.8.1 Normal corneal parameters

There are some important corneal parameters which must be known before any
test or experimental work can be performed in the human cornea. The mean corneal
curvature for infants has been shown by Dubbelman et al. (2002) to be 7.87mm +
0.21mm. However, the corneal curvature for adults is 7.95mm + 0.27mm. On the other
hand, Zadnik et al. (2003) reported that corneal power did not change with age; they
found at 6 years corneal power was 43.76D and at 14 years it was 43.37D. Normal
corneal thickness in human is around 520 microns and the normal intraocular pressure
(IOP) range is between 10 to 22mm. Hg. Normal corneal hysteresis (CH) is 11.19
mmHg (range: 7.24 - 15.80 mmHg) and the normal corneal resistance factor (CRF) is

10.46 mmHg (range: 5.37 - 15.74 mmHg) (Luce 2005).

1.8.2 Refractive errors

Normal vision which has a normal refractive condition is called emmetropia. In
this condition, parallel rays of light are brought to a focus on the retina when the lens is
in a relaxed accommodative state and visual acuity is 6/6 (at 6 meters) or better. In
addition, near vision (at 40cm.) is normal and the lens can accommodate to provide

good vision.

In contrast, if there is any abnormality in the refractive condition, the term
ametropia describes this situation (Figure 1.10). In this condition, parallel rays of light

are not focussed onto the retina when the lens is in a relaxed accommodative state,
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therefore vision becomes unclear. Ametropia can be divided into three main categories
which are myopia, hyperopia and astigmatism. Myopia is the situation where rays of
light are focused in front of the retina and are corrected by a minus lens. Hyperopia is
the situation where rays of light are focused behind the retina and are corrected by a
plus lens. Astigmatism is a difference in the degree of refraction in different meridians
where rays of light are dispersed and there is no specific point for the light to be focused

at, and this is corrected by a cylindrical lens.
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Figure 1.10: Normal and abnormal vision (refractive error). http://www.psych.ucalgary.ca/PACE/VA-

Lab/Marcela/Assets/webreadypics/adjustment.gif [accessed 21 September 2011]

1.8.3 Keratoconus

The term keratoconus can be divided to two parts, kerato meaning cornea and
conus meaning conical or cone-shaped, together they mean cornea with a cone shape.
Keratoconus is a degenerative non-inflammatory corneal condition which is
characterized by thinning of the corneal stroma (Saelens et al. 2008) and an increase in
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its curvature to a more conical shape than normal (Krachmer et al. 1984) (Figure 1.11).
It affects around 50 to 230 people per 100,000 (Ucakhan et al. 2006). Corneal thinning
leads to myopia, irregular astigmatism and protrusion which reduce and affect the
quality of vision (Krachmer et al. 1984). One of the most important points about
keratoconus patients is that they never become totally blind from this disease
(Rabinowitz, 1998). Usually, it is a progressive disorder, affecting both eyes, with

perhaps only one eye initially affected (Lee et al., 1995; Rabinowitz et al. 1993).

In 1998, Rabinowitz found some classical histopathological features in
keratoconus, i.e. thinning of the corneal stroma, breaks in Bowman's layer, and
deposition of iron in the basal layers of the corneal epithelium. There are a number of
features noted by Krachmer et al. (1984) in keratoconus, such as the arrangement of
fibrils being unregulated in the anterior stroma, in addition to a decrease in the number
of collagen lamellae. In 2006, Ucakhan observed that there are some changes in the
structure and composition of features of the central part of the keratoconic cornea in all

layers.

Until now, the causes of keratoconus have been unknown, however some
researchers believe that this disease is common in people who have weakening in the
corneal tissue due to an imbalance of enzymes within the cornea (Roy et al. 2007); they
also suggest that overexposure to ultraviolet rays from the sun, excessive eye rubbing
and chronic eye irritation may lead to keratoconus. Bawazeer et al. (2000) believe that

eye rubbing is a major risk for keratoconus development.
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Normal Cornea Keratoconic cornea

Figure 1.11: Keratoconic cornea: http://www.eyecarelondon.com/images/img-c3k-eyes.jpg [accessed 21
September 2011].

1.8.3.1 Signs and Symptoms

The signs and symptoms of keratoconus are extremely variable and depend on
the stage of the disease; its early signs and symptoms are unclear and are difficult to
investigate because it usually develops so slowly. However, keratoconus can be
detected by a specialist when corrected vision for patients does not reach 6/6

(Rabinowitz 1998).

The first major symptoms of keratoconus are blurring and discomfort vision, even
with spectacles. Some external signs are presented by Rabinowitz (1998), such as V-
shaped conformation of the lower lid produced by the ecstatic cornea in downgaze
(Munson’s sign), stromal thinning and iron ring found when using a slit-lamp, scissoring
reflection in retinoscopy examination, and compression of mires inferotemporally (egg-
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shaped mires) which is a sign of photokeratoscopy. In an early keratoconus slit-lamp
examination, the cornea appears normal; however, slight distortion or steepening in the
cornea may be detected by keratometry. In such cases, the specialist will suggest doing
central and paracentral corneal topography to detect the disease and confirm the
diagnosis (Krachmer et al. 1984). Rabinowitz et al. (1993) believe that early
keratoconus can be detected by measuring the anterior corneal topography with several
devices and by using pachymetry to confirm corneal thinning in keratoconus patients
(Rabinowitz et al. 1993). In the advanced stages of keratoconus, patients may note
sudden loss of vision accompanied by pain. This may result in breaks in the Descemet’s
membrane with stromal imbibitions of aqueous through these breaks — “hydrops”;

opacity is noted in the corneal stroma (Rabinowitz 1998).

1.8.3.2 Treatment
There are many various and miscellaneous methods for keratoconus treatment, it
all depends on the disease stage. Treatment in the very early stages of keratoconus is

possible with spectacles and this may give patients good and adequate vision.

However, spectacles are generally considered to be a temporary solution for this
disease; therefore, hard contact lenses are the best option and the mainstay of
keratoconus treatment, and are used in about 90% of patients (Buxton et al. 1984)

(Figure 1.12).
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Contact lenses are subdivided into two main types, soft contact lenses and rigid
gas permeable lenses - “hard contact lenses”. In the initial stages, soft lenses of toric
design are possible and are sufficient to provide good vision to the patient; on the other
hand, rigid gas-permeable lenses should be used in the advanced stages because soft
lenses cannot improve vision significantly (Rabinowitz 1990; Rosenthal et al. 1995;
Yeung et al. 1995). Fitting contact lenses to keratoconus patients is a complex and
difficult process which requires a specialist’s professional skills. The difficulty lies in
keeping the patient comfortable and providing adequate treatment with hard contact
lenses while at the same time producing a good visual outcome for the patient

(Rabinowitz 1998).

Figure 1.12: Hard contact lens: http://www.eyephysiciansinc.com/images/H-

17_Soft_and_Hard_Lens_sm.jpg [accessed 21 September 2011].

In some cases of keratoconus, the use of hard contact lenses becomes
inappropriate for several reasons, such as patients being unable to tolerate hard contact

lenses or patients being in the very advanced stages of keratoconus when hard contact

32


http://www.eyephysiciansinc.com/images/H-17_Soft_and_Hard_Lens_sm.jpg
http://www.eyephysiciansinc.com/images/H-17_Soft_and_Hard_Lens_sm.jpg

Tariq A Alhamad | 2012

lenses become useless. In these cases, corneal transplant (penetrating keratoplasty)
is the best option for keratoconus patients (Smiddy et al. 1988; Tuft et al. 1994).
Because of scarring in the visual axis, between 10 and 20% of patients need a corneal

transplant (penetrating keratoplasty), (Saelens et al. 2008) (Figure 1.13).

Figure 1.13: corneal transplantation:
http://119.226.138.13/ypimg/HYTTXNMO031609Imagecorneal_transplant.jpg [accessed 21 September
2011]

Intrastromal Corneal Ring implants are another surgical treatment for
keratoconus patients. The main idea of this operation is to use two plastic inserts in the
cornea to reduce the curvature of the keratoconic corneal tissue and make this tissue

flatter (Zare et al. 2007) (Figure 1.14).

Figure 1.14: Corneal ring: http://www.kestrelophthalmics.com/images/intacsBanner.jpg [accessed 21
September 2011]
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Currently, there is a new treatment that is still being developed — Corneal Cross-
linking with Riboflavin and UVA treatment. The main idea in this technique is to stop

the progression of keratoconus; we will discuss this technique at the end of this chapter.

1.8.4 Keratectasia

In 1998, ectasia after excimer corneal ablation was reported for the first time
(Speicher et al. 1998; Seiler et al. 1998), although it had been reported in 1994 after
incisional corneal surgery (Wellish et al. 1994). Excimer laser surgery causes
weakening of the cornea, leading to keratectasia (Binder et al. 2005; Seiler et al. 1998).
Laser in situ keratomileusis (LASIK) is currently considered one of the most prevalent
treatments for refractive errors correction. However, It was noted that the cornea was

not stable biomechanically which leads to keratectasia (Figure 1.15) (Seiler et al. 1998).

Keratectasia was one of the disturbing results following LASIK when progressive
symptoms and bulging occurred on the cornea, leading to visual disturbance similar to
keratoconus (Comaish et al. 2002). The signs of keratectasia appear either immediately
after LASIK or later, but usually occur during the two years following surgery (Geggel et
al. 1999; Rao et al. 2002). After LASIK surgery, there are some changes in the anterior
surface of the cornea. However, if the surgery is based on tissue subtraction the
posterior corneal surface may also change after LASIK (Baek et al. 2001; Wang et al.
1999). Although there are some disadvantages of LASIK, such as the risk of
keratectasia, Amoils believes that LASIK should be successful in a cornea which has a
thickness 500um. or more; he also implies that corneal ectasia and weakening occur

even in the case of myopia (Amoils et al. 2000). After several studies, researchers have
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found that LASIK possibly affects the tissue and leads to ectasia, which has similar
properties to keratoconus (Hjortdal et al. 1995a). Wang et al. (1999) believe that

intraocular pressure (IOP) plays a role in the posterior lamellae bulging after LASIK.

Changes in the level of oestrogen may affect LASIK-induced keratectasia,
reducing corneal biomechanical stability and leading to keratectasia (Randleman et al.
2008). There are many factors that must be taken into account before LASIK in order to
avoid ectasia, such as corneal topography, stromal thickness, age and refractive errors
(Randleman et al. 2008). Although there are some solutions to ectasia, such as hard
contact lenses, intrastromal corneal rings, PKP and corneal crosslinking with riboflavin
and UVA treatment, most researchers suggest that prevention is better than treatment
(Comaish et al. 2002). As a result of the corneal thinning which occurs after LASIK,
there is a higher probability of the occurrence of keratectasia (Ou et al. 2002) (Figure

1.15).

Figure 1.15: Scheimpflug image of post-LASIK corneal ectasia (Lume et al. 2006).
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1.8.4.1 Signs & symptoms

In addition to the signs and symptoms of keratoconus, some other signs also
appear in keratectasia, such as corneal bulging and thinning, a high amount of
astigmatism, advanced corneal scarring and loss of visual acuity (Randleman et al.
2003). The important negative consequences of keratectasia, severe myopia and
irregular astigmatism, result in bad spectacle-corrected vision, and reduced corneal
thickness which becomes less than 500um, causing corneal weakness due to tissue
loss (Randleman et al. 2003; Vinciguerra et al. 2001; Haw et al. 2001, Argento et al.
2001). However, Marinho et al. (2000) have suggested that keratectasia is commonly
central and symmetric and does not create irregular astigmatism; therefore, it is unlike
ketratoconus. Many of these studies support the rigid contact lens as a good choice

when keratectasia symptoms do occur (Marcos et al. 2001).

1.8.4.2 Treatment

There is more than one way to treat keratectasia: surgically, such as PKP,
intrastromal corneal ring segments and corneal collagen crosslinking (CCL) with
riboflavin-ultraviolet type A; and non-surgically, such as with hard contact lenses (rigid
gas-permeable “RGP”) (Colin et al. 2003a and 2003b). The commencement of surgical
treatment is important in cases of failure of non-surgical treatment. Until recently, CCL
was considered to be a temporary treatment for keratectasia (Caporossi et al. 2006).
Intrastromal corneal ring segments (Intacs) can be used in keratectasia to avoid

regression after LASIK (Barbara et al. 2004; Pokroy et al. 2004; Siganos et al. 2002).
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Some studies indicate that Intacs are a good option for central ectasia treatment
rather than for inferior ectasia (Alio et al. 2005). In contrast, some studies believe that
Intacs are not a successful treatment when compared with corneal transplantation
(penetrating or lamellar) which produces successful results (Seiler et al. 1998; Amoils et
al. 2000; Argento et al. 2001; Rao et al. 2002; Spadea et al. 2002; Rumelt et al. 2001).
Before the emergence of CCL with riboflavin and ultraviolet-A, keratoplasty was the first
option for keratectasia treatment, but following CCL with riboflavin and ultraviolet-A can
stop the progression (Hafezi et al. 2007; Kohlhaas et al. 2005). Some studies have
indicated that 30% of keratectasia patients require corneal transplantation for visual
rehabilitation; however, Randleman et al. (2003) believe that most keratectasia patients

do not need corneal transplantation for visual rehabilitation.

Among the disadvantages of penetrating keratoplasty (PKP) is the probability of
graft rejection after surgery (Amoils et al. 2000; Seiler et al. 1998; Argento et al. 2001,

Rao et al. 2002).

It is considered that contact lenses (CL) are the best non-surgical option for
keratectasia treatment. There are different kinds of contact lenses, soft CL, hard CL,
piggyback CL and scleral CL, but hard contact lenses can amend the corneal-ectasia
surface and provide good vision. Soft contact lenses, which cannot correct irregular
astigmatism, can be used in simple ametropia (Randlemen et al. 2003; Choi et al. 2004;
O'Donnell et al. 2004). Collagen crosslinking with riboflavin and UVA can stop the
progression of keratectasia by stiffening the corneal stroma (Wollensak et al., 2003a).
Choi et al. (2004) reported that hard contact lenses with topographic data and slit-lamp

evaluation produce successful results in visual rehabilitation with keratectasia patients.

37



Tariq A Alhamad | 2012

Despite the advantages of hard contact lenses in keratectasia patients, some patients
report pain, therefore the fitting of hard contact lenses needs specialists who are aware

of the difficulties (Seiler et al. 2000; Amoils et al. 2000).
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1.9 Correction of refractive errors

Refractive error as described previously is an abnormal condition affecting vision.

This abnormality can be treated in two different ways:

1- Non-surgical

2- Surgical

1.9.1 Non-surgical correction

There are two main methods to treat refractive error in a non-surgical way, with
glasses or contact lenses. Glasses are considered to be the first method which treats
the refractive error by converting or diverting the light entering the eye. Glasses were
invented at least two thousand years ago but, until the present day, the debate is still
open about who was the inventor of spectacles and the answer is still not clear, there

remaining disagreement over the inventor and developers (llardi 2007).

In the sixties, Otto Wichterle invented the first step in the use of contact lenses;
since then, scientists have developed lenses that are more comfortable for the patient
(Myers 2009). There are two main types of contact lens: soft lens and hard lens. The
soft contact lens can treat mild and moderate refractive errors. The hard lens such as
rigid gas permeable lenses (RGPs) is usually employed to treat advanced refractive

errors and corneal disorders such as keratoconus.
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1.9.2 Surgical correction

For a long time researchers have studied the best ways to correct refractive
errors. As a consequence, nowadays, there are several methods that can be used to
correct refractive errors. Two main optical devices are used, spectacles and contact
lenses, though these are considered traditional methods of correction. However,
refractive surgery is now an alternative approach to correct refractive errors, rather than
the traditional methods. It is important to know that the main aim of all these methods is

to focus the rays of light on the retina, and thus get the best vision (Bansal et al. 2001).

The procedure of Radial Keratotomy, one of the oldest surgical methods to
correct refractive errors, works to flatten the cornea by using radial incisions to alter the
curvature of the cornea (Rowsey et al. 1982; Fyodorov et al. 1979). Luttrull et al. (1982)
and Larson et al. (1983) believe that even if this procedure does give good results, as
confirmed by Waring (1987), it leads to weakness in the eye and instability of vision. In
1967, Barraquer started to work on the cornea by adding and removing tissues in the
stroma to change the curvature; this procedure is called Lamellar Refractive Surgery. It
was noted that all previous refractive surgeries caused irregular astigmatism and
regression to the patient (Nordan et al. 1986; Goosey et al. 1990). In 1988, Ruiz and
Rowsey developed other procedures to reduce the side effects of the previous
procedures by using the corneal bed to shape the cornea, which is called the “in situ
keratomileusis” technique. In the Automated Lamellar Keratoplasty technique, the
myopic patient’s cornea is flattened to correct its refractive errors (Ruiz et al. 1988). In
1983, Trokel started to use an excimer laser to change corneal curvature. Nowadays,

photorefractive keratectomy (PRK) and laser-assisted in situ keratomileusis (LASIK) are
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the most common surgeries to correct refractive errors and utilise an excimer laser to

alter corneal curvature (Bansal et al., 2001).

Following initial positive results, the excimer laser became the preferred option for
clinical use rather than other lasers that were used for curving the cornea such as the
carbon dioxide laser, hydrogen fluoride laser and dye laser (Srinivasan 1986). The term
excimer comes from “excited dimer” (Bansal et al., 2001). Buratto and Pallikaris were
the first to use the excimer laser and the microkeratome together (Buratto et al. 1997);
however, Trokel and Srinivasan (1983) were the first to use it for corneal cutting and

suggested its use in refractive surgery.
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1.9.2.1 Photorefractive keratectomy (PRK)

Following this, Marshall et al. (1986) suggested a new technique of using an
excimer laser to correct refractive changes by ablating the corneal surface; this
procedure is called photorefractive keratectomy (PRK) (Figure 1.16). Despite the
satisfactory results of PRK in low and moderate myopia, it has shown some
disadvantages, such as development of haze in the central cornea, delay in wound

healing and delay in the stabilization of the refractive result (Gartry et al. 1992).

This technique works by initially removing the epithelium, under topical
anaesthetic, in one of several ways. These include the use of a blade, or chemically,
e.g. by using alcohol. Following epithelial removal, the central cornea is ablated using a
computer-controlled excimer laser to steepen or flatten the cornea. Following the
procedure the epithelium layer reforms to cover the area operated upon. This usually
takes a few days (Bansal et al., 2001).

Epithelium | Laser
removed | beam Contact lens

The epithelium is removed A laser reshapes the cornea A “"bandage” contact lens is
using a small instrument or using short, rapid pulses of placed on the eye. The lens
a laser. This exposes lower ultraviolet (UV) light. The helps protect the eye while
layers of the cornea. laser is guided by a computer. it heals.

Figure 1.16: Photorefractive Keratectomy (PRK): lasikbiloxi.com/services/prk/ [accessed 21 September
2011].
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1.9.2.2 Laser in situ keratomileusis (LASIK)

Subsequently, a new laser technique emerged which depends on ablation of the
midstroma of the cornea rather than the surface; this procedure is called laser-assisted
intrastromal keratomileusis (LASIK) and was first introduced in Greece, in 1991, by
Pallikaris et al. and in Italy in 1992 by Burrato et al. (Figure 1.17). It has many
advantages over PRK, including less discomfort, haze and regression, quick visual
recovery and little stromal healing which make the refractive results appear quickly (El

Maghraby 1995; Gimbel et al. 1998).

In this techniqgue many layers are lifted — the epithelium, Bowmen's membrane
and anterior stroma — by using a microkeratome to cut a flap in the cornea. Then,
stromal ablation is performed using the same procedure as in PRK. Finally, the flap is

replaced (Bansal et al. 2001).

Figure 1.17: The LASIK Procedure: www.epyon-1.com/blog/category/cool-stuff/ [accessed 21 September
2011]
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1.9.2.3 Significant rules for LASIK surgery
Several eye examinations must be done before LASIK surgery can be carried out

and we can summarize these as:

e Full refraction (visual acuity corrected for distance and near and cyclopligic
refraction);
e Corneal examination, including central corneal curvature, tonometry, ultrasonic

pachometry and corneal topography (Seiler et al. 1998).

The importance of these examinations is to determine whether the patient has a
normal and healthy cornea on which to perform LASIK or not. In addition, they should
assess if the corneal thickness and curvature are appropriate for LASIK and make sure
that the patient has no signs of keratoconus (Buratto 1997; Singerman 1999; Bores

2001; Probst 2004a and 2004b).

The patient must have had stable refraction for at least one year and must be
over 18 years of age. Moreover, the refraction should be between -4.00D and -16.00D
in myopia, between +3.00D and +7.00D in hyperopia, and with astigmatism between -
2.00D and -7.00D. In addition to that, the central corneal thickness must be more than
500um and the mean value of keratometry must be more than 39.0D and less than

47.00D.

Patients who have ocular diseases — dryness, high level of diabetes (which might

affect wound healing) or keratoconus — are not suitable for LASIK surgery.
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1.9.2.4 General problems of post-refractive surgery
It is important to know how much LASIK affects the cornea. Occasionally, LASIK
surgery results in visual acuity problems and a change in the corneal structure and

these are considered the major complications after LASIK.

To avoid mechanical instability after LASIK, the stromal bed should still be at
least 250um thick (Seiler 1998; Hjortdal 1998; Wang 1999). Corneal infection,
dislocated flap, under or over correction and epithelial ingrowths are some other post-

LASIK complications.

There are not many studies that have examined the factors that influence the
biomechanical properties of the cornea after surgery. However, Djotyan et al. (2001)
reported that any alteration to the cornea such as LASIK surgery could affect the

biomechanical properties of the cornea.
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1.10 Corneal collagen crosslinking with riboflavin and Ultraviolet A (UVA)

Corneal Collagen Crosslinking (CXL) with Riboflavin and ultraviolet-A (UVA) was
introduced as a new treatment to increase the biomechanical stability of the cornea
(Figure 1.18). The UVA light and riboflavin are believed to induce additional crosslinks
between or within the collagen fibrils (Spoerl et al. 1999). This method was suggested
as a treatment for keratoconus and keratectasia (Wollensak et al. 2003a). Caporossi et
al. (2006) mentioned that the cornea after crosslinking is very close to a normal cornea
with improvement in best spectacle-corrected visual acuity (BSCVA). The endothelium
layer is protected by the riboflavin when the corneal stroma is more than 400um thick
(Spoerl et al. 2007). Therefore, if the cornea is too thin and less than the normal

thickness, there is a high risk of damage to the endothelium (Hafezi et al. 2007).

Figure 1.18: Corneal Collagen Cross-linking: www.emagin.com.au/cornealx.html [accessed 21 September
2011]
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Until recently, corneal ectasia was treated by hard contact lenses; if this was not
suitable for the patient then penetrating keratoplasty (PKP) or instromal corneal rings
were the surgical option; now, corneal collagen crosslinking is considered the new and
advanced treatment rather than PKP or corneal rings. Hafezi et al. (2007) believe that
corneal collagen crosslinking should be started with all patients, whether hard contact
lenses are suitable for them or not. Studies have differed in their opinions over the issue

of removing the epithelium.

In 2008, Hayes et al. clarified the importance of epithelial removal before
riboflavin-UVA corneal collagen crosslinking, thus making riboflavin penetrate the
corneal stroma which increases the efficacy of this therapy (Hayes et al. 2008). This
therapy will help in reducing the symptoms of ectasia which has become a problem
threatening patients after LASIK (Randleman et al. 2008). In addition to stopping
corneal ectasia, Wollensak et al. (2004) believe that corneal collagen crosslinking may
treat strong myopia, corneal ulcers and scleral biomechanical weakness. In addition to
that, corneal collagen crosslinking could be used to stiffen the cornea before PKP and
LASIK which give the procedure more positive results. Despite the promising results for
riboflavin-UVA collagen crosslinking so far, we must search for long-term stability
indications and contra-indications if this therapy is to be a solution to progressive eye
problems. Recently, surgeons have preferred to use corneal collagen crosslinking with
riboflavin and UVA for keratoconus and keratectasia patients (Spoerl et al. 1998;

Wollensak et al. 2003a).

Braun et al. (2005) believe that keratoconus patients are likely to undergo

refractive surgery correction after using crosslinking to reduce cornea elasticity, which
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leads to stabilization of the progression of keratoconus. Sandner et al. (2004) expect
that CXL will help in the treatment of keratoconus and thus reduce the use of
penetrating keratoplasty, particularly after they obtained the result that there were no
negative side effects for their patients up to 38 months after crosslinking treatment
(Sandner et al. 2004). Usually, crosslinking is suitable for patients with keratoconus or
keratectasia whose corneas are over 400um thick. Patients who feel pain during the first
48 hours after surgery, sensitivity to light and blurred vision for several days need drops

to reduce the effects of these problems.

1.10.1 Surgical technique

The surgical technique begins with local anaesthesia on the eye using tetracaine
1% and oxybuprocaine 0.4%, removing the central 7-8mm epithelium layer, then
applying riboflavin (0.1% solution 10mg. riboflavin-5-phosphate in 10ml. dextran-T-500
20% solution) every 3 minutes for 30 minutes to make sure that the stroma is
completely penetrated so as to provide protection for the deeper parts of the eye. After
that, ultraviolet-A irradiation is focused on the cornea, riboflavin still being applied on the
cornea every 5 minutes during the UVA focusing (Wollensak et al. 2003a). Contact
lenses are necessary after treatment, for approximately 3 days until the epithelium
heals, followed by application of fluorometholone 0.1% eyedrops for 6 weeks (Hafezi et

al. 2007).

Retaining all layers of the cornea in cross-linking, except for epithelial cells (which
grow back with around 48 hours) is one of the main advantages of this therapy.

However, researchers have started to assess the possible benefits of a different kind of
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riboflavin, Ricrolin TE (Riboflavin 0.1% with trometamol and sodium EDTA) and in this
thesis we investigate trans-epithelial stromal absorption and determine if the corneal

collagen cross-linking could be completed without removing the epithelium or not.
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1.11 Aims of this thesis

The hypotheses behind this thesis are:

e that the ocular response analyser can be used both in vivo and in vitro to
investigate a number of biomechanical properties of the cornea and how these
depend on other factors.

e that crosslinking with UVA/riboflavin may be characterised at the molecular level
using Fourier Transform Infrared Spectometry (FTIR) and may be improved
using a new treatment called Ricrolin TE.

e that crosslinking under different conditions can affect the biomechanical

properties of the cornea in different ways.

The overall aim of this thesis is to improve understanding of the biomechanical
properties of the cornea, and how they change in different conditions. Therefore, |
aimed to measure corneal hysteresis and resistance factor in animal and human eyes
both in vivo and in vitro and show its dependence on intraocular pressure and other
factors. In addition to that, compare the biomechanical properties of normal and post-
LASIK corneas. Then, use FTIR to determine the molecular effects of crosslinking with
riboflavin/lUVA. After that, investigate the penetration of Ricrolin TE into the cornea with
and without removal of the epithelium and compare the results with the penetration of
conventional riboflavin. Finally, compare the biomechanical effects of UVA/riboflavin
crosslinking after conventional riboflavin vs Ricrolin TE and before/after a laser in situ

keratomileusis-like flap.
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Chapter 2: General Materials and Methods

2.1 Introduction

This thesis includes many different experiments and each experiment has its own
materials and methods. This chapter describes only the specialised equipment and its
use. Experimental details relevant to specific chapters are described within the chapter
itself.

Experiments in this thesis used a healthy volunteer group, a post-LASIK group,
an intact human eyes group, an intact animal eyes group, a human corneas group and
an animal corneas group. The study protocol, where human and animal tissue was
used, was consistent with the tenets of the Declaration of Helsinki and the Association
for Research in Vision and Ophthalmology (ARVO) statement on the use of animals in

ophthalmic research.

The volunteers and patients who participated in clinical experiments were
students at Cardiff University, Cardiff, UK. The studies which included patients had
local ethical committee approval and informed consent was obtained from each
participating subject after full explanation of the experiment’s steps and why we were

doing this test on them.

The human eyes used in this thesis were obtained from the National Disease

Research Interchange, Philadelphia, USA. In addition to that, bovine eyes were
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obtained from the abattoir at Cinderford, Gloucestershire within hours of death and were
used only if in good condition.

Human corneas with at least 2-mm scleral rims were received from the
Manchester Eye Bank, Manchester, UK. These corneas could not be used for any

corneal transplantation due to their low count of endothelial cells.

For the statistical analysis, linear regression was used to determine trends in the
data. Statistical comparisons of significance were carried out using SPSS (IBM SPSS
statistics 16.0, Chicago, IL, USA). Non-overlap of 95% confidence intervals of
regression lines was taken as evidence of statistical significance or differences between
them. The residuals from the regression analysis were assessed for normal distribution
using a Kolmogorov-Smirnov test and indicated that the data met the necessary
assumptions for regression analysis. Pearson tests were carried out to confirm the
correlation between the datasets. The Pearson correlation coefficient and p-value are

indicated for each experiment where appropriate.
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2.2 The Ocular Response Analyzer (ORA)

2.2.1 Introduction

The ocular response analyzer (ORA) (Reichert Ophthalmic Instruments, Depew,
NY, USA) is a non-contact applanation tonometer that can provide a measure of the
corneal compensated intraocular pressure (IOPcc) which is independent of corneal
factors that can influence results, and is derived from Goldman tonometry (IOPG) (Luce
2005). In addition, two biomechanical parameters are provided, corneal hysteresis (CH)

and corneal resistance factor (CRF) (Figure 2.1).

Figure 2.1: The ocular response analyzer (ORA)

Corneal hysteresis is defined as the difference in IOP recorded during inward
(P1) and outward (P2) applanation and is therefore regarded as an indicator of the

viscoelastic properties of the cornea — the higher the CH value, the more energy is
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absorbed by the system during the deformation process, therefore the more viscoelastic

it is (Figure 2.2).
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Figurer 2.2: ORA signal

Moreover, the ORA has an inbuilt ultrasound pachymeter which measures the

central corneal thickness (CCT).

2.2.2 Measurements from whole eyes and excised corneas

The eyes (human and animal) which were used in the ORA experiments were

allowed to thaw if they were frozen and then the central corneal thickness (CCT) was

measured (using a Pachette 2, Model DGH 550 ultrasonic pachymeter (DGH

Technology Inc., Exton, PA, USA)) to ensure that they were in the correct physiological

range in all cases and stages. This type of pachymeter takes 25 readings and the

average of these with the standard deviation appears on the screen at the end of the

measurements. After that, the IOP was measured and adjusted depending on the
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experimental protocol; the IOP was adjusted by injecting the eye horizontally from the
limbus with 0.9% sodium chloride.

At the end, the eyes were gently clamped using a retort stand and carefully
positioned in front of the ORA machine after applying artificial tears on the front surface

of the cornea; then, the IOP, CH and CRF were measured (Figure 2.3).

A

Figure 2.3: A fresh eye during the measurment in front of the ORA

On the other hand, the human corneas (with a rim of sclera) which were used in
these experiments were examined and their integrity was checked. If corneas were
swollen when they arrived, we removed the swelling using a standard equilibration

method (Meek et al. 1991) which reduced the corneal thickness to within the correct
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physiological range (= 520 um). After the epithelium and endothelium were removed
from the corneas by gentle scraping, the corneas were clamped within 12,000 MW cut-
off dialysis tubing that was carefully smoothed to remove any air bubbles and to ensure
close contact between cornea and tubing. They were then dialysed overnight at 4°C in a
solution containing 0.154 m NaCl in 5 mm Hepes, pH 7.4, and 2.75% polyethylene
glycol (MW 20,000). The corneas were then removed from the dialysis tubing, carefully
centred within an artificial anterior chamber (Fig 2.4) and then clamped gently by the
scleral rim. A balanced salt solution was placed within the chamber behind the cornea,
and a pressure equivalent to an IOP was maintained by a supporting column of solution;
the pressure could be adjusted by varying the height of the supporting column or by

increasing the pressure on the supporting column.

Figure 2.4: artificial anterior chamber

A similar procedure was carried out on the animal corneas. When the fresh
animal eyes arrived at the laboratory, we excised the cornea from the eye (by using an
appropriate scalpel) with part of its sclera to enable us to clamp it during the experiment.
If we needed to remove the epithelium or the endothelium, both were removed by using

appropriate scalpels.
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At the end, both human and animal corneas were gently clamped and placed into
the artificial anterior chamber, then using a retort stand we carefully positioned the
cornea in front of the ORA machine, and then the IOP, CH and CRF were measured

(Figure 2.5).

Figure 2.5: cornea in an artificial anterior chamber positioned in front of the ORA using a retort stand

In both intact eyes and corneas, artificial tears were applied to the front of the
cornea to keep the front surface of the cornea wet and thus produce a good optically

reflecting surface.

2.2.3 Measurements from patients

As mentioned previously, each participating subject signed a consent form and a
full explanation was given by the examiner. After we ensured that the patient had come

without wearing contact lenses (patients were informed in advance), the patient was
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informed that nothing would touch their eyes and there would just be a puff of air
coming from the machine and one test was applied to show the patient the expected
puff of air. After we adjusted the height of the table and chair, the patient sat in the
correct position, as shown in Figure 2.6, with the chin and the nose inside the front
surface of the device. We asked him or her to focus on the green fixation light, which
was located in the tube between four red dots of light, and not to blink for a few

moments.

Incorrect Patient Positioning

Figure 2.6: Patient position in fron of ORA

Previously, the machine had old software, so we usually took multiple

measurements of each eye and then the average was used in the final results.
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However, later on, we used the waveform score of the later version (version 2.04) of the

ORA software which provides the best signal value (BSV); this was used in the final

results.
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2.3 The Oculus Pentacam

2.3.1 Introduction
The Oculus Pentacam (Oculus, Inc., Lynnwood, WA) is a non-contact, fast and
accurate device to measure certain corneal properties such as corneal curvature and

corneal thickness (Figure 2.7).

Figure 2.7: The Oculus Pentacam

An image of the anterior eye segment can be taken in a maximum of 2 seconds.
The Pentacam provides a three-dimensional scan of the anterior/posterior corneal
topography using a rotating Scheimpflug camera. This camera rotates from 0<: to 180+
and takes two seconds to capture 25 to 50 images of each patient eye. One of the most
important features of Pentacam is that it can detect the eye’s movement by a second
camera during the scan which gives the machine its accuracy; moreover, blinking is

also taken into account in the final results. There are many different types of maps that
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can be provided by the Pentacam, which include anterior and posterior elevations

(Figure 2.8).

Last Name: |&hamed
Frst Name: Taig

Refractive

ID: 110

Date of Bty |01/21/1982  Epe:  |Richt
Exam Date 10/07/2009  Time: |18:1951
Exam Irfo:

Cornea Front

ok
| -"_L“ﬂ Ak [T85mm k2 [1250
&7 %8 72 pv [a07mm K1 118D
8 X,Ii,l
270" Rm:IB.lJ'I mm  Km: |4210D
At 0
os: JOK g [1947  Astg [W06D

Comnea Back D |12

g
% Ak [68mm K [580  [fCuvetue
7% Pv.[658mm k2 [61D
e

270°  Am[672mm  Km: [60D h
os: oK % [0 asig [03D '
-val: 2

B 108 Rec [B87mm  Amino[6.34 mm r

e [ B 2
Pachyspex:  [561um  [000 [000
ThinnestLocat: © [553um  [G21 [050
KMax. Froett  [290 [ [028
ComeaVokme:  [537mm’ KPD:  [+03D
ChamberVolume:  [204mm®  Anglr  [475°

B Acoephint; [33mm  PupiDiz[Z72mm
Enterl0P|10Fcog [ LensTh[

Sagttal Curvature (Front]

Elevation [Front)
BFS5=8 06 Float. Dis=9.00

s0*°

| 50pm “
{Elevationgl

Heig

Elevabon [Back)
BFS5=6 63 Float. Dis=9.00

90"

Figure 2.8: Overview map from the Oculus Pentacam. It can be clearly seen on the left side of the map

the evaluation of the front and the back of the cornea, also, the corneal pachymetry display on the bottom

left side. In addition to this, the four maps show the general situation of the front and the back of the

cornea.
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2.3.2 Screening process for patients

When the patient had arrived and signed a consent form, we explained the
procedure step by step for the convenience of the patient. After that, and before starting
the measurements, we ensured that the patient was in the correct position and could
focus on the light inside the device and would not blink for 2 seconds until the camera
had taken the images. The patients could not wear contact lenses and we also

mentioned that nothing would touch their eyes during the test.
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2.4 Spectrophotometer

2.4.1 Introduction

Two combined instruments make up the spectrophotometer (Figure 2.9). One of
them is for the production of light, which is called a spectrometer, and the other is for
measuring the intensity and absorption of light (the detector). In general, therefore, we
can define the spectrophotometer as a quantitative device which measures light

transmission of different tissues at different wavelengths.

8P 8-100 UV/VIS spectrophotomater

Figure 2.9: The spectrophotometer

A one millimeter beam width exits from a small gated light source in the device,

goes through the sample chamber and ends up in the detector.

A specialized sample chamber was made with two polished glass stands on a
plastic base and filled with Dow Corning silicon oil 200/5cs by injecting a needle through
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a valve in the top of the chamber (Figure 2.10). The silicon oil was used because it has
a refractive index very close to the corneal refractive index and so minimizes reflections.
The chamber had a valve on the top with a stopper to retain the silicon oil in the

chamber and hold the cornea (Figure 2.11).

The chamber was placed about 1.5 cm. away from the light source and

measurements were taken.

Thevave — 5

The stopper /

U
@
The chamber / b‘

The holder >

Figure 2.10: A sample chamber to hold the cornea in the spectrophotometer
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The valve

Figure 2.11: The valve on the top of the chamber.

2.4.2 Measurement and preparation of samples

The machine was switched on, left for about 30 mins. to warm up and set to a
concentration of 100. After that, blank measurements were obtained by placing the
sample chamber in the spectrophotometer filled only with silicon oil (without a tissue).
The wavelength was varied from 400nm to 700nm by increasing it by 10nm intervals
and the results were recorded at each stage. After achieving blank measurements and
writing down all the results, the corneal measurements were obtained. The corneas had
been cut from the eyes with their scleral rim in order to be able to adjust their position
within the sample chamber.This was necessary to ensure that the cornea was placed in
the centre of the chamber and that the beam was going through the centre of the
cornea. The chamber was filled with silicon oil by using a syringe injected into the

stopper through the valve (Figure 2.12).
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Figure 2.12: T syringe inserted through the valve in the chamber

Finally, we placed the sample chamber in front of the light gate and ensured that
the anterior of the cornea was placed in front of this gate and then took the

measurements (Figure 2.13).

The direction of the

The chamber .
light

The light gate

Figure 2.13: The chamber inside the spectrophotometer and front of the lights gate
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2.4.3 Precautions and advice
e Tissue samples should be cleaned by using, for example, sodium chloride 0.9%

before placing them in the chamber.

e Care should be taken when cleaning the chamber; it should be ensured that

nothing can scratch the glass.

e Warm up the machine and double check that the machine is working well so as

to not to lose tissue samples if it is not working well.

e Before taking measurements, it must be ensured there are no air bubbles in the

medium which must be clear enough for the beam to go through it.

e To achieve a satisfactory result, we must ensure that the cornea is placed in the

center of the chamber.
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2.5 Crosslinking using the UV-X illumination system

2.5.1 Introduction

The UV-X illumination system is a medical electronic device which creates UV-A
rays to increase the biomechanical stability of the cornea (Figure 2.14). It emits UV-A
during corneal collagen cross-linking surgery and targets a specific area in the treated
cornea at a wavelength of 365nm with an internal microprocessor controlling the device.
A photo-sensitizer such as riboflavin must be used in this procedure to protect the inner
layers of the cornea, particularly the endothelium, to protect the back of the eye,
including the retina, and also to increase the cross-linking in the cornea. This procedure
is becoming common practice to treat keratoconus patients and the keratectasia which

sometimes follows refractive surgery.

Stand Rods

Light Meter
Sensor Probe
C-Clamp with Adapter
Power Supply
UV Light Meter
Cross Clamp
~ Safety Goggles

Light Source
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ON/OFF START/STOP Aperture Wheel
Switch Button

~ Status Display
= = liightst &8

Figure 2.14: The UV-X illumination kit (above) and the assembled UV light source (below)

The distance between the treated cornea and the beam aperture is 50mm (the
beam aperture diameter is 25mm) (Figure 2.15). This system has three different sizes of

light diameter: S = 7.5mm, M= 9.5mm and L = 11.5mm.

Beam aperture

UV 365 nm

LED radiation - Treatment plane

approx. 50 mm from
beam aperture

Fig 2.15: UV crosslinking set-up
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2.5.2 Preparation of sample
In our studies, we treated samples in vitro only, and either normal riboflavin

(vitamin By) in dextran, prepared riboflavin (ricrolin®), or ricrolinTE® was used.

When fresh eyes arrived at the laboratory, we measured the corneal thickness to
ensure that the corneas were not swollen, and then we checked the integrity of the eyes
in general. Before starting the treatment procedure, we had to clarify how we would
prepare the riboflavin. In the first studies, we prepared the riboflavin ourselves by mixing
1.25g. of dextran T500 with 3.5ml. of NaCl 0.9% (solution 1). After that, we mixed 10mg.
of vitamin B, with 2ml. of NaCl 0.9% (solution 2). Then, we mixed 1.5ml. of solution 1
with solution 2 and covered the container (because the solution is very sensitive to the

light).

Later on, we used prepared normal riboflavin and riboflavin TE (SOOFT italia,

Montegiorgio (FM) Italy) which came ready to use as shown in Figure 2.16.

Figure 2.16: prepared Riboflavin
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After preparing everything, we started treating the corneas as described in
Chapter 1; each group of corneas was used in different experiments as the protocol of
the experiment required. One of the most important features in this system is that the

UV emission stops 30 minutes after the beginning of treatment.
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2.5.3 Precautions and advice
1) The beam aperture must be free from dust and dirt and nothing must touch it

before or after use, and it is recommended to cover it when not in use.

2) The person using this equipment should wear safety glasses during the
treatment as this system is a class 3R LED product, which means any direct exposure

to the rays could affect the examiner, especially if the site has some reflective materials.

3) The whole of this procedure should be carried out in a good and quiet

atmosphere as it requires careful attention before, during and after doing it.

4) The device must be set up on a stable surface to ensure that the system does

not move during the procedure.

5) Users should be cautious when using this system, ensuring that the correct
dose of photo-sensitizer is applied because, as mentioned previously, any error in the

work order could result in harm to the patient or the sample, for example:

The back of the eye specially the retina could be damaged if the photo-sensitizer

(riboflavin) is not applied before emitting the UVA.

The endothelium layer could be damaged if the photo-sensitizer (riboflavin) is not
sufficient to protect the inner layer of the cornea. Generally, the cornea could be harmed

if the UVA level is too high.
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Chapter 3: Comparison of factors that influence the measurement of

corneal hysteresis in vivo and in vitro.

3.1 Introduction

The Ocular Response Analyzer measures corneal hysteresis and corneal
resistance factor (see Section 2.2). Corneal hysteresis is defined as the difference in
intraocular pressure recorded during inward (P1) ( P1 is the inward pressure loading to
the front surface of the cornea) and outward (P,) applanation (P2 is the outward
pressure (unloading) coming back from the cornea) (CH = P1 — P2) and is therefore
regarded as an indicator for the viscoelastic properties of the cornea, the higher the
value of CH, the more energy absorbed by the system during the deformation process
therefore the more viscoelastic it is. CRF is a new corneal measurement which shows

overall resistance (or rigidity) of the cornea.

In recent years there have been numerous reports describing the use of the ORA
for measuring corneal biomechanics as a function of corneal or other variables. Some
reports indicate that CH is correlated with central corneal thickness (Luce 2005; Shah et
al. 2006; Montard et al. 2007; Kamiya et al. 2008), though the others found no strong
correlation (Touboul et al. 2008). It has also been correlated with intraocular pressure
(IOP) (Liu et al. 2008; Kamiya et al. 2008), though, again, this has been questioned
(Touboul et al. 2008). CH has been found to be independent of gender (Montard et al.
2007; Liu et al. 2008; Kamiya et al. 2008). It is also independent of spherical equivalent
or whether left or right eyes are examined (Montard et al. 2007; Ehongo et al. 2008).

Most studies report that CH shows little or no dependence on age (Kirwan et al. 2006;

73



Tariq A Alhamad | 2012

Montard et al. 2007; Liu et al. 2008; Kida et al. 2008; Kamiya et al. 2008; Fontes et al.
2008) but others have reported a negative correlation with age (Moreno- Montanes et

al. 2008).

There appears to be only weak dependence on corneal curvature, diameter and

astigmatism (Montard et al. 2007; Liu et al. 2008).

In the same context, CRF has been investigated in some aspect. Montard et al.
(2007) show no correlation between CRF and CCT, gender and age, however, Fontes
et al. (2008) did find a correlation between them. The measurement of CRF has been
found higher in post-LASIK patients than in keratoconus patients (Ortiz et al. 2007).
Kida et al. (2008) suggested that CRF decreases when the age is increasing. Moreover,
Franco and Lira (2009) did not find any correlation between CRF and anterior corneal
curvature. Although there is a strong correlation between CH, CRF and CCT, only CH
correlated with high myopia; Shen et al. (2008) show how CH significantly decreased

with high myopic patients.

Since we investigate the factors that affect the measurement of some corneal
biomechanics properties, we have to mention that the corneal hydration is considered to
be a factor that could affect CRF measurement as Lu et al. (2007) observed a
significant increasing in CRF value in eyes wearing a contact lenses and kept closed for

3 hours.

The relationship between CH and more conventional biomechanical
measurements such as rigidity, stiffness or elasticity has yet to be fully determined.

EISheikh et al. (2008) showed, on isolated corneas, that the value of hysteresis
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depends on the rate of pressure application. Glass et al. (2008) developed a model for
evaluating viscosity and elasticity to examine the effects that both properties have on
hysteresis. They found that low hysteresis can be associated with either higher elasticity
or low elasticity, depending on the viscosity. Furthermore, these authors pointed out that
viscosity and elasticity affect hysteresis in potentially offsetting ways. This complex
relationship probably underlies some apparent contradictions in the literature, for
example why hysteresis in keratoconic corneas decreases whereas these corneas are

known to have low elasticity (Edmund et al. 1988).

To date, all studies using the ORA have been carried out on corneas in vivo, but
natural variability can limit the control available in such studies. In this chapter,
therefore, we describe experiments using the ORA both in vivo and in vitro. This has
allowed us to more clearly demonstrate the relationship between CH/CRF and I0P, and

has given some insight into other factors that can influence CH measurements.

3.2 Materials and Methods

3.2.1In Vivo

This study included fifty-six eyes of 56 healthy volunteers combined male and
female who had no current or history of significant ocular or systemic pathology or any
general health problems other than refractive errors. The volunteers were within the age
range of 18-70 years, and had a range of refractive errors (spherical equivalent) from -

3.75t02.25D.
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The measurements of intraocular pressure, corneal hysteresis and corneal
resistance factor were performed using the Ocular Response Analyzer (ORA) (Reichert
Ophthalmic Instruments, Depew, NY, USA). We used the I0P., a cornea-corrected
value of IOP produced by the ORA that the manufacturers claim to be less affected by
corneal properties than other methods of tonometry, such as Goldmann. Measurements
were made four times and the average was used in the final result. The validity of this
approach was confirmed on some data sets by repeating the analysis using the
waveform score of the later version of the ORA software (version 2.04). Age, gender,

central corneal thickness (CCT) and refractive error were also recorded.

3.2.2 In Vitro

Seven intact human eyes from different donors (aged between 65 and 69) were
obtained from the National Disease Research Interchange (NDRI), Philadelphia, USA.
The eyes were frozen within 6 to 8 hours of death and shipped to the UK. The eyes
were allowed to thaw and showed no signs of corneal swelling. The central corneal
thickness was measured and was found to be within the physiological range in all
cases. The intraocular pressure was adjusted by injecting the eye from the limbus with

0.9% sodium chloride.

To keep the front surface of the cornea wet and thus produce a good optically
reflecting surface, artificial tears were applied to the front of the cornea. The eye was

gently clamped using a retort stand and carefully positioned in front of the ORA
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machine. When the cornea was in the correct position (only at this point was an ORA

signal produced), we carried out CH and CRF measurements as described above.

The same procedure was performed using twenty-one human corneas with at
least 2mm scleral rims, received from the Manchester Eye Bank, Manchester, UK.
These corneas had low endothelial cell counts so were deemed unsuitable for
transplantation. On arrival in culture medium, the corneas were found to have swollen
by different amounts, with central thicknesses (CCT) in the range 780 - 961um
(measured using a Pachette 2, Model — DGH 550 ultrasonic pachymeter (DGH
Technology Inc., Exton, USA)). The corneas were de-swelled using a standard
equilibration method (Meek et al. 1991). Corneas were clamped within 12kD cut-off
dialysis tubing which was carefully smoothed to remove any air bubbles and to ensure
close contact between cornea and tubing. They were then dialysed overnight at 4°C
against a solution containing 0.154M NaCl in 5mMM Hepes, pH7.4, and 2.75%
polyethelene glycol (MW 20,000kD). This procedure produces an osmotic gradient
(Hodson et al., 1991) that equilibrates the cornea to normal hydration. This reduced

corneal thicknesses to 495um + 13.0, close to the physiological level (= 520 pum).

Each cornea was then removed from the dialysis tubing, carefully centred within
an artificial anterior chamber and then clamped gently by its scleral rim. A balanced salt
solution was placed within the chamber behind the cornea, and a pressure equivalent to
an IOP was maintained by a supporting column of solution. This pressure could be
adjusted by varying the height of the supporting column. For each cornea, CH was
measured within the normal range of IOP and at an elevated pressure. Each cornea

was mounted in front of the ORA in the same way as the whole eyes, bathed with
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artificial tears, and ORA measurements recorded as above. In all cases, ORA data
were scrutinised carefully following procedures suggested in the ORA User's Guide
(Reichert Ophthalmic Instruments, 2005, 1SO-9001/13485) and unsuitable readings
were discarded. In the experiments with excised corneas, this meant that some data
needed to be excluded, so that we were only able to use data from 17 of the original 21

corneas.

In the second part of this experiment, we measured CH and CFR in 8 whole
bovine eyes. The corneas from these same eyes were excised using a medical scalpel,
ensuring that this cutting did not affect the structure of the cornea (leaving at least 2mm
of scleral rim to adjust these corneas correctly in the artificial anterior chamber to hold
them in front of the ORA). Artificial tears were applied during the test to keep the front
surface of the cornea wet. Measurements of CH and CRF were then taken from the

excised corneas for comparison with the values obtained from the whole eyes.

Linear regression analysis was used to determine trends in the data. Statistical
comparisons of the significance were carried out using SPSS. Non overlap of the 95%
confidence intervals of regression lines was taken as evidence of statistical significance
between them. The residuals from the regression analysis were assessed for normal
distributions using the Kolmogorov-Smirnov test, and indicated that the data met the
necessary assumptions for regression analysis. Pearson tests were carried out to
confirm the correlation between the data sets. The Pearson correlation coefficient and

p-value are indicated on each graph.
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3.3 Results

3.3.1Invivo

Figure 3.1a and shows that there is a negative correlation between CH and IOP.
(the Pearson correlation between CH and IOPcc was r = 0.53 , p < 0.0001) and figure
3.1b shows the same negative correlation between CRF and I0OP., whereas Figure

3.1c indicates no correlation between CH and IOPg, and Figure 3.1d shows it between

CRF and I10Pg,
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Figure 3.1a: The significant negative correlation between CH and IOP in vivo.
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Figure 3.1b: The significant negative correlation between CRF and IOPin vivo.

L. y=-0.071x+11
CH & IOPg (in vivo) r=0.10
16 - p=0.461
14 -
0’00
12 - AP SR
— ey N, N e
210 - Y r
E A 4
€ 8 1 * * “w o *
= .
g6 .
4 -
2 .
0 T T T T 1
0 5 10 15 20 25
I0Pg (mmHg)

Figure 3.1c: The insignificant correlation between CH and IOPgin vivo.
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Figure 3.1d: The insignificant correlation between CRF and IOPgin vivo.

Figure 3.2 shows the effects of left vs right eyes and male vs female eyes as a

function of IOPcc. Comparison of confidence intervals in Figure 3.2 showed that there

is no statistical difference of this dependency between right and left eyes, or between

males and females. Therefore, in all remaining results, data were used from left eyes,

and were combined between the males and the females.
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A: The significant negative correlation between CH and IOP.. in Male and Female (left eyes).
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C: The significant negative correlation between CH and IOP.. in Male (left eyes).
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D: The significant negative correlation between CH and IOP..in Female (left eyes).

Figure 3.2 (a, b, ¢ and d): The effects of left vs right eyes, and male vs female eyes.

Accordingly, Figures 3.3a and 3.3b clearly show that there is no dependence of
CH on either the age or the mean spherical equivalent of the subjects. In addition to
that, no correlation has been found between CRF with either the age or the mean

spherical equivalent (Figures 3.4a and 3.4b).
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Figure 3.3a: The insignificant correlation between CH and Age.
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Figure 3.3b: The insignificant correlation between CH & S.E.
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Figure 3.4a: The insignificant correlation between CRF and age.
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Figure 3.4b: The insignificant correlation between CRF and S.E.
3.3.2 In Vitro

As was the case in vivo, the excised human eyes showed a significant negative
correlation between CH and I0P.. (Figure 3.5a) and between CRF and IOP.. (Figure
3.5b). As expected, the scatter in the data was much less (r = 0.74 compared to r =
0.53 in vivo). The CH values from excised eyes were similar to those observed in vivo,
and comparison between the CH-IOP.. dependencies observed in vivo and in vitro
(Figure 3.1a and 3.5a) showed no statistical difference (p < 0.0001). Figure 3.6a shows
that there is a significant correlation between CH and CCT in the excised eyes (r=0.99;

p<0.0001). In addition, Figure 3.6b shows the same dependence between CRF and

CCT.
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Figure 3.5a: The correlation between CH and IOP.
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Figure 3.5b: The correlation between CRF and I0P.
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Figure 3.6a: The correlation between CH and CCT
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Figure 3.6b: The correlation between CRF and CCT

It is also useful to deconstruct Figure 3.5a in order to examine the response of

the individual eyes, as it is not possible to evaluate the response of an individual eye to
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a change in IOP in vivo and the results are presented in Figures 3.7 (for the I0P:). The
similarity in the gradients of each of the graphs in Figure 3.7 apparent on visual
inspection is confirmed statistically; in each case every graph falls within the 95%

confidence limits of every other graph in the figure.
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Figure 3.7: The significant (nigative) response of the individual excised eyes.

The result from the excised corneas also showed a negative correlation between
CH and artificial chamber pressure, presented as the I0P reading from the ORA (r =
0.72, p < 0.0001) (Figure 3.8a) and also a negative correlation between CRF and
artificial chamber pressure (figure 3.8b). However, the CH values recorded were lower
than those observed over the same IOPcc range in vivo. This was not due to the slightly
lower than normal thicknesses of the corneas. Although in the in vitro experiment there
was a positive correlation between CH and CCT (r = 0.61, p < 0.0005) (Figure 3.9a) and
between CRF and CCT (Figure 3.9b), values of hysteresis and corneal resistance were
consistently lower than values at the same CCT recorded in vivo (Kamiya et al., 2008)

and the data show signs of levelling off above about 490 um.
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Figure 3.8a: The correlation between CH and IOPcc.
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Figure 3.8b: The correlation between CRF and I0Pcc.
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Figure 3.9a: The correlation between CH and CCT.
. =0.0668x- 26.433
CRF & CCT (excised human corneas) 4 r=o)f61
10 p <0.0005
9 *
8 -
7 -
g6
E s
= 4 -
()
3 *
2 -
1 -
O T T T 1
460 470 480 490 500 510 520 530
CCT {microns)

Figure 3.9b: The correlation between CRF and CCT.

In order to further examine the reduction of CH seen between whole human eyes
and excised corneas, we examined bovine eyes where we could measure hysteresis in
individual corneas before and after excision from the eye. Figure 3.10 clearly shows a

significant reduction in CH and CRF after excising the cornea from the whole globe, with
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a p value less than 0.001. The mean CH (+ the standard deviation) for whole eyes and
excised corneas were 11.95 + 2.1 and 6.39 * 2.6 (respectively), the mean CRFs were

11.6 £ 2.3 and 6.38 + 2.2, respectively.

Comparison between whole eyes and excised corneas

14 ~

12
10 +
8 -
6 -
4 -
2 -
0

ORA parameteries (mmHg)

CH (Whole eye) CRF (Whole eye) CH (Cornea) CRF (Cornea)

Figure 3.10: The biomechanical properites of the cornea before and after excising the cornea

3.4 Discussion

Our in vivo studies found no correlation between CH and gender, or whether left
or right eyes were examined, as a function of IOP. This is in agreement with most of
the previous reports cited earlier, although Fontes et al. (2008) did report gender
differences. Several publications have indicated no dependence of CH on age (Kirwan
et al. 2006; Montard et al. 2007; Liu et al. 2008; Kamiya et al. 2008) though others have
shown a negative correlation (Kida et al. 2008; Moreno- Montanes et al. 2008). The
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insensitivity of CH to age found in many reports, including ours, is of interest as it is
known that older corneas are considerably stiffer than younger ones (EISheikh et al.
2007). This led Kotecha et al. (2006) to suggest that CH values should be normalised to
produce what they term the cornea constant factor (CCF), which they found to increase
with corneal thickness and decrease with age. The CCF may thus be related directly to
corneal stiffness and viscoelasticity, and recently, these correction methods on ORA
data have been improved to estimate IOP values that are independent of corneal

stiffness (Kotecha et al. 2006; EISheikh et al. 2009).

Our studies also confirm that, in vivo, there is an inverse correlation between
CH/CRF and I0P, though not between CH/CRF and IOPg. This is also in accord with
previous studies (Kotecha et al. 2006; Liu et al. 2008; Kamiya et al. 2008; Hager et al.
2008). However, Kotecha et al. (2006) pointed out that, although the IOP dependence
may be real, it could also be influenced by the instrument measurement. We and others
have shown that CH decreases with increasing IOP. This is unlikely to be due to the
effects of corneal thickness (CCT) changes. Some studies showed only a small
increase in CH with increasing CCT (Luce 2005; Shah et al. 2006) whereas others
found a more significant correlation (Liu et al. 2008; Kamiya et al. 2008; Fontes et al.
2008; Mangouritsas et al. 2009 Schroeder et al. 2008). The ORA uses a different
maximum air pressure (Pmax) to achieve applanation in different subjects. The pressure
at applanation (P;) depends both on the true IOP and on the resistive properties of the
individual eye, which could themselves depend on IOP. Furthermore, the rate of
application of the pressure force increases with P;, and the authors indicate that this

could also affect hysteresis. Understanding the true causes of the effect of IOP on CH is
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further confounded by the fact that IOP appears to vary independently of variation in CH
or CCT throughout the day (Laiquzzaman et al. 2006; Kida et al. 2008 Gonzalez-

Meijome et al. 2008).

Only one study has been reported in which CH values in individual eyes were
measured before and after pharmacological reduction of IOP (Kotecha et al. 2006;
Kotecha 2007). The study found a weak negative correlation between changes in CH
and changes in I0P. Although Luce (2005) stated that CRF is not affected by IOP

changing, we found that CRF decreases with increasing IOP.

The present chapter is the first report of the use of the ORA to measure the
relationship between CH/CRF and IOP in individual eyes ex vivo. This has several
advantages, for example it allows much more precise control of the experimental
conditions and it allows us to see if post-mortem changes affect the measurements of
corneal hysteresis. By changing the IOP within a single eye, inter-sample variability is
obviated and, as expected, the data showed less scatter than was obtained from in vivo
studies. Furthermore, ex-vivo studies allowed us to examine CH over a much wider

range of I0P.

The results for all seven eyes (Figure 3.6a) were very similar to those from a
cohort of patients measured in vivo (Figure 1a). This suggests that freezing/thawing
and/or any post-mortem changes in the eyes we examined did not affect CH or its
dependence on IOP... Furthermore, it was interesting that all individual eyes showed

the same dependence of CH and CRF on IOP.. (Figure 3.8). It would appear likely,
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therefore, that a given cornea within the normal CCT range, and at a given intraocular

pressure, has an intrinsic corneal hysteresis.

In vivo, several authors have documented that there is an direct relationship
between CH and CCT (Liu et al. 2008; Kamiya et al. 2008; Fontes et al. 2008;
Mangouritsas et al. 2009 Schroeder et al. 2008) and also between CRF and CCT
(Fontes et al. 2008). Excised eyes show a similar dependence (Figure 3.7a) whereas
excised corneas show a weaker correlation (Figure 3.11b). However, comparisons with
in vivo results may be misleading. In a clinical CCT measurement, it is difficult to
distinguish between the two factors that could affect CCT; thickness related to tissue
mass (CCTmass) and thickness related to tissue hydration (CCTsweliing). In some clinical
studies, thickness variability may be due to the presence of more or less tissue, in
others to more or less water. Corneal swelling associated with contact lens wear was
found to be unrelated to CH (Liu et al. 2008; Kida et al. 2008). On the other hand, the
elevated hydration, and hence increased thickness of the cornea, in Fuch’s dystrophy
leads to a reduction in CH (Del Buey et al. 2009). This implies either no correlation or a
negative correlation between CH and CCTsweiing, rather than the positive correlation
reported between CH and CCT from studies of the normal population. Following
refractive procedures such as LASIK, corneal thickness changes are due mostly to loss
of tissue (i.e. a change in CCTnass). This procedure has been found to cause a
reduction in CH, though it is interesting that the reduction does not correlate with the
amount or percentage of tissue removed (Kirwen and O’Keefe 2008). In our in vitro
experiments variation in CCT is likely dominated by tissue hydration (CCT sweling),

particularly for the excised corneas, which needed to be deswelled before use. For this
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reason, caution is needed when comparing the results to those obtained from in vivo
studies of the normal population where changes in both CCTyass and CCTsweling are
likely to occur. Nevertheless, our results have shown for the first time that it is possible
to obtain meaningful results using the ORA from whole excised eyes, and this opens up
the possibility of using the ORA in controlled ex vivo studies that will allow us to better
understand the relationship between CH measurements and conventional

biomechanical properties such as stiffness and elasticity (Glass et al. 2008).

When excised corneas with scleral rims were examined, great care was needed
in the tissue preparation, and poor signals needed to be discarded in accordance with
the manufacturer’s instructions. Nevertheless, with these provisos, we found that the
CH values were reduced (between 8mmHg and 22mmHg, the mean values were: CHi,
vivo = 10.1 £ 1.6; CHuhole eye =11.1 % 2.16; CHexcised comea =7.2 = 1.5). The inverse
relationship with IOP.. was still present, but was also much reduced. The reduction in
CH in excised corneas is perhaps not unexpected, as the pressure wave produced by
the ORA is transmitted to the inner contents of the eye and also to the sclera, both of
which are absent in the artificial chamber. To examine this further we measured CH and
CRF in bovine corneas before and after removal from the eye and were able to confirm

that the values of these parameters depend on the presence of the rest of the eye.

These results are in agreement with in vivo studies, which have also indicated
that the lower the CH, the lower its correlation with IOP. (Touboul et al. 2008).
However, there are a number of experimental factors whose influence on these results
needs to be considered. Firstly, there is the possibility of post-mortem changes affecting

the in vitro results. The fact that the same results were obtained from whole eyes post-
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mortem and eyes measured in vivo, however, suggests that freezing/thawing and/or any
post-mortem changes in the eyes we examined did not affect CH or its dependence on
IOP... This is not surprising as the biomechanical response of the cornea depends
almost entirely on the collagenous component, which is highly resistant to proteolysis.
Thus, in the absence of any in vivo technique other than the ORA, the body of literature
on corneal biomechanics has all been carried out using post-mortem eyes or excised
corneas. Secondly is the fact that most excised corneas were originally swollen. There
is a significant relaxation of posterior fibres with increasing hydration and this increases
the extensibility of swollen corneas (Hjortdal 1995a and 1995b). For this reason, tissues
were equilibrated to near-normal hydration prior to CH measurement. Thirdly, it has
previously been reported that when a cornea is stressed at physiological pressure as
part of an intact globe it is less elastic than a cornea tested by strip extensiometry
(Smolek 1994). Although this seems to support our results, it is not possible to make a
direct comparison as the behaviour of a stretched corneal strip is likely to be different
from the behaviour of a cornea inflated in an artificial chamber, where collagen fibrils
have not been severed. Finally, the elastic properties of the cornea have been shown
to be influenced by the presence of the limbus when IOP is varied (Asejcyk-Widlicka et
al. 2007; Boyce et al. 2008). In our system, a scleral rim was used to clamp the corneas
so that the limbus was retained during the measurements, which mimics the situation in

Vivo.

So why are values of CH from isolated corneas different to those from whole
eyes? To answer this one needs to consider what tissue changes might occur during

applanation and recovery. Certainly, when the cornea is distorted by inflation, significant
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changes in the lamellae are observed (Wu and Yeh 2008) and the same may be the
case during applanation (Sporl et al. 2009). Therefore most energy is likely to be stored
within the cornea and limbus and this would be the same in vivo as in vitro. The
absence of epithelial, endothelial and keratocyte function is not likely to have influenced
our measurements; if it did, one would not have expected identical results in vivo, and
from excised eyes where cell function was lost. A more likely inference from our results
is that the CH value depends to at least some extent, on the presence of the rest of the
eye globe, as was suggested by Kucumen et al. (2008). This would explain how
phacoemulsification (Kucumen et al. 2008), axial length (Song et al. 2008), primary
open angle glaucoma (Schroeder et al. 2008; Shah et al. 2008), high myopia (Shen et
al. 2008) and deep sclerectomy (lordanidou et al. 2010) are all associated with changes

in CH even though the cornea is not directly involved.

The reducton in both CH and CRF when the cornea is removed from the eye is
almost 50%, calling into question to what extent the ORA is measuring corneal
biomechanics, and therefore if the terms corneal hysteresis and corneal resistance
factor are appropriate.Therefore, until CH and CRF are correlated with more classical
concepts such as elasticity, one should perhaps be reminded of the original definition of
CH proposed by David Luce: “corneal hysteresis is the output of the ORA under the
specific measurement conditions imposed by the ORA” (Dupps 2007). However, our
results have shown for the first time that it is possible to obtain meaningful results using
the ORA from whole eyes, and this opens up the possibility of using the ORA in

controlled ex vivo studies that will allow us to better understand the relationship
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between CH measurements and conventional biomechanical properties such as

stiffness and elasticity (Glass et al. 2008)
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Chapter 4: A determination of the relationship between corneal
biomechanical properties, the anterior/posterior corneal curvature
and peripheral /central corneal thickness accompanying LASIK
surgery

4.1 Introduction

A greater understanding of the biomechanical properties of the cornea and the
factors that influence these properties is important for explaining the biomechanical
response of the cornea following refractive surgical procedures. This Chapter aims to

examine some of these properties in normal and LASIK-treated patients.

The biomechanical properties of a tissue influence its behaviour when it is
subjected to stress (Glass et al. 2008). Recently, many studies have investigated the
ORA as a device for measuring corneal biomechanical properties in vivo. Some of these
studies indicate that CH is higher in normal patients than in keratoconus patients (Shah
et al. 2007). Others show that CH is similar between keratoconus and post-refractive
surgery patients (Shah et al. 2009). CH has been found to significantly decrease after
phototherapeutic keratectomy (PTK) (Kamiya et al. 2009), and after laser in situ
keratomileusis (LASIK) (Chen et al. 2008). According to Montard et al. (2007) and Liu et

al. (2008), CH is not correlated with anterior corneal curvature.

So far, most studies have concentrated on the factors that influence CH in
normal eyes, or after various eye conditions such as keratoconus or refractive surgery.
Therefore, we investigated some factors that influence the biomechanical properties of

the cornea in vivo (normal) and in vitro and compared them statistically. However, the
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relationship between CH and anterior/posterior corneal curvature in LASIK patients has
not previously been investigated. Also, there is no study of the correlation of CH with
the peripheral corneal thickness before and after LASIK. We believe that all corneal
refractive surgery affects corneal stability; therefore in this study we investigated some
of the factors that may influence corneal structure and biomechanics. Agarwal (2006)
believes that the LASIK flap affects both the anterior and the posterior layers of the
cornea, which leads to a weakening in the cornea. Therefore we here investigated for
the first time the back surface of the cornea as there might be some unexpected

changes to this surface.

4.2 Material and Methods

Fifty-two eyes of 52 healthy volunteers were divided into 2 groups: control group
(26 normal eyes) and post-LASIK group (26 eyes). The range of the volunteers’ age
was between 24 and 43 (y). Apart from refractive errors and moderate dryness, there
was no history of ocular or health problems. The informed consent given by participating

subjects was consistent with the tenets of the Declaration of Helsinki.

Corneal Measurements:

Corneal hysteresis was measured using the Ocular Response Analyzer (ORA).
Data were recorded using the waveform score of the later version of the ORA software

(version 2.04). The measurements of anterior/posterior corneal curvature and peripheral
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corneal thickness were performed using the Oculus Pentacam (Oculus, Inc., Lynnwood,
WA) which acquires 25 images in each patient eye. The central/peripheral corneal
thicknesses and anterior/posterior corneal curvatures were taken from the acquired

image.

SPSS was used for statistical comparisons of the significance. The Pearson
correlation coefficient (r) (which was carried out to confirm the correlation between the
data sets) and p-value (which is considered statistically significant if less than 0.05) are
indicated on each graph. Non overlap of the 95% confidence intervals of regression

lines was taken as evidence of statistically significant difference between them.

4.3 Results

Figure 4.1 shows that there is no statistical correlation between CH and either
the anterior or the posterior corneal curvature in both the control and post-LASIK
groups. However, the results of this study show that CH was higher in the control group
than in the post-LASIK group; the mean value of CH was decreased from 10.76 + 0.71
mmHg to 8.89 + 0.44 mmHg (Table 4.1). On average, the anterior corneal curvature in
the post-LASIK patients was higher (mean = 8.34 + 0.17 mm) than the normal patients
(mean = 7.49 £ 0.27 mm), however, this difference is not statistically significant (Table
1). Moreover, the results show that there is no statistically significant change in posterior

corneal curvature (PCC) between these groups (Table 4.1).
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Figure 4.1: The relationship between CH and anterior (a) and posterior (b) corneal curvature in normal

and post-LASIK patients.
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Normal Post-LASIK P value
CH (mmHg)(+SD) 10.76 + 0.71 8.89 + 0.44 <0.001
CCT (um) 550.92 + 25.65 437.76 + 25.23 < 0.0001
PCT (um) 648.65 + 31.14 595.15 + 37.92 < 0.005
ACC (mm) 7.49 + 0.27 8.34 +0.17 >0.05
PCC (mm) 6.74 + 0.12 6.56 + 0.23 >0.1

Table 4.1: Comparison between normal and post-LASIK patients.

The study showed a significant correlation between CH and central corneal
thickness in normal patients and a similar correlation in post-LASIK patients (Figure

4.2). Furthermore, comparison of the normal and post-LASIK data sets in Figure 4.2
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shows that dependence of CH on CCT does not change following LASIK surgery (at the

95% confidence level).

(normal)
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Figure 4.2: The relationship between CH and central corneal thickness (CCT) in normal and post-LASIK

patients.

Our data also show a statistically significant correlation between CH and
peripheral corneal thickness in both normal and post-LASIK patients (Figure 4.3). As
expected, CCT was reduced after LASIK (average reduction 21%) but Table 1 also

indicates that peripheral corneal thickness reduces by 8% on average.
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Figure 4.3: The relationship between CH and peripheral corneal thickness (PCT) in normal and post-

LASIK patients.

Moreover, we tried to investigate if there is any difference in the ORA signal

between normal and post-LASIK patients and we found a significant difference between

them as explained in Figures 4.4a and 4.4b.
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Figure 4.4a: Normal signals obtained using ORA.
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Figure 4.4b: Post-LASIK signals obtained using ORA.

4.4 Discussion

In the results described here, we investigated the relationship between CH,
central/peripheral corneal thickness and anterior/posterior corneal curvature in normal
and post-LASIK patients. The Oculus Pentacam is a non-contact, fast and accurate
device to measure some corneal properties such as corneal curvature and corneal
thickness. The Pentacam shows high repeatability (Barkana et al. 2005; Amano et al.
2006). Buehl W et al. (2006) believe that the CCT thickness measured by the Pentacam
is dependable. However, Prospero Ponce et al. (2009) believe that the OCT pachymetry
maps are more accurate than the Scheimpflug maps. Shankar et al. (2008) have
measured the peripheral corneal thickness in normal volunteers at 3mm from the central
cornea using the Oculus Pentacam. | adopted a similar approach to measure both

normal and post-LASIK patients at this position. In addition, Swartz et al. (2007) and
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Shankar et al. (2008) have shown that the Pentacam is a reliable method to measure
the front and back surface of the cornea. Jain et al. (2007) found the highest
repeatability for measurements at the periphery of the anterior corneal curvature and
the lowest for the horizontal meridian of the posterior corneal curvature. The current
study also showed very good repeatability by using the Pentacam on imaging the front
surface of cornea for post-LASIK patients. For the purposes of the current comparative
study, therefore, we believe that the Pantacam provided reliable measurements of

anterior/ posterior curvature and central/peripheral thickness.

The average values of CH in both normal and LASIK groups was in accordance
with previous reports (Shah et al. 2006; Shab et al. 2007; Ortiz et al. 2007; Touboul et
al. 2008; Kamiya et al. 2008; Shah et al. 2009; Franco et al. 2009). The changes in CH
after LASIK surgery might be due to the weakening and structural changes of the
cornea caused by flap creation and corneal ablation. However, Kirwan and O’Keefe
(2008) demonstrated a similar corneal hysteresis reduction after LASIK and LASEK; this
indicated that CH is not correlated with the depth within the stroma from where tissue is
removed. Although Ortiz et al. (2007) showed a significant difference in CH between
post-LASIK and keratoconus patients, Shah and Laiquzzaman (2009) demonstrated
that CH is very similar between these two groups. The low value of CH could be
considered a sign of keratoconus or keratectasia (Shah et al. 2007). As a result of the
reduction of bending stiffness that occurs in the cornea after LASIK surgery (Hjortdal et
al. 2005), the reduction of CH was expected as the weaker corneas tend to have a
lower CH measurement. It is known that within the first year of LASIK, the patient

should be followed-up during this period for fear that there will be any changes occuring
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in the cornea after LASIK procedure.; therefore, the length of time since the operation

has been done was taken into account in this study.

Because we confirmed (in the last chapter) that CRF is related to CH and they
are similarly affected by most factors, we expect that LASIK affects the CRF values

similarly to the CH values (result not shown).

Khoramnia et al. (2008) believe that there is no correlation between age and
change in both the centre and peripheral corneal thickness measured using the
Pentacam. Therefore, the disparity of the ages of patients in our study is unlikely to
affect the corneal thickness measurements. Measurements of the central corneal
thickness showed good repeatability and this was comparable at the pupil centre and at
the corneal vertex, however, the peripheral corneal thickness at 3mm from the centre
showed better repeatability when the corneal vertex was used as the central reference
point. This is in agreement with Shankar et al. (2008) and so it was decided to use the
corneal vertex in this study. Following LASIK surgery, the peripheral corneal thickness
was also reduced, albeit less than the central thickness. The standard optical zone for
LASIK surgery is about 6mm in diameter, and this would just encompass the peripheral

corneal position examined here.

The purpose of LASIK surgery is to increase the focal distance of the cornea by
increasing its anterior radius of curvature. Although the posterior curvature of the cornea
plays a minor role in the refractive properties, it does contribute to the refractive power,
thus it was interesting to see if LASIK had any effect on this surface or not. Our results

indicated that the posterior radius of curvature is unaffected by LASIK. However, the
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result is of interest from a mechanical point of view. It suggests that, even though,
following LASIK, the posterior lamellae alone are required to withstand the stress
created by the intraocular pressure, and are therefore under increased tension, no

changes seem to occur in their curvature.

We and others found no significant correlation between CH and anterior corneal
curvature (Liu et al. 2008; Franco and Lira 2009). However, in addition to that, we also
found that there is no significant correlation between CH and posterior corneal curvature
(Figure 4.1), which confirms the above finding that the posterior corneal curvature is

unaffected by LASIK.

The results showed a significant correlation between CH and CCT (Figure 4.2).
This is supported by Luce (2005), Shah et al. (2006), Montard et al. (2007), Liu et al.
(2008), Kamiya et al. (2008), Fontes et al. (2008), Schroeder et al. (2008) and
Mangouritsas et al. (2009) all of whom showed a significant correlation between central
corneal thickness and CH. However, some of them believed that this correlation is
significant but weak (Luce 2005) or moderate (Shah et al. 2006). However, we also
demonstrated that there is the same correlation between CH and peripheral corneal
thickness in normal and post-LASIK patients (Figure 3); this suggests that much of the
decrease in CH after LASIK is therefore a direct consequence of the reduction in
corneal thickness, this can be clearly observed in figure 4.3 as the two slopes of normal
and post-LASIK patients appear to be consecutive. Because there is a relationship
between corneal thickness and CH, and we know that the corneal thickness is a

fundamental consideration in LASIK surgery, CH might become a basic qualification

110



Tariq A Alhamad | 2012

parameter in refractive surgery. However, Touboul et al. (2008) suggested that the CCT

should continue as a useful and major parameter in LASIK.

For the first time, this study has shown that there is no significant correlation
between CH and posterior corneal curvature in either normal or post-LASIK subjects;
however, it has shown that there is a significant correlation between CH and peripheral
as well as central corneal thickness, in both normal and post-LASIK patients. This result
gives us more comprehensive knowledge about the factors that are related to changes
in CH but further studies are needed to clarify the influence of refractive surgery on

these parameters.
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Chapter 5: Infra-red spectrometer study of the cornea cross-linked
with riboflavin and Ultraviolet A

5.1 Introduction

The interaction of electromagnetic waves with the bonds of molecules defines
molecular spectroscopy. In this way spectroscopy uses radiation to determine and
investigate the structure and properties of a sample. Organic and inorganic compounds
can be investigated using infrared (IR) spectroscopy. IR radiation has wavelength in the
range from 1um to 300um and when a sample absorbs radiation this induces vibration
or rotation of molecular bonds (Figure 5.1). There are many factors that influence a
molecule’s vibration; these are the type, size and weight of atoms, and the type,
elasticity, length and strength of the bonds between the atoms (Banwell and McCash

1994).

Spectroscopy is a term that describes the analysis of the emission or absorption
of radiation in terms of chemical and physical properties; in other words, it can

investigate the chemical composition of a sample (Banwell and McCash 1994).
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Fig 5.1 IR-sensitive Molecular Vibrations

From figure 5.1 it can be clearly seen that there are two types of vibrations:
stretching vibrations (changes in bond length) and bending vibrations (changes in bond

angle).

Unlike X-ray diffraction, the secondary structure of proteins can be detected
using Fourier transform infrared (FTIR) spectroscopy. The FTIR spectroscopy
mechanism works by passing infrared rays through a sample and monitoring the
sample’s absorption in the infrared region. A plot of the spectrum of absorption with

wavelength allows determination of bond-types.

There are two Fourier Transformation Spectrometers that were suggested to
used in this study in order to decide which of them was appropriate for our experiment;

these are: the ‘Bowmen’ and the ‘Ade-FTS’. The main difference between them is the
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wavelength region for each one, the Bowmen works in the mid-IR wavelength region
while the Ade-FTS works in the far IR wavelength region. They are both interferometers,
however, the Bowmen was used because we were looked to the fingerprint region

which is in the range between (500 to 1500 cm-1).

5.2 Material and methods

As mentioned in the introduction, this kind of research can use either of these
two interferometers (Bowmen and Ade-FTS), depending on which region the researcher
is looking at. So if the experiment has to work in the IR region between 400cm™ and
14,000cm™, the Bowmen should be used; however, if the experiment has to work in the
far infrared region between 2cm™ and 600cm™, then the Ade-FTS is preferred. In this
experiment, therefore, the Bowmen were used. The general set-up of these two Fourier
Transformation spectrometers is similar. An automated programme manages the major

mirror and the instrument parameters (such as reading of the data (voltages)).

Before taking any measurements, the device must be calibrated, and then it will
be ready to take measurements. After that, the background, with the chamber empty
and just the mounting substrate without a sample (i.e. just polypropylene), must be
recorded; then, we can take measurements of the sample. The sample is screened 30
times and this is repeated 3 times in order to give a good signal-to-noise ratio in the

data. Then the data are Fourier transformed to give a spectrum.
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5.2.1 Sample preparation

Substrate preparation

To carry out the interferometry, the sample needed to be mounted on a
substrate. The choice of substrate depended on the region we were looking at. In this
study, however, three different types of substrates were tested in order to decide which

of them was suitable for our experiment; these were: polypropylene 3.3wmn , Mylar 0.8um

and common kitchen cling-film. After measuring the spectra of these substrates, it was
confirmed that polypropylene had the lowest absorption in the region we were interested
in. Polypropylene was also selected because it was supposed not to have many
spectral lines in the region we were looking at. The samples used in this experiment
were very thin so they had to be protected from anything that could affect them. Metal
rings were used to secure the substrate. The range of diameters of these rings was
between 2 and 6cm. In the preliminary experiments (data not shown), cyanoacrylate
(super glue) was used to seal a ring onto the substrate, and then it was placed for about
30 minutes in an oven at 50°C. In later experiments, we found that vacuum grease was
better than super glue or varnish in terms of leakage and protecting the samples. The
substrate was very sensitive; therefore, care had to be taken to avoid any ripping.
Finally, the sample was placed in the centre of the substrate and then two rings were
fully glued to each other with the sample between them. Care was also taken to ensure

that the sample was hydrated and in the correct position.

115



Tariq A Alhamad | 2012

5.2.2 Preparation of the cornea

As mentioned in Chapter 2, ovine eyes were obtained from the abattoir at

Cinderford, Gloucestershire, within hours of death, and were usually fresh. By using a

scalpel we dissected the cornea from the eye (treated or non-treated) with its sclera rim.

Because we needed very thin samples, we cut a small thin layer from the cornea (the

thickness depended on the experiment type) using the Sledge Microtome (Microm HM

440E (Thermo Fisher, UK)). The cutting procedure was as follows:

1-

2-

The machine was turned on and the temperature reduced to -16°C.

It was ensured that the blade was in a tight secure position by locking it at the

beginning of the procedure.

A small amount of water was applied to the platform to build up a dome of ice on

which to place the cornea.

It was necessary for the dome of ice to be as close as possible to the cornea in
shape, so that when the cornea was placed on it, the cornea maintained its

original shape.

After adjusting the cornea on the dome carefully, the platform was covered with
laboratory plastic glass (to protect the sample during temperature changes), then

the temperature was decreased to -30°C.

When the temperature reached -30°C, and it was confirmed that the cornea was

frozen, the knife was adjusted carefully, to the very anterior edge of the cornea;
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8-

an appropriate depth of cut was chosen in order to have a specific thickness of

the sample.

The cutting was continued until a small hole appeared in the centre of the

sample.

After this hole appeared, the temperature was increased to melt the ice and

remove the remaining tissue for disposal.

Finally, the selected sample was placed between two layers of substrate (as
mentioned previously) and sealed between them using super glue

(cyanoacrylate).

In this experiment we had two groups, a control group and a treated group. The

preparation of the riboflavin solution and the treatment procedure were carried out

exactly as explained in Section 2.5.2. The same procedure was carried out on both

treated and control samples in terms of sample cutting and placement in the substrate.
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5.3 Results

5.3.1 Substrate Choice:
As mentioned previously, in Section (5.2.1), we used three different substrates to

investigate which of them was more suitable for use in this experiment.

In Figure 5.2, it can be seen that we used IR to observe the absorption bounds

for these three substrates. It is apparent that polypropylene and Mylar (3.3 wnand 0.9
wn respectively) have low absorption in the IR. In contrast, clingfilm has a higher

absorption in the IR, therefore, clingfilm was excluded before making any comparison
between them. By using two layers of the substrate to hold the sample between them,
we were able to measure two layers of the substrate together and the final results are

presented in Figure 5.3.

After excluding the clingfilm, we compared the absorption of Mylar and
polypropylene (Figure 5.3) and found that, in the fingerprint region of the corneal
collagen, Mylar has strong absorption features. On the other hand, polypropylene has
absorption features around the region where CH, and CHjz; are located. In this
experiment, therefore, polypropylene was used. Before moving to the next part of the
results, it should be noted that the transmission of Mylar appears to go to 1 which is
impossible. This may have been due to some problem with the spectrometer, but was

more likely due to the thickness and/or the hydration of the Mylar.
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Figure 5.2: The absorption of Mylar, polypropylene and clingfilm (y-axis represent the transmission of
substrates and x-axis represent the wavenumber).
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Figure 5.3: A reference of polypropylene and Mylar substrate to demonstrate the choices of substrate
made. Mylar has a strong absorption feature between 1000 and 1800; therefore, Polypropylene is more
suitable for investigations in this region. However, Polypropylene has a strong absorption feature between
2700 and 3100; therefore, Mylar is more suitable for investigations in this region.

5.3.2 Sample Thickness

After choosing a suitable substrate, we then looked at sample thickness to
decide which thickness we should use in this experiment. Two different thicknesses
were investigated, 100um and 200um. Figure 5.4 shows that samples with thickness
200um in the fingerprint region were almost drowned out due to saturation. Due to the
200um thickness results, we decided to use a sample with maximum thickness of
100um. Ideally we needed to use a sample of 50um thickness (in a previous study by
Catherine Jackson in 2008, it was shown that at 50um the transmission is much

greater).
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Figure 5.4: Comparison of 100 and 200um Ovine Cornea in the central region

5.3.3 Depth of section
Before moving to the treated and untreated sections, we had to know if the depth
from where the section was removed from the sample affected the absorption features

or not.

Figure 5.5 indicates that the absorption features become stronger in the deeper
layers. It is also shows that the spectra of the two samples, at depths 200um and
300um, appear almost flat and are saturated between 3,000 and 4,000cm™. If this is a
correct outcome (as the spectrometer would occasionally overheat and stop working
which would have caused these anomalies), then there should be no lower absorption

than this; however, the samples with depth 400um and 500um appear lower than this.
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Figure 5.5: Comparsion of the absorption features depending on the depth of the section.
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5.3.4 Comparing treated and untreated samples

This experiment included 20 samples (10 treated and 10 untreated) and similar

results were achieved from all treated samples and untreated samples. Therefore, four

samples (two treated and two untreated) are presented in Figure 5.6 to compare the

treated and untreated results.
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Figure 5.6: Comparsion between treated and untreated samples.

Figure 5.6 shows clearly that the treated sample is saturated in both regions; this

means that there are some structural changes that have occurred in the treated sample.
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However, we cannot clearly distinguish between structural differences and
hydration effects. Therefore, we decided to dehydrate the samples to reduced the water

content and repeat our measurements.

5.3.5 Effect of tissue hydration and substrate

Another important factor needs to be taken into account; the hydration of
samples was a fundamental problem that could affect our measurements. This is
because water is highly absorbing of IR radiation. Having excised the whole eye from in
vivo, the cornea became swollen, which resulted in a reduction in its corneal

transparency.

On the other hand, the sample would become dehydrated after we sectioned the
cornea. However, directly after we cut it, we placed the sample between two rings of

substrate and sealed them together using vacuum grease.

Therefore we decided to dehydrate the specimens. When doing a dehydrated
sample, we have the added advantage of no longer requiring a supporting
medium/substrate (polypropylene) as the sample was strong enough to stand alone.
Therefore there was no need to ratio out background effects. Data in figure 5.7 shows

results for free-standing untreated and treated corneas.
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Figure 5.7: The effect of hydration and substrate in the sample absorption.

We left the samples a long time (two weeks) for complete dehydration but, as
with the hydrated tissue, the peaks were less strong for the treated sample. This
suggests that it was the substrate that was drowning out the features in the hydrated
samples. However, it is interesting that, for the same thickness of sections, all untreated
specimens saturated whereas all treated specimens did not. This suggests that there
may be some structural changes that occur to the cornea after cross-linking treatment,
but the fact that the untreated samples were still saturated even after dehydration does

not allow us to be certain about this.
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5.4 Discussion

Corneal collagen cross-linking with riboflavin and UV is a quantum leap in vision
research. It shows a significant increase in the stability of the cornea after treatment;
however, to date it is not yet approved by the NHS. Previous study have shown good
results with treated keratoconus patients and demonstrated an increase in the
biomechanical properties of the cornea (Wollensak et al. 2003a and 2003b). Therefore,
research in this field should continue to be carried out to provide better understanding of

cross-linking treatments.

In this study we investigated the structural changes in the cornea, after treating it
with riboflavin and UV, by comparing the IR spectra between normal corneas and cross-
linked corneas. The molecular structure of the treated corneas was changed after
treatment; however, it was not a significant change built upon significant structural

changes.

Unfortunately, the experiment was confounded by a number of experimental
problems, such as hydration of the sample, the instrumentation and the thickness of the
sample. Due to these factors there were not enough reliable data to allow any statistical
analysis to be carried out. Therefore, if repeating this experiment or doing any similar
investigation, samples woud have to be prepared that are much thinner - maybe by a
factor of 10, so up to 20um thickness. In this way absorption features will be well
defined and mathematical fitting techniques (Gaussian line-shape fitting) could be
applied. Then, for statistical analysis, many samples of treated and untreated corneas of

similar thickness would need to be measured. It would then be possible to correct the
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data for thickness variation; then a basic analysis of depth, width, frequency location of
absorption peaks could be done. If the above is diificult to achieve and all corrected
spectra look similar, then more detailed mathematical fitting tools could be applied, such

as Principle Component Analysis.

Despite the problems encountered, our results did indicate that if changes in the
absorption features do occur after crosslinking, they are only small. This suggests that
the large changes that are known to occur in the structural stability of the cornea arise
from only small changes in the number of cross-linkages. Thus, further studies to
compare keratoconus corneas before and after cross-linking are required to determine
structural changes in the cornea before and after cross-linking, and also to observe the

amount of change in absorption features.
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Chapter 6: An investigation of trans-epithelial stromal Riboflavin
absorption with Ricrolin TE ® (Riboflavin 0.1% with trometamol and
sodium EDTA) using spectrophotometry.

6.1 Introduction

Keratoconus is a non-inflammatory, degenerative disorder characterized by
corneal stromal thinning with resultant conical ectasia, irregular astigmatism and visual
loss (Krachmer et al. 1984). Its patho-physiology is not understood and is thought to
include biochemical, physical and genetic factors. It is likely that keratoconus is the final
common pathway for several different disorders. It is the commonest corneal dystrophy
and affects around 1 in 2000 individuals (Ucakhan et al. 2006). Mild and sub-clinical
cases may be effectively corrected with spectacles and soft toric contact lenses. In
moderate and advanced cases, rigid contact lenses are necessary to provide adequate
visual rehabilitation. Progressive disease can result in severe ectasia with corneal
scarring and associated contact lens intolerance and/or inefficacy. Surgical intervention
in the form of corneal transplantation is required in 10-25% of cases (Javadi et al. 2005;

Reeves et al. 2005; Mamalis et al. 1992; Al-Yousef et al. 2004).

Over the past decade a new therapeutic modality Riboflavin (vitamin
B,)/ultraviolet A (UVA) (370nm) corneal collagen cross-linkage (CXL) has been
developed, which is thought to induce cross-linking of stromal collagen photo-chemically
(Andley U et al. 1992). It appears to be the first treatment which can stabilize the
keratoconic process (Wollensak 2006). Laboratory studies have shown CXL to increase

the stress-strain measurements of corneal tissue and augment its resistance to
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enzymatic digestion, thermal damage and hydration (Wollensak et al. 2003b, Spoerl et

al. 2000, Spoerl et al. 2004a and 2004b; Wollensak G et al. 2007).

Riboflavin is a key component of this photochemical cross-linking process. It acts
both as a photosensitiser for the production of oxygen free radicals to activate the
cross-linking process (Andley et al. 1992) and concentrates and absorbs the UVA
irradiation within the stroma to prevent damage to deeper ocular structures such as the
endothelium, lens and retina (Wollensak et al. 2003a and 2003b; Spoerl et al. 2007;
Spoerl et al. 1998). Riboflavin is a hydrophilic compound and cannot easily cross the
intact epithelial barrier. Spoerl et al demonstrated the need for complete central
epithelial debridement to allow adequate stromal absorption of Riboflavin, identifying no
alteration in the biomechanical properties of corneal tissue where the technigque had
been performed with the epithelium intact (Spoerl et al. 1998). On the basis of this
preliminary study, the epithelium was removed prior to corneal Riboflavin administration

in the first published clinical studies (Wollensak 2006 and Wollensak et al. 2003a).

Despite this recommendation a number of clinicians have elected to perform the
technique with the epithelium intact or partially disrupted in order to reduce post-
operative discomfort and speed visual recovery (Chan et al. 2007; Samaras and Lake
2010). The use of multiple applications of tetracaine 1% to attempt to loosen epithelial
tight junctions has been advocated by some (Chan et al. 2007). Others have employed
limited full-thickness epithelial debridement in a grid-like pattern, with islands of intact
epithelium to facilitate more rapid post-operative epithelial healing (Samaras and Lake

2010).
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In two previous publications (Hayes et al. 2008; Samaras et al. 2009), authors
indirectly measured stromal Riboflavin absorption using spectrophotometry following
complete epithelial debridement, superficial epithelial trauma or no epithelial trauma
with concomitant administration of topical tetracaine 1% and with and without UVA
exposure (Hayes et al. 2008) and investigated techniques to assist Riboflavin uptake by
either loosening the epithelial tight junctions with application of 20% Alcohol solution or
by removing the epithelium in a grid pattern rather than complete debridement
(Samaras et al. 2009). These results indicated that complete removal of the epithelium
was essential to permit adequate absorption of Riboflavin with all other tested

methodologies being insufficient.

In this present study we investigated the use of a specially formulated Riboflavin
solution, RICROLIN TE® (RTE) (Sooft Italia S.p.A.), in which, two enhancers,
trometamol (Tris-(hydroxymethyl)aminometane) and Sodium
Ethylenediaminetetraacetic acid (EDTA) have been added to help Riboflavin penetrate
into the corneal stroma through an intact epithelium. We employed spectrophotometry
to indirectly measure Riboflavin stromal absorption in ex-vivo rabbit corneas and

porcine corneas.
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6.2 Materials and Methods

Seventy animal eyes were transported from a local abattoir within 24 hours of

death (thirty-five porcine eyes and later on thirty-five rabbit eyes). A visual examination

of each specimen for the presence of corneal scarring or opacity was undertaken.

In the first set of experiments we used porcine corneas to investigate transepithelial

stromal riboflavin absorption with Ricrolin TE by analyzing light transmission properties

of these ex-vivo porcine corneas. However, we decided to repeat this experiment and

use ex-vivo rabbit corneas instead of porcine corneas; the reasons for repetition and

using different tissue were:

1)

2)

3)

4)

The two control groups (no treatment and intact epithelium and riboflavin TE)
showed statistically significant higher transmission at all measured wavelengths
and we thought that because we measured these control eyes first it may
represent a hydration problem with the porcine eyes from the abattoir.

The preliminary experiments convinced us that it was necessary to set up all the
eyes on the bench at the same time and expose all eyes for the same time.

In the repeat experiment we decided to randomly measure the eyes with the
spectrophotometer, rather than measuring them in groups
(because randomly measuring the eyes should negate errors such as may be
caused by the spectrophotometer as it warms up etc).

We decided to use rabbit eyes rather than porcine eyes. The epithelium is very
thick in porcine eyes; rabbit epithelium is much thinner. We were supplied with

fresh rabbit eyes (within 12 hours of death), thus eliminating the hydration
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problems encountered by using porcine eyes from the abattoir.
Twenty-eight eyes were selected from each group for inclusion in the study
(initially from the porcine group then later from the rabbit group) and divided into

the following treatment regimens:
1. Controls: Balanced saline 0.9% drops (BSS) were administered to 4 eyes every
three minutes for 1 hour. Tetracaine 1% drops were also administered every 5 minutes

for the first 30 minutes.

2. RTE, intact epithelium: In order to improve riboflavin penetration and retention, a
specially designed ring-shaped silicone container (Fig. 6.1), 12 mm in diameter, 3 mm
high, with a flange 2 mm wide and 0.3 mm thick at its base was placed over the cornea.
In vivo this device also obviates the need for a blepharostat. RTE drops were then
administered every three minutes for 1 hour to 4 eyes. Tetracaine 1% drops were also

administered every 5 minutes for the first 30 minutes.

3. RTE, superficial grid-pattern epithelial trauma: Prior to administration of RTE
drops a 27 gauge canella was used to create superficial scratches over the corneal
surface (10 horizontally and 10 vertically) in a grid pattern in 4 eyes. Following
placement of the silicone ring container, RTE drops were administered every three
minutes for 1 hour. Tetracaine 1% drops were also administered every 5 minutes for the

first 30 minutes.

4. RTE, central epithelium completely removed: Prior to administration of RTE drops
a scalpel blade was used remove the epithelium over the central cornea with a diameter

of approximately 8.00 millimteters (mm) in 4 eyes. Following placement of the silicone
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ring container, RTE drops were administered every three minutes for 1 hour. Tetracaine

1% drops were also administered every 5 minutes for the first 30 minutes.

5. Ricolin ® (Riboflavin 0.1%, dextran T500) (Rnorm), intact epithelium: Following
placement of the silicone ring container, Rnorm drops were administered every three
minutes for 1 hour in 4 eyes. Tetracaine 1% drops were also administered every 5

minutes for the first 30 minutes.

6. Rnorm, superficial grid-pattern epithelial trauma: Prior to administration of Rnorm
drops a 27 gauge canella was used to create superficial scratches over the corneal
surface (10 horizontally and 10 vertically) in a grid pattern in 4 eyes. Following
placement of the silicone ring container, Rnorm drops were administered every three
minutes for 1 hour. Tetracaine 1% drops were also administered every 5 minutes for the

first 30 minutes (this treatment for rabbit corneas only).

7. Rnorm, central epithelium completely removed: Prior to administration of Rnorm
drops a scalpel blade was used remove the epithelium over the central cornea with a
diameter of approximately 8.00 millimteters (mm) in 4 eyes. Following placement of the
silicone ring container, Rnorm drops were administered every three minutes for 1 hour.

Tetracaine 1% drops were also administered every 5 minutes for the first 30 minutes.

Prior to treatment to minimize any possible effects in light transmission caused
by differences in stromal hydration and thickness, central corneal pachymetry
(Pachmate DGH55, DGH Technology Inc., PA, USA) was performed in all rabbit eyes

and only those within 50 micrometres (um) of 400um were included.
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Figure 6.1: Silicone container

Immediately following treatment each cornea was washed with BSS for 10-15
seconds. A 3mm scleral rim was dissected from the globe and placed into a specially
designed sample holder (as described in chapter 2). The natural curvature of the
cornea was maintained by clamping the scleral rim within the sample holder and
injecting silicone oil (Dow Corning 200/5cS, BDH Laboratory Supplies, Poole, UK) into
the chamber behind it. Silicone oil was also injected into the front chamber of the holder
so as to maintain a uniform refractive index and reduce light scatter (Kostyuk et al.
2002). The sample holder was then positioned into the spectrophotometer (PYE
Unicam, SP8-100 UV/VIS) in such a way that light passed through the centre of the
cornea in the anterior-posterior direction. The optics of the unit and the aperture were
set to give a slit of (no larger than) 1x1mm on the surface of the cornea i.e. at the point
where the centre of the cell lies, and it was ensured that the cell lay such in the path
length that the beam was always incident on the centre. A transmission spectrum was
measured for each cornea at 10nm intervals within the range of 400 to 700nm. Although
this spectrum is within the visible spectrum, it is outside the treatment wavelength of
350 to 380nm. However, it does include one of the peak absorption spectra of

Riboflavin at 400 to 490nm and is therefore entirely relevant in its aspiration to detect
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changes in light transmission due to stromal absorption of Riboflavin. Using the method
detailed by Kostyuk et al. (2002), the transmission spectrum for each sample was
normalised against a baseline transmission spectrum of the chamber filled with silicone
oil. A further transmission spectrum over the same wavelength range (400-700nm) was

obtained for the Rnorm solution alone.

Student t-tests were used to compare transmission values. Results with p<0.05

were considered statistically significant.

6.3 Results

6.3.1 Porcine corneas

As mentioned, the initial experiments were carried out using porcine eyes. Figure
6.2 shows the difference in light transmission in porcine corneas between these 6
groups (controls, intact epithelium and RTE, superficial grid trauma and RTE, central
epithelial debridement and RTE, intact epithelium and Rnorm, central epithelial
debridement and Rnorm). The results showed the effects of penetration of Rnorm and
RTE (minimum near 450nm) but seemed to suggest that transmission levels vary at
higher wavelengths between the groups. This was likely due to experimental artifact
and so, for the reasons previously mentioned, we switched to rabbit corneas, modifying

the protocols as described above.
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Transmission spectra for the porcine eyes

== Control

== Intact + RTE

—— Remove +
Enorm

e [1ibACE + BDOTTM

e Remove + RTE

——Superficial +
RTE

400 450 500 550 600 650 T00
Wavelength of light {nm)

Figure 6.2: Transmission spectra for the six porcine groups.

6.3.2 Rabbit corneas

There were no differences in the central pachymetric measurements between the
treatment groups. Central corneal thickness was 401.2um +/- 25.8 for group 1
(controls), 400.4um +/- 22.7 for group 2 (Intact epithelium and RTE), 413.2um +/- 26.2
for group 3 (superficial grid trauma and RTE), 404.3um +/- 25.9 for group 4 (central
epithelial debridement and RTE), 406.8um +/- 23.3 for group 5 (superficial grid trauma
and Rnorm), 409.7 +/- 32.1 for group 6 (Intact epithelium and Rnorm) and 422.2 +/-

19.5 for group 7 (central epithelial debridement and Rnorm).

Control corneas showed a gradual increase in light transmission between 400
and 700nm in a similar manner to previous studies (Hayes et al. 2008; Samaras et al.

2009) (figure 6.3). Similar light transmission spectra to control eyes were seen in group
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2 (RTE, intact epithelium) (Figure 6.3), group 5 (Rnorm, intact epithelium) and group 6
(Rnorm, superficial grid-pattern epithelial trauma) although there was a slight dip in
transmission between 400 and 490nm (Figure 6.3), which was greater in group 6
compared to groupsl, 2 and 5 (p<0.001). In group 3 (RTE and superficial epithelial
trauma) there was a more pronounced dip in light transmission between 400 and 490

nm compared to groups 1,2 and 5 and eyes in group 6 (p<0.00001) (Figure 6.3).

Transmission spectra for rabbit eyes
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Figure 6.3: Transmission spectra for the seven rabbit treatment groups.

Direct observation of the eyes in group 3 showed an obvious central
homogeneous yellow discoloration of the central corneal stroma consistent with
Riboflavin absorption (Figure 6.4a) and also present in the eyes of group 4 (Figure
6.4b). However, it was not present in the eyes of group 2 (Figure 6.4c), or group 6

(Figure 6.4d). The dip in light transmission between 400 and 490nm in group 3 was less
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than that in eyes for which epithelial removal was complete in groups 4 and 7
(p<0.0001), where the spectrum showed a similar pattern to that of the RTE solution
(figure 6.5). Interestingly, there also appeared to be a greater dip in light transmission
between 400nm and 490nm for eyes in group 4 (RTE, complete epithelial removal)

compared to group 7 (Rnorm, complete epithelial removal) (p<0.0001).

Figure 6.4a: Colour photograph of rabbit cornea with superficial epithelial scratches and RTE for 60
minutes. There is an obvious homogeneous yellow discoloration of the central cornea consistent with

Riboflavin stromal absorption.

Figure 6.4b: Colour photograph of rabbit cornea with removed epithelium layer and RTE for 60 minutes.
There is an obvious homogeneous yellow discoloration of the central cornea consistent with Riboflavin

stromal absorption.
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Figure 6.4c: Colour photograph of rabbit cornea with an intact epithelium receiving RTE for 60 minutes.

Most of the central cornea is clear.

Figure 6.4d: Colour photograph of rabbit cornea with a superficial scratches and Rnorm for 60 minutes.

Most of the central cornea is clear with no homogeneous yellow discoloration.
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Figure 6.5: Light transmission spectrum of riboflavin solution.
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6.4 Discussion

Riboflavin/lUVA corneal collagen cross-linkage is the first treatment modality that
appears to halt the progression of keratoconus and post-keratorefractive surgery
ectasia (Wollensak 2006; Wollensak et al. 2003a). Riboflavin increases UVA absorption
in the cornea up to 95% (Spoerl et al. 2000), thereby optimizing the cross-linking
process and protecting internal ocular structures such as the endothelium (Wollensak G
et al. 2003c; Spoerl et al. 2007). Published clinical and laboratory studies have
advocated the complete removal of the central epithelium to allow adequate penetration
of the riboflavin into the corneal stroma (Wollensak 2006; Wollensak et al. 2003a;
Spoerl et al. 2000; Spoerl et al. 2004a; Spoerl et al. 2004b; Wollensak et al. 2007,

Wollensak et al. 2003b; Spoerl et al. 2007; Spoerl et al. 1998).

Removal of the epithelium, however, whilst simple to perform is associated with
considerable early post-operative discomfort and reduced visual performance.
Therefore a number of clinicians have advocated performing cross-linking with the
epithelium intact or partially disrupted (Chan et al. 2007; Samaras et al. 2010).
Techniques described include multiple applications of topical tetracaine 1% (Chan et al.
2007) or benzalkonium chloride (Kissner et al. 2010) in an attempt to loosen epithelial
tight junctions and limited grid-pattern full-thickness epithelial debridement (Samaras et

al. 2010).

Previous publications, indirectly measuring stromal Riboflavin absorption using
spectrophotometry have demonstrated that complete removal of the epithelium appears

to be necessary to permit adequate absorption of Riboflavin with all other tested
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methodologies such as administration of topical Tetracaine 1%, 20% Alcohol application
or grid pattern epithelial removal being insufficient (Hayes et al. 2008; Samaras et al.

2009).

In this study spectrophotometry has been used to indirectly measure Riboflavin
stromal absorption. We investigated the use of a new formulation of Riboflavin, in which
trometamol (Tris-(hydroxymethyl)aminometane) and Sodium
Ethylenediaminetetraacetic acid (EDTA) had been added to help Riboflavin penetrate
through an intact epithelium into the corneal stroma. Our results showed that whilst the
light transmission spectrum was fairly similar between control eyes and those with a
completely intact epithelium and receiving RTE and Rnorm (figure 6.3), those eyes with
superficial epithelial scratches and treated with RTE showed a very significant and
obvious dip in light transmission between 400 and 490nm which corresponds to the light
transmission spectrum of the Riboflavin solution itself (figures 6.3 and 6.4a). These
results indicate that the administration of RTE, for 60 minutes, in the presence of
superficial epithelial scratches allows enough Riboflavin uptake into the corneal stroma
to very significantly alter its light transmission spectrum. Indeed visual inspection of the
corneas in this group showed an obvious homogeneous yellow discoloration of the
central cornea (figure 6.4a). This was in contrast to eyes with superficial corneal
epithelial scratches receiving Rnorm where the light transmission spectrum although
slightly reduced between 400 and 490nm was not dissimilar to controls (figure 6.3) and
visual inspection of the corneas showed only slight heterogenous yellow discoloration
(figure 6.4d). These changes are also in contrast to a previous published studies where

the use of full thickness epithelial scratches whilst achieving stromal Riboflavin
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absorption in the areas of complete thickness epithelial debridement did so in a non-
homogeneous manner with no obvious uptake in non-debrided areas (Samaras and

Lake 2010; Samaras et al. 2009).

We measured a greater dip in light transmission between 400nm and 490nm for
eyes with complete epithelial debridement and receiving RTE and Rnorm compared to
our group with superficial scratches and RTE. This does suggest greater stromal
Riboflavin uptake with complete epithelial debridement. Interestingly, we also found a
greater dip in light transmission with RTE compared to Rnorm in the presence of
epithelial debridement, suggesting that RTE facilitates Riboflavin absorption even in the

presence of epithelial removal.

At present, the optimum stromal concentration of Riboflavin for Riboflavin/lUVA
corneal collagen cross-linking is undetermined. In addition, our study has a number of
limitations as our measurements of stromal Riboflavin were indirect, the study eyes
were ex-vivo and rabbit eyes/corneas differ from human eyes with a thinner epithelium,
etc. However, our results indicate significant homogeneous stromal riboflavin absorption
with superficial epithelial grid-pattern trauma and RTE administration and that
avoidance of full-thickness large area epithelial debridement is likely to offer patients
significant advantages in terms of reduced pain, faster visual recovery and possibly
reduced incidence of post-operative infection. Administration of RTE and superficial
epithelial scratches allows sufficient Riboflavin stromal absorption to alter the
transmission spectra of ex-vivo rabbit corneas. This did not occur with RTE or Rnorm
with an intact epithelium or Rnorm with superficial scratches. Further laboratory and

clinical studies are clearly indicated to evaluate the efficacy of this technique and to
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compare it to the standard procedure with complete epithelial removal both with Rnorm

and RTE.
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Chapter 7: Investigation of the influence of corneal cross-linking with
riboflavin and RTE on the biomechanical properties of the cornea to
determine the impact on the whole eye in measurements of corneal

biomechanics.

7.1 Introduction

In this chapter, a number of experiments were carried out to confirm or disprove
some of the results and inferences from previous chapters. In Chapter 6, we compared
Rnorm and RTE in terms of penetration and light transmission to detect whether there is
any difference between them, and to confirm whether or not we need to remove the
epithelium layer before cross-linking. In this chapter, we compare these crosslinking
promoters in terms of their effects on corneal biomechanics to see how these results

can support our results in that chapter.

Over recent years, some groups (Spoerl et al. 1998; Wollensak et al. 2003b;
McCall et al. 2010; Kling et al. 2010) have investigated the corneal properties ex-vivo
after CXL, and have shown how the cornea becomes more stable after treatment. On
the other hand, measurement of corneal stability after CXL in vivo was usually done by
observing the corneal topography reading (which is a mean indirect measurement of the
biomechanical properties of the cornea). However, 2005 saw the arrival of the Ocular
Response Analyzer (ORA) which provides two biomechanical parameters of the cornea,
CH and CRF; as seen in earlier chapters, this has allowed measurements of corneal

biomechanical properties in vivo.
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Goldich et al. (2009) and Spoerl et al. (2011) demonstrated that there is no
significant change in the biomechanical properties of the cornea after corneal cross-
linking with Riboflavin (Rnorm) and UVA measured by the ORA. However, Spoerl et al.
found a significant change in the peak 2 area which increased by 35% one year after
cross-linking. In this chapter we look at the differences in parameters and signals by
using ORA and determine whether the new riboflavin (RTE) affects the measurement of
corneal biomechanics or not. Specifically we examine the superficial grade group, as
there was a significant difference in light transmission between them, so there may also
be some difference in their biomechanical properties. In addition, we took the
opportunity to investigate if crosslinking in dark conditions makes any difference to the

usual method of crosslinking in natural daylight.

In a different context, we found a significant reduction in CH and CRF in post-
LASIK patients compared to normals (see Chapter 4); however, we believe that this
reduction after surgery is not due to a decrease in the biomechanical properties of the
cornea but is because of a reduction in central corneal thickness (CCT); therefore, the
CH and CRF decreased as they have a strong positive relationship with CCT. In this
chapter, we have measured CH and CRF before and after a laser in situ keratomileusis-
like flap procedure to confirm our assertion that the flap has no significant effect on the

biomechanical properties.
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7.2 Materials and methods

Thirty-eight fresh ovine eyes were included in this study and were divided into 9

groups:

Group 1 (Control; n= 6).

Group 2 (Rnorm +UVA; n = 4).

Group 3 (RTE + UVA; n =4).

Group 4 (Rnorm in dark (No UVA) n = 4).

Group 5 (RTE in dark (No UVA) n = 4).

Group 6 (Rnorm + superficial; n = 4).

Group 7 (RTE + superficial; n = 4).

Group 8 (Before LASIK-flap; n = 4).

Group 9 (After LASIK-flap; n = 4).

The new ORA software (2.04) was used to measure CH and CRF before/after
treatment, before/after creating the flap and before/after excising the cornea from the

whole eye.

Laser in situ keratomileusis-like flaps were created by using mickrokeratome (Bausch

and Lomb Hansatome Microkeratome).

In the first part of this study and before treating any eye, all eyes were checked

and it was confirmed that they did not have any ocular disorder. Immediately afterwards,
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cross-linking with Rnorm and RTE was performed according to the standard procedure

described in Chapter 2 (General materials and methods).

After completion of the treatment, four measurements were taken by using ORA,

and the best signal which had the highest WS (wavescore) was chosen.

Student t-tests were used to compare values before and after cross-linking; the
results with p<0.05 were considered statistically significant. To study the relationship and

the differences between values, a Pearson correlation coefficient was calculated.

7.3 Results

Figure 7.1 shows that neither CH nor CRF are significantly altered after
crosslinking using either Rnorm (7.1a) or RTE (7.1b). Furthermore, there were no
differences using either Rnorm or RTE; the mean CH and CRF for Rnorm were 12.13 +
2.9 and 11.82 + 1.9, respectively and for RTE were 12.36 + 1.7 and 11.74 =+ 1.4

respectively.
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Comparison between control and Rnorm
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Figure 7.1a: The biomechanical properites of the cornea before and after CXL with Rnorm
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Figure 7.1b: The biomechanical properites of the cornea before and after CXL with RTE
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However, the shape of the ORA signals was affected, where more noise and a

flatter signal appeared after the treatment (Figure 7.2a and 7.2b).

Figure 7.2a: The signal before CXL

Figure 7.2b: The signal after CXL
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The biomechanical properties were also measured after crosslinking in the dark
(i.e.without any light, neither UVA or visible) using Rnorm and RTE, to investigate
whether UVA or normal blue light affected the measurements, but our results showed
no significant change between them (p > 0.1) (Figs. 7.3a, 7.3b). The mean CH for
Rnorm in the dark was 11.87 + 2.4 and 11.64 + 2 for RTE. The CRFs were very close at

11.53 £ 2.1 and 11.39 + 1.9, respectively.
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Figure 7.3a: The biomechanical properites of the cornea in dark (Rnorm)
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Figure 7.3b: The biomechanical properites of the cornea in dark (Rnorm)

As we found a statistically significant difference between Rnorm and RTE in the
superficial grid group in terms of light transmission, we decided to compare the
differences in their biomechanical properties. Firstly, these results confirm that there
was not a significant difference between the removed epithelium group and the
superficial grid group in CH and CRF values, whether using Rnorm or RTE. Secondly,
our results show that both biomechanical properties for the superficial grid group with
RTE were higher than those for the Rnorm group; however, it was not a significant
difference (p > 0.01)(Figs. 7.4a, 7.4b); the mean CH was 10.54 + 2.3 for Rnorm and

10.85 + 1.6 for RTE, CRF was 9.88 + 2.4 for Rnorm and 10.17 + 1.8 for RTE.
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We showed in Chapter Four in this thesis that the reduction in the measured
biomechanical properties of the cornea is caused by the decrease in central corneal
thickness, which means that the flap itself does not affect measurements of CH and
CREF. To confirm this, we measured the CH and CRF before and after creating a laser in
situ keratomileusis-like flap. We found that there was no statistically significant change
after making the flap (before: CH =11.51 + 1.4, CRF =11.12 + 1.7; after CH = 11.32 £
1.8, CRF =11.17 + 1.5) (Fig. 7.5). However, there was clear noise and no clear/smooth

signal which could be detected after creating the flap (Fig. 7.6a and 7.6b).

Comparison before and after LASIK-flap
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Figure 7.5: The biomechanical properites of the cornea before and after LASIK-flap
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Figure 7.6a: Signal before LASIK-flap

Figure 7.6b: Signal after LASIK-flap

Figure 7.7a and b shows a general comparison between all these groups and

demonstrates that there were no statistically significant differences between them.
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Comparison of CH in all groups
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Comparison of CRF in all groups
14 -
o 12 -
I
£
£ 10 -
8
= 8 -
]
1]
£ 6
o
g4
=
o 21
0
Control Rnorm Rnorm Befor After Rnorm
dark dark flap flap superficial superf|C|aI

Figure 7.7b: CRF of all groups
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7.4 Discussion

From their in vitro studies, Wollensak et al. (2003b) stated that the biomechanical
properties of the cornea are affected after the crosslinking procedure and that the
biomechanical rigidity of the cornea increases by 300% after irradiation. In another
experiment (Wollensak et al. 2004), the researchers believed that the collagen fibrils'
diameters increase after the procedure. However, these rigidity measurements were not
made using the ORA but by using a tensometer (i.e. they were biomechanical stress-
strain measurements); this is because Wollensak believed that ORA is not the
appropriate machine for measuring corneal biomechanics because it measures corneal
biomechanics in the sagittal direction only, unlike biomechanical stress-strain
measurements which are taken in the tangential direction as well. In this respect maybe
it is not surprising that neither CH nor CRF values showed any significant changes after
cross-linking with Rnorm which is consistent with some previous reports by Goldich et
al. (2009) and Spoerl et al. (2011). However, we went further in this investigation by
cross-linking with RTE (besides Rnorm) and we showed, for the first time, that although
there was a significant difference between Rnorm and RTE in the spectrum of light
transmission, there was no significant difference in the biomechanics of the cornea as
measured by the ORA (either after superficial grid or epithelial removal). However, clear
noise appeared in the applanation signal after CXL, as can be seen in figure 7.2b and it
may be this noise that reveals more about the effects of crosslinking than the actual

values of CH and CRF.

The same procedure was performed on Groups 4 and 5, but in the dark to

investigate if diurnal light affects the CXL procedure or not, as we know that riboflavin is

156



Tariq A Alhamad | 2012

sensitive to light. The result showed a drop in the CH and CRF of the cornea in Groups

4 and 5 (in the dark); however, this was not a statistically significant reduction.

In Chapter 4 of this thesis we did a clinical study and one of our findings was that
the reduction in CH and CRF values was due to the lower than normal thicknesses of
the corneas after LASIK; therefore, we measured the biomechanical properties of the
cornea before and after creating a laser in situ keratomileusis-like flap. Our results in
this study are in agreement with our previous clinical study (in Chapter 4), which
indicated no significant changes after creation a LASIK-flap, confirming that the
reduction in the parameters after LASIK surgery is because of the reduction in corneal
thickness. However, we found a clear difference in the ORA signal before and after the
flap. This also indicates that the ORA signal seems to be more accurate than the CH
and CRF values in some cases and should be taken into account when measuring the
biomechanical properties of the cornea, especially in cases where the CH and CRF are

not affected or do not change significantly.
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Chapter 8: General Discussion and Concluding

Understanding the biomechanical properties of the cornea is a fundamental
requirement for developing a compatible understanding of overall ocular behaviour, and
response to some other factors caused by disease, before/after surgery. It is also
essential for establishing accurate medical devices for ocular behaviour, which have
several clinical and laboratory applications, including developing the accuracy of any
anterior segment machine, the treatment of refractive errors including contact lens and
refractive surgery, and follow-up after any ocular surgery.

The Ocular Response Analyzer (ORA) was produced by Reichert in 2005. This is
a non-contact tonometer that produces new parameters (CH and CRF) and it is
believed that these new parameters provide a measure of corneal biomechanics.
However, the true meaning of these new parameters and their relationship with some
more conventional biomechanical measures such as strength and rigidity is not yet fully
understood.

This thesis, however, has examined the clinical and laboratory areas where
corneal biomechanics, post-LASIK and corneal collagen cross-linking research are most
needed. However, it must be clarified that while work to investigate these areas is
needed, the biomechanical properties of the cornea cover a very large area which
cannot be covered in one thesis. Nevertheless, in this thesis, | have tried to cover it as
one coherent story which begins with general experimentation and moves on to more

specific and specialized experiments at the end.
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In this thesis | have shown for the first time that it is possible to obtain meaningful
results using the ORA from whole enucleated eyes, and this opens up the possibility of
using the ORA in controlled ex vivo studies, which will allow us to understand better the
relationship between CH measurements and conventional biomechanical properties,
such as stiffness and elasticity. Furthermore, | have shown that the ORA is designed to
measure one biomechanical property of the cornea, but the differences between
CH/CRF measurements from whole eyes in vivo and excised corneas in vitro suggest
that the measurements depend on the presence of other parts of the eye. This was
confirmed by making measurements on the same corneas before and after removal
from the eye. Combining in vivo measurements with in vitro measurements has allowed
me to compare the factors that influence the measurement of corneal hysteresis, the in
vitro data allowing a much wider range of experimental conditions to be examined, and
also allowing parameters to be adjusted within individual corneas. This showed clearly
which factors influence CH measurements and which do not.

After finishing this comprehensive study | conducted my second experiment, in
Chapter 4, which determined the relationship between corneal biomechanical
properties, anterior/posterior corneal curvature and peripheral/central corneal thickness
accompanying LASIK surgery. In this study | found, as expected, that the anterior radius
of corneal curvature increased after LASIK; however, there was no statistically
significant change in posterior corneal curvature. CH was significantly lower after
LASIK, as was peripheral corneal thickness. For the first time, this study has shown that
there is no significant correlation between CH and posterior corneal curvature in either

normal or post-LASIK subjects; however, it has shown that there is significant
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correlation between CH and peripheral corneal thickness in both normal and post-

LASIK patients. This experiment suggests three important points:

1) LASIK flaps do not affect the posterior layers of the cornea and visco-elastic
changes may be confined to the anterior layers.
2) The biomechanical properties of the tissue determined by the ORA do not
change significantly after LASIK.
3) The responses in pre- and post-LASIK are similar.
This experiment provided more comprehensive knowledge about the factors that are
related to changes in CH and shows some other factors that may influence the corneal

structure and biomechanical properties of the cornea, before and after LASIK.

Before doing the last two series of experiments (which concentrated on corneal
cross-linking), 1 did my third experiment, Chapter 5, an infra-red spectrometry study of
corneas cross-linked with riboflavin/Ultraviolet A. In this study | tried for the first time to
investigate the effect of corneal cross-linking at the molecular level. The final result of
this chapter was good, but not significant. This was partly due to a number of
experimental difficulties that were identified during each repeated attempt at this work. It
was concluded that the main confounding factor is the reduction of thickness of the
specimen needed to avoid saturation. For future work it was concluded that partial
drying of the sections or using a species with a much thinner cornea will produce good
results. Nevertheless, even from this preliminary work, it was clear that molecular

crosslinking should be detectable by this technique.
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After using normal riboflavin in Chapter 5, | investigated the use of a specially
formulated Riboflavin solution, RICROLIN TE® (RTE); for Chapter 6. | employed
spectrophotometry to measure Riboflavin stromal absorption indirectly in ex-vivo rabbit
corneas and porcine corneas. | showed that RTE can penetrate the epithelium with
only partial removal of epithelial cells and so may represent an improved and less

painful method of corneal crosslinking.

In the final results chapter in this thesis, Chapter 7, | aimed to cover any questions
that arose during our investigations and experiments in the previous chapters; however,
a new aim was added. This was a study investigating the influence of corneal cross-
linking with riboflavin and RTE on the biomechanical properties of the cornea. The
results showed that crosslinking did not affect the measured values of CH and CRF
whereas it is known to increase corneal rigidity. We concluded that the values of the two
biomechanical parameters output from the ORA may not fully describe the
biomechanical changes in the tissue, and other parameters, such as the shape and

noise level in the ORA curves, may need to be considered.
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Future work

The ORA is currently the only device that claims to measure corneal
biomechanical parameters in vivo. However, our results have indicated that additional
studies are needed to find more relations and associations between the corneal
biomechanical parameters measured by different devices. This should be easier now

that we have established the ability of the ORA to be used on excised eyes.

Some other factors need to be examined, these include the effect of swelling
(following sleep or wearing contact lenses) on corneal biomechanical behaviour,
changes in microstructure associated with the progression of diseases such as
keratoconus, the effects of long-term exposure to high levels of UVA in cross-linking,
the wound-healing process following surgery and whether stromal tissue is able to
regain its mechanical integrity after wound healing and determining if this healing is
affected by cross-linking procedures or not in different ways and devices. All these
effects must be quantified experimentally and/or clinically before they can be accurately

considered as fundamental factors.

162



Tariq A Alhamad | 2012

References

Abahussin M, Hayes S, Knox Cartwright NE, Kamma-Lorger CS, Khan Y, Marshall J
and Meek KM (2009) 3D collagen orientation study of the human cornea using X-ray
diffraction and femtosecond laser technology. Invest Ophthalmol Vis Sci. 50(11):5159-
64.

Agarwal A (2006) Keratectasia after LASIK. Cataract & Refractive Surgery Today
Europe. 2006; 41-44.

Aghamohammadzadeh H, Newton RH and Meek KM (2004) X-ray scattering used to
map the preferred collagen orientation in the human cornea and limbus. Structure
12(2):249-56.

Alio JL, Artola A, Hassanein A, Haroun H and Galal A (2005) One or 2 Intacs segments
for the correction of keratoconus. J Cataract Refract Surg 31: 943-953.

Al-Yousuf N, Mavrikakis |, Mavrikakis E and Daya SM (2004) Penetrating keratoplasty:
indications over a 10 year period. Br J Ophthalmol 88: 998-1001.

Amano S, Honda N, Amano Y, Yamagami S, Miyai T, Samejima T, Ogata M and Miyata
K (2006) Comparison of central corneal thickness measurements by rotating
Scheimpflug camera, ultrasonic pachymetry, and scanning-slit corneal topography.
Ophthalmology. 113(6):937-41.

Amoils SP, Deist MB, Gous P and Amoils PM (2000) latrogenic keratectasia after laser
in situ keratomileusis for less than -4.0 to -7.0 diopters of myopia. J Cataract Refract
Surg 26: 967-977.

Andley U (1992) Photo-oxidative stress In: Albert DM, Jakobiec FA, eds. Principles and
Practice of Ophthalmology, vol. 1, Philadelphia: WB Saunders, 575-590

Andreassen TT, Simonsen AH and Oxlund H (1980) Biomechanical properties of
keratoconus and normal corneas. Exp. Eye Research. 31: 435-441.

Argento C, Cosentino MJ, Tytiun A, Rapetti G and Zarate J (2001) Corneal ectasia after
laser in situ keratomileusis. J Cataract Refract Surg 27: 1440-1448.

Asejczyk-Widlicka M and Pierscionek B K (2007) Fluctuations in intraocular pressure
and the potential effect on aberrations of the eye. Br J Ophthalmol 91: 1054-1058.

163


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abahussin%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayes%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Knox%20Cartwright%20NE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kamma-Lorger%20CS%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Khan%20Y%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marshall%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aghamohammadzadeh%20H%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Newton%20RH%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amano%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Honda%20N%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amano%20Y%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yamagami%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miyai%20T%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Samejima%20T%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ogata%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miyata%20K%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miyata%20K%22%5bAuthor%5d

Tariq A Alhamad | 2012

Baek TM, Lee KH, Tomidokoro A and Oshika T (2001) Corneal irregular astigmatism
after laser in situ keratomileusis for myopia. Br J Ophthalmol 85: 534-536.

Bansal AK and Veenashree MP (2001) Laser refractive surgery: technological advance
and tissue response. Biosci Rep 21: 491-512.

Banwell C; McCash E (1994) Fundamentals of Molecular Spectroscopy, 4th Edition,
McGraw-Hill.

Barbara A, Shehadeh-Masha'our R and Garzozi HJ (2004) Intacs after laser in situ
keratomileusis and photorefractive keratectomy. J Cataract Refract Surg 30: 1892-1895.

Barkana Y, Gerber Y, Elbaz U, Schwartz S, Ken-Dror G, Avni | and Zadok D (2005)
Central corneal thickness measurement with the Pentacam Scheimpflug system, optical
low-coherence reflectometry pachymeter, and ultrasound pachymetry. J Cataract
Refract Surg. 31(9):1729-35.

Barraquer JI (1967) Keratomileusis. Int Surg 48: 103-117.

Bawazeer AM, Hodge W G and Lorimer B (2000) Atopy and keratoconus: a multivariate
analysis. Br J Ophthalmol 84: 834-836.

Beems EM and Best JA (1990) Light transmission of the cornea in whole human eyes.
Exp Eye Res. 50(4):393-5.

Best JA, Bollemeijer JG and Sterk CC (1988) Corneal transmission in whole human
eyes. Exp Eye Res. 46(5):765-8.

Binder PS, Lindstrom RL, Stulting RD, Donnenfeld E, Wu H, McDonnell P and
Rabinowitz Y (2005) Keratoconus and corneal ectasia after LASIK. J Cataract Refract
Surg 31: 2035-2038.

Blochberger TC, Vergnes JP, Hempel J and Hassell JR (1992) cDNA to chick lumican
(corneal keratan sulfate proteoglycan) reveals homology to the small interstitial
proteoglycan gene family and expression in muscle and intestine. J Biol Chem.
5;267(1):347-52.

Boote C, Hayes S, Abahussin M and Meek KM (2006) Mapping collagen organization in
the human cornea: left and right eyes are structurally distinct. Invest Ophthalmol Vis Sci.
47(3):901-8.

Boote C, Dennis S, Newton RH, Puri H and Meek KM (2003) Collagen fibrils appear
more closely packed in the prepupillary cornea: optical and biomechanical implications.
Invest Ophthalmol Vis Sci. 44(7):2941-8.

164


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barkana%20Y%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gerber%20Y%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Elbaz%20U%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schwartz%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ken-Dror%20G%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Avni%20I%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zadok%20D%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beems%20EM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Best%20JA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20Best%20JA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bollemeijer%20JG%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sterk%20CC%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Blochberger%20TC%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vergnes%20JP%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hempel%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hassell%20JR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boote%20C%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayes%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abahussin%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boote%20C%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dennis%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Newton%20RH%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Puri%20H%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d

Tariq A Alhamad | 2012

Boote C, Dennis S, Huang Y, Quantock AJ and Meek KM (2005) Lamellar orientation in
human cornea in relation to mechanical properties. Journal of Structural Biology. 149:1-
6.

Bores LD (2001) Refractive eye surgery2ed Ed.UK, Blackwell Science, Inc.

Boyce BL, Grazier JM, Jones RE and Nguyen TD (2008) Full-field deformation of
bovine cornea under constrained inflation conditions. Biomaterials 29: 3896-3904.

Braun E, Kanellopoulos J, Pe L and Jankov M (2005) Riboflavin \ ultraviolet A-
induced collagen cross-linking in the management of keratoconus. 10VS 46:4964.

Bryant M and McDonnell P (1996) Constitutive laws for biomechanical modeling of
refractive surgery. Journal of Biomechanical Engineering. 118:473-481.

Beuerman RW and Pedroza L (1996) Ultrastructure of human cornea. Microscopy
Research and Technique 33, 320-335.

Buehl W, Stojanac D, Sacu S, Drexler W and Findl O (2006) Comparison of three
methods of measuring corneal thickness and anterior chamber depth. Am J Ophthalmol.
141(1):7-12.

Buratto L, and Ferrari M (1997) Indications, techniques, results, limits, and
complications of laser in situ keratomileusis. Curr Opin Ophthalmol 8: 59-66.

Buratto L, Ferrari M and Rama P (1992) Excimer laser intrastromal keratomileusis. Am
J Ophthalmol 113: 291-295.

Buxton JN, Keares RH and Hoefle FB (1984) The contact lens correction of
keratoconus. In: Dabezies OH Jr, editor. Contact lenses: the CLAO guide to basic
science and clinical practice. Orlando: Grune & Stratton; 1984. pp. 1-55.

Buzard KA (1992) Introduction to bio-mechanics of the cornea. Refractive & Corneal
Surgery. 8:127-138.

Caporossi A, Baiocchi S, Mazzotta C, Traversi C and Caporossi T (2006) Parasurgical
therapy for keratoconus by riboflavin-ultraviolet type A rays induced cross-linking of
corneal collagen: preliminary refractive results in an Italian study. J Cataract Refract
Surg 32: 837-845.

Carlson EC, Liu CY, Chikama T, Hayashi Y, Kao CW, Birk DE and Funderburgh JL
(2005) Keratocan, a cornea-specific keratan sulfate proteoglycan, is regulated by
lumican. J Biol Chem 280: 25541-25547.

165


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Buehl%20W%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stojanac%20D%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sacu%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Drexler%20W%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Findl%20O%22%5bAuthor%5d

Tariq A Alhamad | 2012

Carpenter R H S (1977) Movements of the Eyes. Pion, london.

Chakravarti S, Magnuson T, Lass JH, Jepsen KJ, LaMantia C and Carroll H (1998)
Lumican regulates collagen fibril assembly: skin fragility and corneal opacity in the
absence of lumican. J Cell Biol 141: 1277-1286.

Chan CC, Sharma M and Wachler BS (2007) Effect of inferior-segment Intacs with and
without C3-R on keratoconus. J Cataract Refract Surg 33: 75-80.

Chen MC, Lee N, Bourla N and Hamilton DR (2008) Corneal biomechanical
measurements before and after laser in situ keratomileusis. J Cataract Refract Surg 34:
1886-1891.

Choi HJ, Kim MK and Lee JL (2004) Optimization of contact lens fitting in keratectasia
patients after laser in situ keratomileusis. J Cataract Refract Surg 30: 1057-1066.

Kling S, Remon L, Pérez-Escudero A, Merayo-Lloves J and Marcos S (2010) Corneal
biomechanical changes after collagen cross-linking from porcine eye inflation
experiments. Invest Ophthalmol Vis Sci. 51(8):3961-8.

Colin J and Velou S (2003a) Current surgical options for keratoconus. J Cataract
Refract Surg 29: 379-386.

Colin J and Velou S (2003b) Implantation of Intacs and a refractive intraocular lens to
correct keratoconus. J Cataract Refract Surg 29: 832-834.

Comaish IF and Lawless MA (2002) Progressive post-LASIK Kkeratectasia:
biomechanical instability or chronic disease process? J Cataract Refract Surg 28: 2206-
2213.

Corpuz LM, Funderburgh JL, Funderburgh ML, Bottomley GS, Prakash S and Conrad
GW (1996) Molecular cloning and tissue distribution of keratocan. Bovine corneal
keratan sulfate proteoglycan 37A. J Biol Chem. 19;271(16):9759-63.

Cowell BA, Wu C and Fleiszig S M J (1999) Use of an Animal Model in Studies of
Bacterial Corneal Infection; Animal Models of Human Vision. ILAR Journal V40 (2).

Danielsen CC (2004) Tensile mechanical and creep properties of Descemet's
membrane and lens capsule. Experimental Eye Research 79; 343-350.

Davson H (1984) The eye. 3" edition, Academic Press.

Davson H (1990) Physiology of the eye. 5th edition, Pergamon Press.

166


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kling%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Remon%20L%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9rez-Escudero%20A%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Merayo-Lloves%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marcos%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Corpuz%20LM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Funderburgh%20JL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Funderburgh%20ML%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bottomley%20GS%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Prakash%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Conrad%20GW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Conrad%20GW%22%5bAuthor%5d

Tariq A Alhamad | 2012

Del Buey MA, Cristobal JA, Ascaso FJ, Lavilla L and Lanchares E (2009)
Biomechanical properties of the cornea in Fuch’s corneal dystrophy. Invest.
Ophthalmol. Vis.Sci. 50, 3199-202.

Doutch J, Quantock AJ, Smith VA and Meek KM (2008) Light transmission in the human
cornea as a function of position across the ocular surface: theoretical and experimental
aspects. Biophys J. 95(11):5092-9.

Djotyan GP, Kurtz RM, Cabrera, D and Juhasz T (2001) An Analytically Solvable Model
For Biomechanical Response of the Cornea to Refractive Surgery. J. Refract. Surg.
123, pp. 440-445.,

Dubbelman M, Weeber HA, van der Heijde RG and Volker-Dieben HJ (2002) Radius
and asphericity of the posterior corneal surface determined by corrected Scheimpflug
photography. Acta Ophthalmol Scand. 80(4):379-83.

Duke-Elder S, Gloster J and Weale RA (1968) System of ophthalmology. Vol.4, The
physology of the eye and of vision . Mosby press.

Dunlevy JR, Chakravarti S, Gyalzen P, Vergnes JP and Hassell JR (1998) Cloning and
chromosomal localization of mouse keratocan, a corneal keratan sulfate proteoglycan.
Mamm Genome. 9(4):316-9.

Dunlevy JR, Beales MP, Berryhill BL, Cornuet PK and Hassell JR (2000) Expression of
the keratan sulfate proteoglycans lumican, keratocan and osteoglycin/mimecan during
chick corneal development. Exp Eye Res. 70(3):349-62.

Dupps WJ Jr (2007) Hysteresis: new mechanospeak for the ophthalmologist. J Cataract
Refract Surg 33: 1499-1501.

Edelhauser H (1994) Physiology. The cornea, Scientific foundations and clinical
practice. G. Smolin and R. Thoft. Boston, Brown and Company: 25-46.

Edmund C (1988) Corneal elasticity and ocular rigidity in normal and keratoconic eyes.
Acta Ophthalmol (Copenh) 66: 134-140.

Ehongo A, de Maertelaer V, Cullus P and Pourjavan S (2008) [Correlation between
corneal hysteresis, corneal resistance factor, and ocular pulse amplitude in healthy
subjects]. J Fr Ophtalmol 31: 999-1005.

El Maghraby A (1995) prospective randomized bilateral comparison of laser assisted in
situ keratomileusis and photorefractive keratectomy for myopia. Ophthalmol.
102(Suppl.):99.

167


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Doutch%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Quantock%20AJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smith%20VA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dubbelman%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weeber%20HA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20der%20Heijde%20RG%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22V%C3%B6lker-Dieben%20HJ%22%5bAuthor%5d
http://library.cardiff.ac.uk/vwebv/holdingsInfo?searchId=6064&recCount=10&recPointer=0&bibId=183453
http://library.cardiff.ac.uk/vwebv/holdingsInfo?searchId=6064&recCount=10&recPointer=0&bibId=183453
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dunlevy%20JR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chakravarti%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gyalzen%20P%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vergnes%20JP%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hassell%20JR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dunlevy%20JR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beales%20MP%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berryhill%20BL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cornuet%20PK%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hassell%20JR%22%5bAuthor%5d

Tariq A Alhamad | 2012

Elsheikh A, Alhasso D, Kotecha A and Garway-Heath D (2009) Assessment of the
ocular response analyzer as a tool for intraocular pressure measurement. J Biomech
Eng 131: 081010.

Elsheikh A, Wang D, Brown M, Rama P, Campanelli M and Pye D (2007) Assessment
of corneal biomechanical properties and their variation with age. Curr Eye Res 32: 11-
19.

Elsheikh A, Wang D, Rama P, Campanelli M and Garway-Heath D (2008) Experimental
assessment of human corneal hysteresis. Curr Eye Res 33: 205-213.

Ethier CR, JohnsonM and Ruberti J (2004) Ocular biomechanics and biotransport.
Annu. Rev. Biomed. Eng. 6:249-73.

Farrell RA, McCally RL and Tatham PE (1973) Wave-length dependencies of light
scattering in normal and cold swollen rabbit corneas and their structural implications. J
Physiol. 233(3):589-612.

Feder RS and Rapuano CJ (2006) The LASIK handbook: a case-based approach.
Lippincott Williams & Wilkins.

Fisher LW, Termine JD and Young MF (1989) Deduced protein sequence of bone small
proteoglycan | (biglycan) shows homology with proteoglycan Il (decorin) and several
nonconnective tissue proteins in a variety of species. J Biol Chem. 15;264(8):4571-6.

Fontes BM, Ambrosio R Jr, Alonso RS, Jardim D, Velarde GC and Nose W (2008)
Corneal biomechanical metrics in eyes with refraction of -19.00 to +9.00 D in healthy
Brazilian patients. J Refract Surg 24: 941-945.

Forrester J, Dick A, McMenamin P and Roberts F (2002) The eye: basic sciences in
practice2edEdinburgh, WB Saunders.

Franco S and Lira M (2009) Biomechanical properties of the cornea measured by the
Ocular Response Analyzer and their association with intraocular pressure and the
central corneal curvature. Clin Exp Optom 92: 469-475.

Freund DE, McCally RL and Farrell RA (1986) Effects of fibril orientations on light
scattering in the cornea. J Opt Soc Am A. 3(11):1970-82.

Freund DE, McCally RL, Farrell RA, Cristol SM, L'Hernault NL and Edelhauser HF
(1995) Ultrastructure in anterior and posterior stroma of perfused human and rabbit
corneas. Relation to transparency. Invest Ophthalmol Vis Sci. 36(8):1508-23.

168


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Farrell%20RA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCally%20RL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tatham%20PE%22%5bAuthor%5d
http://www.amazon.co.uk/s/ref%3dntt_athr_dp_sr_2?_encoding=UTF8&search-alias=books-uk&field-author=Christopher%20J.%20Rapuano
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fisher%20LW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Termine%20JD%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Young%20MF%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Freund%20DE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCally%20RL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Farrell%20RA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Freund%20DE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCally%20RL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Farrell%20RA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cristol%20SM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22L%27Hernault%20NL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Edelhauser%20HF%22%5bAuthor%5d

Tariq A Alhamad | 2012

Roy FH, Fraunfelder FW and Fraunfelder FT (2007) Roy and Fraunfelder’'s current
ocular therapy. SAUNDERS press.

Friend J and Hassell JR (1994) Biochemistry of the cornea. The cornea, Scientific
foundations and clinical practice. Boston, Brown and Company: 47-68.

Funderburgh JL, Corpuz LM, Roth MR, Funderburgh ML, Tasheva ES and Conrad GW
(1997) Mimecan, the 25-kDa corneal keratan sulfate proteoglycan, is a product of the
gene producing osteoglycin. J Biol Chem. 31;272(44):28089-95.

Fung YC (1981) Biomechanics: Mechanical properties of Living Tissues. Springer-
Verlag, New York, pp. 211.

Fyodorov SN and Durnev VV (1979) Operation of dosaged dissection of corneal circular
ligament in cases of myopia of mild degree. Ann Ophthalmol 11: 1885-1890.

Gartry DS, Kerr-Muir MG and Marshal J (1992) Excimer laser photorefractive
keratectomy. 18-month follow-up. Ophthalmology. 99(8):1209-19.

Geggel HS and Talley AR (1999) Delayed onset keratectasia following laser in situ
keratomileusis. J Cataract Refract Surg 25: 582-586.

Gimbel HV, Penno EE, van Westenbrugge JA, Ferensowicz M and Furlong MT (1998)
Incidence and management of intraoperative and early postoperative complications in
1000 consecutive laser in situ keratomileusis cases. Ophthalmology 105: 1839-1847;
discussion 1847-1838.

Gipson | (1994) Anatomy of the conjunctiva, cornea and limbus. The cornea, Scientific
foundations and clinical practice. G. Smolin and R. Thoft. Boston, Brown and Company:
3-24.

Glass DH, Roberts CJ, Litsky AS and Weber PA (2008) A viscoelastic biomechanical
model of the cornea describing the effect of viscosity and elasticity on hysteresis. Invest
Ophthalmol Vis Sci 49: 3919-3926.

Goldich Y, Barkana Y, Morad Y, Hartstein M, Avni | and Zadok D (2009) Can we
measure corneal biomechanical changes after collagen cross-linking in eyes with
keratoconus?--a pilot study. Cornea.28(5):498-502.

Gonzalez-Meijome JM, Queiros A, Jorge J, Diaz-Rey A and Parafita MA (2008)
Intraoffice variability of corneal biomechanical parameters and intraocular pressure
(IOP). Optom Vis Sci 85: 457-462.

169


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Funderburgh%20JL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Corpuz%20LM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roth%20MR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Funderburgh%20ML%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tasheva%20ES%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Conrad%20GW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fyodorov%20SN%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Durnev%20VV%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed/1513573
http://www.ncbi.nlm.nih.gov/pubmed/1513573
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goldich%20Y%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barkana%20Y%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morad%20Y%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hartstein%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Avni%20I%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zadok%20D%22%5bAuthor%5d

Tariq A Alhamad | 2012

Goosey JD, Prager TC, Goosey CB, Allison ME and Marvelli TL (1990) Stability of
refraction during two years after myopic epikeratoplasty. Refract Corneal Surg 6: 4-8.

Grover J, Liu CY, Kao WW and Roughley PJ (2000) Analysis of the human lumican
gene promoter. J Biol Chem. 29;275(52):40967-73.

Hafezi F, Kanellopoulos J, Wiltfang R and Seiler T (2007) Corneal collagen crosslinking
with riboflavin and ultraviolet A to treat induced keratectasia after laser in situ
keratomileusis. J Cataract Refract Surg 33: 2035-2040.

Hager A, Loge K, Schroeder B, Fullhas MO and Wiegand W (2008) Effect of central
corneal thickness and corneal hysteresis on tonometry as measured by dynamic
contour tonometry, ocular response analyzer, and Goldmann tonometry in
glaucomatous eyes. J Glaucoma 17: 361-365.

Haw WW and Manche EE (2001) latrogenic keratectasia after a deep primary
keratotomy during laser in situ keratomileusis. Am J Ophthalmol 132: 920-921.

Hayashida Y, Akama T O, Beecher N, Lewis P, Young R D, Meek K M and Kerr B
(2006) Matrix morphogenesis in cornea is mediated by the modification of keratan
sulfate by GIcNAc 6-O-sulfotransferase. Proc Natl Acad Sci U S A 103: 13333-13338.

Hayes S, Boote C, Lewis J, Sheppard J, Abahussin M, Quantock AJ, Purslow C,
Votruba M and Meek KM (2007) Comparative study of fibrillar collagen arrangement in
the corneas of primates and other mammals. Anat Rec (Hoboken); 290(12):1542-50.

Hayes S, O'Brart DP, Lamdin LS, Doutch J, Samaras K, Marshall J and Meek KM
(2008) Effect of complete epithelial debridement before riboflavin-ultraviolet-A corneal
collagen crosslinking therapy. J Cataract Refract Surg 34: 657-661.

Hennighausen H, Feldman ST, Bille JF and McCulloch AD (1998) Anterior-posterior
strain variation in normally hydrated and swollen rabbit cornea. IOVS. 39:253-262.

Hjortdal JO (1995a) Biomechanical studies of the human cornea. Development and
application of a method for experimental studies of the extensibility of the intact human
cornea. Acta Ophthalmol Scand 73: 364-365.

Hjortdal JO (1995b) Extensibility of the normo-hydrated human cornea. Acta
Ophthalmol Scand 73: 12-17.

Hjortdal JO (1998) On the biomechanical properties of the cornea with particular
reference to refractive surgery. Acta Ophthalmol Scand Suppl: 1-23.

170


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grover%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20CY%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kao%20WW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roughley%20PJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayes%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boote%20C%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lewis%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sheppard%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abahussin%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Quantock%20AJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Purslow%20C%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Votruba%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d

Tariq A Alhamad | 2012

Hjortdal JO, Moller-Pedersen T, Ivarsen A and Ehlers N (2005) Corneal power,
thickness, and stiffness: results of a prospective randomized controlled trial of PRK and
LASIK for myopia. J Cataract Refract Surg. 31(1):21-9.

Hodson S, O'Leary D and Watkins S (1991) The measurement of ox corneal swelling
pressure by osmometry. J Physiol 434: 399-408.

Hogan M, Alvarado J and Weddel J (1971) Histology of the human eye. Philadelphia,
WB Saunders.

llardi V (2007) Renaissance Vision from Spectacles to Telescopes. (Memoirs 259 of the
American Philosophical Society).

lordanidou V, Hamard P, Gendron G, Labbe A, Raphael M and Baudouin C (2010)
Modifications in corneal biomechanics and intraocular pressure after deep sclerectomy.
J Glaucoma 19: 252-256.

lozzo RV (1999) The biology of the small leucine-rich proteoglycans. Functional network
of interactive proteins. J Biol Chem. 2;274(27):18843-6.

Jain R, Dilraj G and Grewal SP (2007) Repeatability of corneal parameters with
Pentacam after laser in situ keratomileusis. Indian J Ophthalmol. 55(5):341-7.

Javadi MA, Motlagh BF, Jafarinasab MR, Rabbanikhah Z, Anissian A, Souri H and
Yazdani S (2005) Outcomes of penetrating keratoplasty in keratoconus. Cornea 24:
941-946.

Kamiya K, Hagishima M, Fujimura F and Shimizu K (2008) Factors affecting corneal
hysteresis in normal eyes. Graefes Arch Clin Exp Ophthalmol 246: 1491-1494.

Kamiya K, Shimizu K and Ohmoto F (2009) The changes in corneal biomechanical
parameters after phototherapeutic keratectomy in eyes with granular corneal dystrophy.
Eye (Lond) 23: 1790-1795.

Kamma-Lorger CS, Hayes S, Boote C, Burghammer M, Boulton ME and Meek KM
(2009) Effects on collagen orientation in the cornea after trephine injury. Mol Vis.15:378-
85.

Kampmeier J, Radt B, Birngruber R and Brinkmann R (2000) Thermal and
biomechanical parameters of porcine cornea. Cornea. 19:355-362.

Khoramnia R, Rabsilber TM and Auffarth GU (2008) Central and peripheral pachymetry
measurements according to age using the Pentacam rotating Scheimpflug camera. J
Cataract Refract Surg. 33(5):830-6.

171


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hjortdal%20J%C3%98%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%B8ller-Pedersen%20T%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ivarsen%20A%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ehlers%20N%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Iozzo%20RV%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jain%20R%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dilraj%20G%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grewal%20SP%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kamma-Lorger%20CS%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayes%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boote%20C%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Burghammer%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boulton%20ME%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Khoramnia%20R%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rabsilber%20TM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Auffarth%20GU%22%5bAuthor%5d

Tariq A Alhamad | 2012

Kida T, Liu JH and Weinreb RN (2008) Effects of aging on corneal biomechanical
properties and their impact on 24-hour measurement of intraocular pressure. Am J
Ophthalmol 146: 567-572.

Kirwan C and O'Keefe M (2008) Corneal hysteresis using the Reichert ocular response
analyser: findings pre- and post-LASIK and LASEK. Acta Ophthalmol 86: 215-218.

Kirwan C, O'Keefe M and Lanigan B (2006) Corneal hysteresis and intraocular pressure
measurement in children using the reichert ocular response analyzer. Am J Ophthalmol
142: 990-992.

Kissner A, Spoerl E, Jung R, Spekl K, Pillunat LE and Raiskup F (2010)
Pharmacological modification of the epithelial permeability by benzalkonium chloride in
UVA/Riboflavin corneal collagen cross-linking. Curr Eye Res 35: 715-721.

Kokott W (1938) Uber mechanisch-funktionelle Strukturen des Auges. Albrecht v Grafes
Arch Ophthalmol. 118:424-485.

Kohlhaas M, Spoerl E, Speck A, Schilde T, Sandner D and Pillunat LE (2005) [A new
treatment of keratectasia after LASIK by using collagen with riboflavin/UVA light cross-
linking]. Klin Monatsbl Augenheilkd 222: 430-436.

Komai Y and Ushiki T (1991) The three-dimensional organization of collagen fibrils in
the human cornea and sclera. Invest Ophthalmol Vis Sci 32: 2244-2258.

Kostyuk O, Nalovina O, Mubard TM, Regini JW, Meek KM, Quantock AJ, Elliott GF and
Hodson SA (2002) Transparency of the bovine corneal stroma at physiological
hydration and its dependence on concentration of the ambient anion. J Physiol.
1;543(Pt 2):633-42.

Kotecha A (2007) What biomechanical properties of the cornea are relevant for the
clinician? Surv Ophthalmol 52 Suppl 2: S109-114.

Kotecha A, Elsheikh A, Roberts C R, Zhu H and Garway-Heath DF (2006) Corneal
thickness- and age-related biomechanical properties of the cornea measured with the
ocular response analyzer. Invest Ophthalmol Vis Sci 47: 5337-5347.

Krachmer JH, Feder RS and Belin MW (1984) Keratoconus and related
noninflammatory corneal thinning disorders. Surv Ophthalmol 28: 293-322.

Kreis T and Vale R (1993) Guidebook to the extracellular matrix and adhesion proteins.
Oxford University Press.

172


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kostyuk%20O%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nalovina%20O%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mubard%20TM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Regini%20JW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Quantock%20AJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Elliott%20GF%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hodson%20SA%22%5bAuthor%5d

Tariq A Alhamad | 2012

Kucumen RB, Yenerel NM, Gorgun E, Kulacoglu DN, Oncel B, Kohen MC and Alimgil
ML (2008) Corneal biomechanical properties and intraocular pressure changes after
phacoemulsification and intraocular lens implantation. J Cataract Refract Surg 34: 2096-
2098.

Laiquzzaman M, Bhojwani R, Cunliffe | and Shah S (2006) Diurnal variation of ocular
hysteresis in normal subjects: relevance in clinical context. Clin Experiment Ophthalmol
34:114-118.

Larson BC, Kremer FB, Eller AW and Bernardino VB Jr (1983) Quantitated trauma
following radial keratotomy in rabbits. Ophthalmology 90: 660-667.

Lee LR, Hirst LW and Readshaw G (1995) Clinical detection of unilateral keratoconus.
Aust N Z J Ophthalmol 23: 129-133.

Leonard DW and Meek KM (1997) Refractive indices of the collagen fibrils and
extrafibrillar material of the corneal stroma. Biophys J. 72(3):1382-7.

Lerman S (1984) Biophysical aspects of corneal and lenticular transparency. Curr Eye
Res. 3(1):3-14.

Li | and Tighe B (2006) The anisotropic material constitutive models for the human
cornea. Journal of Structural Biology, Volume 153, Issue 3, P: 223-230.

Liu R, Chu RY, Wang L and Zhou XT (2008) [The measured value of corneal hysteresis
and resistance factor with their related factors analysis in normal eyes]. Zhonghua Yan
Ke Za Zhi 44: 715-719.

Lu F, Xu S, Qu J, Shen M, Wang X, Fang H and Wang J (2007) Central corneal
thickness and corneal hysteresis during corneal swelling induced by contact lens wear
with eye closure. Am J Ophthalmol. 143(4):616-22.

Luce DA (2005) Determining in vivo biomechanical properties of the cornea with an
ocular response analyzer. J Cataract Refract Surg 31: 156-162.

Luttrull JK, Jester JV and Smith RE (1982) The effect of radial keratotomy on ocular
integrity in an animal model. Arch Ophthalmol 100: 319-320.

Maloney RK (1999) Ectasia Discussion by Robert K. Maloney, MD . American Academy
of Ophthalmology, Inc. Published by Elsevier Science Inc.

Maisel H (1985) The Ocular lens: Structure, function, and pathology. Dekker (New
York).

173


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leonard%20DW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lerman%20S%22%5bAuthor%5d
http://www.sciencedirect.com/science/journal/10478477
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S1047847706X01338&_cid=272607&_pubType=JL&view=c&_auth=y&_acct=C000010758&_version=1&_urlVersion=0&_userid=7381840&md5=257a975c47a40be8104454742692ae89
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lu%20F%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xu%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Qu%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shen%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20X%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fang%20H%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20J%22%5bAuthor%5d
http://www.getcited.org/inst/144241

Tariq A Alhamad | 2012

Mamalis N, Anderson CW, Kreisler KR, Lundergan MK and Olson RJ (1992) Changing
trends in the indications for penetrating keratoplasty. Arch Ophthalmol 110: 1409-1411.

Mangouritsas G, Morphis G, Mourtzoukos S and Feretis E (2009) Association between
corneal hysteresis and central corneal thickness in glaucomatous and non-
glaucomatous eyes. Acta Ophthalmol 87: 901-905.

Marcos S, Barbero S, Llorente L and Merayo-Lloves J (2001) Optical response to
LASIK surgery for myopia from total and corneal aberration measurements. Invest
Ophthalmol Vis Sci 42: 3349-3356.

Marinho A, Pinto M and Vaz F (2000) Corneal ectasia after LASIK—How to manage.
Volume 15, Issue 3.

Marshall J, Trokel S, Rothery S and Krueger RR (1986) A comparative study of corneal
incisions induced by diamond and steel knives and two ultraviolet radiations from an
excimer laser. Br J Ophthalmol 70: 482-501.

Maurice DM (1957) The structure and transparency of the cornea. J Physiol 136: 263-
286.

Maurice DM (1951) An aplanation tonometer of new principle. Br J Ophthalmol.
35(3):178-82.

Maurice DM (1984). The corena and sclera. The eye. H. Davson. London, Academic
Press, INC. 1b.

Maurice DM and Monroe F (1990) Cohesive strength of corneal lamellae. Exp Eye Res.
50:59.

Maurice DM (1970) The transparency of the corneal stroma. Vision Res. 10(1):107-8.

McCall AS, Kraft S, Edelhauser HF, Kidder GW, Lundquist RR, Bradshaw HE, Dedeic
Z, Dionne MJ, Clement EM and Conrad GW (2010) Mechanisms of corneal tissue
cross-linking in response to treatment with topical riboflavin and long-wavelength
ultraviolet radiation (UVA). Invest Ophthalmol Vis Sci. 51(1):129-38.

Meek KM and Boote C (2004) The organization of collagen in the corneal stroma. Exp
Eye Res. 78(3):503-12

Meek KM, Leonard DW, Connon CJ, Dennis S and Khan S (2003) Transparency,
swelling and scarring in the corneal stroma. Eye (Lond). 17(8):927-36.

174


http://www.informaworld.com/smpp/title~db%3dall~content%3dt713734543~tab%3dissueslist~branches%3d15#v15
http://www.informaworld.com/smpp/title~db%3dall~content%3dg906553761
http://www.ncbi.nlm.nih.gov/pubmed?term=%22MAURICE%20DM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maurice%20DM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCall%20AS%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kraft%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Edelhauser%20HF%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kidder%20GW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lundquist%20RR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bradshaw%20HE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dedeic%20Z%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dedeic%20Z%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dionne%20MJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clement%20EM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Conrad%20GW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boote%20C%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leonard%20DW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Connon%20CJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dennis%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Khan%20S%22%5bAuthor%5d

Tariq A Alhamad | 2012

Meek KM, Fullwood NJ, Cooke PH, Elliott GF, Maurice DM, Quantock AJ, Wall RS and
Worthington CR (1991) Synchrotron x-ray diffraction studies of the cornea, with
implications for stromal hydration. Biophys J 60: 467-474.

Meek KM, Elliott GF and Nave C (1986) A synchrotron X-ray diffraction study of bovine
cornea stained with cupromeronic blue. Coll Relat Res. 6(2):203-18.

Meek KM and Newton RH (1999) Organization of collagen fibrils in the corneal stroma
in relation to mechanical properties and surgical practice. Journal of Refractive Surgery.
15(6):695-699.

Montard R, Kopito R, Touzeau O, Allouch C, Letaief I, Borderie V and Laroche L (2007)
[Ocular response analyzer: feasibility study and correlation with normal eyes]. J Fr
Ophtalmol 30: 978-984.

Moreno-Montanes J, Maldonado MJ, Garcia N, Mendiluce L, Garcia-Gomez PJ and
Segui-Gomez M (2008) Reproducibility and clinical relevance of the ocular response
analyzer in nonoperated eyes: corneal biomechanical and tonometric implications.
Invest Ophthalmol Vis Sci 49: 968-974.

Myers RI (2009) International society for contact lens research. Xlibris Corporation.

Nash IS, Greene PR and Foster CS (1982) Comparison of mechanical properties of
keratoconus and normal corneas. Exp. Eye Res. 35:413-24.

Nordan LT and Fallor MK (1986) myopic keratomileusis: 74 consective nonamblyopic
eyes with one year of followup. J. Refract. Surg. 2:124-128.

O'Donnell C, Welham L and Doyle S (2004) Contact lens management of keratectasia
after laser in situ keratomileusis for myopia. Eye Contact Lens 30: 144-146.

Ortiz D, Pinero D, Shabayek MH, Arnalich-Montiel F and Alio JL (2007) Corneal
biomechanical properties in normal, post-laser in situ keratomileusis, and keratoconic
eyes. J Cataract Refract Surg 33: 1371-1375.

Ou RJ, Shaw EL and Glasgow BJ (2002) Keratectasia after laser in situ keratomileusis
(LASIK): evaluation of the calculated residual stromal bed thickness. Am J Ophthalmol
134: 771-773.

Oyster CW (1999) The human eye: structure and function, Sinauer Associates.

Pallikaris 1G, Papatzanaki ME, Siganos DS and Tsilimbaris MK (1991) A corneal flap
technique for laser in situ keratomileusis. Human studies. Arch Ophthalmol 109: 1699-
1702.

175


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Elliott%20GF%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nave%20C%22%5bAuthor%5d

Tariq A Alhamad | 2012

Patel S, Alio JL and Perez-Santonja JJ (2004) Refractive index change in bovine and
human corneal stroma before and after LASIK: A study of untreated and re-treated
corneas implicating stromal hydration. IOVS. 45(10), 3523-3530.

Pokroy R, Levinger S and Hirsh A (2004) Single Intacs segment for post-laser in situ
keratomileusis keratectasia. J Cataract Refract Surg 30: 1685-1695.

Probst L (2004a) Environmental factors and LASIK. J Cataract Refract Surg 30: 1817-
1818; author reply 1818.

Probst LE (2004b) Comparison of excimer lasers. LASIK: advances, controversies, and
custom. Thorofare, NJ: SLACK Incorporated; 67-70.

Probst LE (2003) LASIK: advances controversies and custom, SLACK Incorporated.

Prospero Ponce CM, Rocha KM, Smith SD and Krueger RR (2009) Central and
peripheral corneal thickness measured with optical coherence tomography, Scheimpflug
imaging, and ultrasound pachymetry in normal, keratoconus-suspect, and post-laser in
situ keratomileusis eyes. J Cataract Refract Surg. 35(6):1055-62.

Rabinowitz YS, Wilson SE and Klyce SD (eds) (1993) Corneal Topography:
Interpreting Videokeratography. New York, Tokyo, Igaku Shoin,

Rabinowitz YS (1998) Keratoconus. Surv Ophthalmol 42: 297-319.

Rabinowitz YS, Garbus J and McDonnell PJ (1990) Computer-assisted corneal
topography in family members of patients with keratoconus. Arch Ophthalmol 108: 365-
371.

Radner W, Zehetmayer M, Aufreiter R and Mallinger R (1998) Interlacing and cross-
angle distribution of collagen lamellae in the human cornea. Cornea. 17(5):537-43.

Ramey NA, Park CY, Gehlbach PL and Chuck RS (2007) Imaging mitochondria in living
corneal endothelial cells using autofluorescence microscopy. Photochem Photobiol.
83(6):1325-9.

Randleman JB, Russell B, Ward MA, Thompson KP and Stulting RD (2003) Risk factors
and prognosis for corneal ectasia after LASIK. Ophthalmology 110: 267-275.

Randleman JB, Woodward M, Lynn MJ and Stulting RD (2008) Risk assessment for
ectasia after corneal refractive surgery. Ophthalmology 115: 37-50.

176


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Prospero%20Ponce%20CM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rocha%20KM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smith%20SD%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krueger%20RR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Radner%20W%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zehetmayer%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aufreiter%20R%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mallinger%20R%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ramey%20NA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Park%20CY%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gehlbach%20PL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chuck%20RS%22%5bAuthor%5d

Tariq A Alhamad | 2012

Rao SN, Raviv T, Majmudar PA and Epstein RJ (2002) Role of Orbscan Il in screening
keratoconus suspects before refractive corneal surgery. Ophthalmology 109: 1642-
1646.

Reeves SW, Stinnett S, Adelman RA and Afshari NA (2005) Risk factors for progression
to penetrating keratoplasty in patients with keratoconus. Am J Ophthalmol 140: 607-
611.

Rosenberg LC, Choi HU, Tang LH, Johnson TL, Pal S, Webber C, Reiner A and Poole
AR (1985) Isolation of dermatan sulfate proteoglycans from mature bovine articular
cartilages. J Biol Chem. 25;260(10):6304-13.

Rosenthal P and Cotter JM (1995) Clinical performance of a spline-based apical
vaulting keratoconus corneal contact lens design. CLAO J 21: 42-46.

Rowsey JJ and Balyeat HD (1982) Radial keratotomy: preliminary report of
complications. Ophthalmic Surg. 13(1):27-35.

Ruiz L A and Rosey J (1988) In situ keratomileusis. Invest. Opthalmol. And Vis. Sci.
29(Suppl.):392.

Rumelt S, Cohen I, Skandarani P, Delarea Y, Ben Shaul Y and Rehany U (2001)
Ultrastructure of the lamellar corneal wound after laser in situ keratomileusis in human
eye. J Cataract Refract Surg 27: 1323-1327.

Saelens IE, Bartels MC and Van Rij G (2008) Manual trephination of mushroom
keratoplasty in advanced keratoconus. Cornea 27: 650-655.

Saamanen AM, Salminen HJ, Rantakokko AJ, Heinegard D and Vuorio EI (2001)
Murine fibromodulin: cDNA and genomic structure, and age-related expression and
distribution in the knee joint. Biochem J. 1;355(Pt 3):577-85.

Saika S, Shiraishi A, Liu CY, Funderburgh JL, Kao CW, Converse RL and Kao WW
(2000) Role of lumican in the corneal epithelium during wound healing. J Biol Chem.
28;275(4):2607-12.

Samaras K, O'Brart DP, Doutch J, Hayes S, Marshall J and Meek KM (2009) Effect of
epithelial retention and removal on riboflavin absorption in porcine corneas. J Refract
Surg 25: 771-775.

Samaras KE and Lake DB (2010) Corneal collagen cross linking (CXL): a review. Int
Ophthalmol Clin 50: 89-100.

177


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rosenberg%20LC%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Choi%20HU%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tang%20LH%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Johnson%20TL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pal%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Webber%20C%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reiner%20A%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Poole%20AR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Poole%20AR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rowsey%20JJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Balyeat%20HD%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22S%C3%A4%C3%A4m%C3%A4nen%20AM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Salminen%20HJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rantakokko%20AJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heineg%C3%A5rd%20D%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vuorio%20EI%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saika%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shiraishi%20A%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20CY%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Funderburgh%20JL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kao%20CW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Converse%20RL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kao%20WW%22%5bAuthor%5d

Tariq A Alhamad | 2012

Sandner D, Sporl E, Kohlhaas M, Unger G and Pillunat LE (2004) Collagen
Crosslinking by Combined Riboflavin \Ultraviolet-A ( UVA) Treatment can stop the
progression of Keratoconus. Invest Ophthalmol Vis Sci 45:2887.

Saude T (1993) Ocular anatomy and physiology, Blackwell Science Ltd.

Schaefer L, Grone HJ, Raslik I, Robenek H, Ugorcakova J, Budny S, Schaefer RM and
Kresse H (2000) Small proteoglycans of normal adult human kidney: distinct expression
patterns of decorin, biglycan, fibromodulin, and lumican. Kidney Int. 58(4):1557-68.

Schroeder B, Hager A, Kutschan A and Wiegand W (2008) [Measurement of
viscoelastic corneal parameters (corneal hysteresis) in patients with primary open angle
glaucoma]. Ophthalmologe 105: 916-920.

Scott JE (1992) Supramolecular organization of extracellular  matrix
glycosaminoglycans, in vitro and in the tissues. FASEB J. 6(9):2639-45.

Scott JE (1996) Proteodermatan and proteokeratan sulfate  (decorin,
lumican/fibromodulin) proteins are horseshoe shaped. Implications for their interactions
with collagen. Biochemistry. 9;35(27):8795-9.

Seiler T, Huhle S, Spoerl E and Kunath H (2000) Manifest diabetes and keratoconus: a
retrospective case-control study. Graefes Arch Clin Exp Ophthalmol 238: 822-825.

Seiler T, Koufala K and Richter G (1998) latrogenic keratectasia after laser in situ
keratomileusis. J Refract Surg 14: 312-317.

Seiler T and Quurke AW (1998) latrogenic keratectasia after LASIK in a case of forme
fruste keratoconus. J Cataract Refract Surg 24: 1007-1009.

Shah S and Laiquzzaman M (2009) Comparison of corneal biomechanics in pre and
post-refractive surgery and keratoconic eyes by Ocular Response Analyser. Cont Lens
Anterior Eye 32: 129-132; quiz 151.

Shah S, Laiquzzaman M, Bhojwani R, Mantry S and Cunliffe | (2007) Assessment of the
biomechanical properties of the cornea with the ocular response analyzer in normal and
keratoconic eyes. Invest Ophthalmol Vis Sci 48: 3026-3031.

Shah S, Laiquzzaman M, Cunliffe | and Mantry S (2006) The use of the Reichert ocular
response analyser to establish the relationship between ocular hysteresis, corneal
resistance factor and central corneal thickness in normal eyes. Cont Lens Anterior Eye
29: 257-262.

178


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schaefer%20L%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gr%C3%B6ne%20HJ%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raslik%20I%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robenek%20H%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ugorcakova%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Budny%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schaefer%20RM%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kresse%20H%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scott%20JE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scott%20JE%22%5bAuthor%5d

Tariq A Alhamad | 2012

Shah S, Laiquzzaman M, Mantry S and Cunliffe 1 (2008) Ocular response analyser to
assess hysteresis and corneal resistance factor in low tension, open angle glaucoma
and ocular hypertension. Clin Experiment Ophthalmol 36: 508-513.

Shankar H, Taranath D, Santhirathelagan CT and Pesudovs K (2008) Anterior segment
biometry with the Pentacam: comprehensive assessment of repeatability of automated
measurements. J Cataract Refract Surg. 34(1):103-13.

Shen M, Fan F, Xue A, Wang J, Zhou X and Lu F (2008) Biomechanical properties of
the cornea in high myopia. Vision Res 48: 2167-2171.

Shin TJ, Vito RP, Johnson LW and McCarey BE (1997) The distribution of strain in the
human cornea. J. Biomechanics, Vol. 30, No. 5, pp. 497-503.

Siganos D, Ferrara P, Chatzinikolas K, Bessis N and Papastergiou G (2002) Ferrara
intrastromal corneal rings for the correction of keratoconus. J Cataract Refract Surg 28:
1947-1951.

Singerman L and Coscas aG (1999) Current techniques in ophthalmic laser surgery3rd.
BH.

Smiddy WE, Hamburg TR, Kracher GP and Stark WJ (1988) Keratoconus. Contact lens
or keratoplasty? Ophthalmology 95: 487-492.

Smolek MK (1994) Holographic interferometry of intact and radially incised human eye-
bank corneas. J Cataract Refract Surg 20: 277-286.

Smolin G and Thoft R (1994) The cornea3rdBoston, Little Brown and Company.

Snell RS and Lemp MA (1998) Clinical anatomy of the Eye. Blackwell Science, Inc.
Song Y, Congdon N, Li L, Zhou Z, Choi K, Lam DS, Pang CP, Xie Z, Liu X, Sharma A,
Chen W and Zhang M (2008) Corneal hysteresis and axial length among Chinese

secondary school children: the Xichang Pediatric Refractive Error Study (X-PRES)
report no. 4. Am J Ophthalmol 145: 819-826.

Spadea L, Palmieri G, Mosca L, Fasciani R and Balestrazzi E (2002) Latrogenic
keratectasia following laser in situ keratomileusis. J Refract Surg 18: 475-480.

Speicher L and Gottinger W (1998) [Progressive corneal ectasia after laser in situ
keratomileusis (LASIK)]. Klin Monatsbl Augenheilkd 213: 247-251.

Spoerl E, Huhle M and Seiler T (1998) Induction of cross-links in corneal tissue. Exp
Eye Res 66: 97-103.

179


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shankar%20H%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Taranath%20D%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Santhirathelagan%20CT%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pesudovs%20K%22%5bAuthor%5d

Tariq A Alhamad | 2012

Spoerl E, Mrochen M, Sliney D, Trokel S and Seiler T (2007) Safety of UVA-riboflavin
cross-linking of the cornea. Cornea 26: 385-389.

Spoerl E and Seiler T (1999) Techniques for stiffening the cornea. J Refract Surg 15:
711-713.

Spoerl E, Wollensak G, Dittert DD and Seiler T (2004a) Thermomechanical behavior of
collagen-cross-linked porcine cornea. Ophthalmologica 218: 136-140.

Spoerl E, Wollensak G and Seiler T (2004b) Increased resistance of crosslinked cornea
against enzymatic digestion. Curr Eye Res 29: 35-40.

Spoerl E, Schreiber J, Hellmund K, Seiler T and Knuschke P (2000) [Studies on the
stabilization of the cornea in rabbits]. Ophthalmologe 97: 203-206.

Spoerl E, Terai N, Haustein M, Bohm AG, Raiskup-Wolf F and Pillunat LE (2009)
[Biomechanical condition of the cornea as a new indicator for pathological and structural
changes]. Ophthalmologe 106: 512-520.

Spoerl E, Terai N, Scholz F, Raiskup F and Pillunat LE. (2011) Detection of
biomechanical changes after corneal cross-linking using Ocular Response Analyzer
software. J Refract Surg. 27(6):452-7.

Srinivasan R (1986) Ablation of polymers and biological tissue by ultraviolet lasers.
Science 234: 559-565.

Stocum DL (2006) Regenerative Biology and Medicine, Academic Press. USA.

Swartz T, Marten L and Wang M (2007) Measuring the cornea: the latest developments
in corneal topography. Curr Opin Ophthalmol. 2007 Jul;18(4):325-33.

Twersky V (1975) Transparency of pair-correlated, random distributions of small
scatterers, with applications to the cornea. J Opt Soc Am. 65(5):524-30.

Touboul D, Roberts C, Kerautret J, Garra C, Maurice-Tison S, Saubusse E and Colin J
(2008) Correlations between corneal hysteresis, intraocular pressure, and corneal
central pachymetry. J Cataract Refract Surg 34: 616-622.

Trokel S L, Srinivasan R and Braren B (1983) Excimer laser surgery of the cornea. Am
J Ophthalmol 96: 710-715.

Tuft SJ, Moodaley LC, Gregory WM, Davison CR and Buckley RJ (1994) Prognostic
factors for the progression of keratoconus. Ophthalmology 101: 439-447.

180


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Spoerl%20E%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Terai%20N%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scholz%20F%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raiskup%20F%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pillunat%20LE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Swartz%20T%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marten%20L%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Twersky%20V%22%5bAuthor%5d

Tariq A Alhamad | 2012

Ucakhan OO, Kanpolat A, Ylmaz N and Ozkan M (2006) In vivo confocal microscopy
findings in keratoconus. Eye Contact Lens 32: 183-191.

Vinciguerra P and Camesasca Fl (2001) Prevention of corneal ectasia in laser in situ
keratomileusis. J Refract Surg 17: S187-189.

Vogel KG, Paulsson M and Heinegard D (1984) Specific inhibition of type | and type Il
collagen fibrillogenesis by the small proteoglycan of tendon. Biochem J. 1;223(3):587-
97.

Wang Z, Chen J and Yang B (1999) Posterior corneal surface topographic changes
after laser in situ keratomileusis are related to residual corneal bed thickness.
Ophthalmology 106: 406-409; discussion 409-410.

Ward MA (2006) Refractive Surgery and Contact Lenses. Manual of Contact Lens
Prescribing and Fitting (Third Edition), 2006, Pages 591-598.

Waring GO, 3rd, Lynn MJ, Culbertson W, Laibson PR, Lindstrom RD, McDonald MB
and Myers WD (1987) Three-year results of the Prospective Evaluation of Radial
Keratotomy (PERK) Study. Ophthalmology 94: 1339-1354.

Wellish KL, Glasgow BJ, Beltran F and Maloney RK (1994) Corneal ectasia as a
complication of repeated keratotomy surgery. J Refract Corneal Surg 10: 360-364.

Wollensak G (2006) Crosslinking treatment of progressive keratoconus: new hope. Curr
Opin Ophthalmol 17: 356-360.

Wollensak G, Aurich H, Pham DT and Wirbelauer C (2007) Hydration behavior of
porcine cornea crosslinked with riboflavin and ultraviolet A. J Cataract Refract Surg 33:
516-521.

Wollensak G, Spoerl E and Seiler T (2003a) Riboflavin/ultraviolet-a-induced collagen
crosslinking for the treatment of keratoconus. Am J Ophthalmol 135: 620-627.

Wollensak G, Spoerl E and Seiler T (2003b) Stress-strain measurements of human and
porcine corneas after riboflavin-ultraviolet-A-induced cross-linking. J Cataract Refract
Surg 29: 1780-1785.

Wollensak G, Spoerl E, Wilsch M and Seiler T (2003c) Endothelial cell damage after
riboflavin-ultraviolet-A treatment in the rabbit. J Cataract Refract Surg 29: 1786-1790.

Wollensak G, Wilsch M, Spoerl E and Seiler T (2004) Collagen fiber diameter in the
rabbit cornea after collagen crosslinking by riboflavin/lUVA. Cornea 23: 503-507.

181


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vogel%20KG%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Paulsson%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heineg%C3%A5rd%20D%22%5bAuthor%5d
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B8MWK-4W2FM76-W&_user=129520&_coverDate=04/12/2009&_alid=929202686&_rdoc=3&_fmt=high&_orig=search&_cdi=45549&_sort=d&_docanchor=&view=c&_ct=12&_acct=C000010758&_version=1&_urlVersion=0&_userid=129520&md5=9f6c54f005921b9fa8f6763758c53021

Tariq A Alhamad | 2012

Wu Q and Yeh AT (2008) Rabbit cornea microstructure response to changes in
intraocular pressure visualized by using nonlinear optical microscopy. Cornea 27: 202-
208.

Yeung K, Eghbali F and Weissman BA (1995) Clinical experience with piggyback
contact lens systems on keratoconic eyes. J Am Optom Assoc 66: 539-543.

Ying S, Shiraishi A, Kao CW, Converse RL, Funderburgh JL, Swiergiel J, Roth MR,
Conrad GW and Kao WW. (1997) Characterization and expression of the mouse
lumican gene. J Biol Chem. 28;272(48):30306-13.

Zadnik K, Manny RE, Yu JA, Mitchell GL, Cotter SA, Quiralte JC, Shipp M, Friedman
NE, Kleinstein RN, Walker TW, Jones LA, Moeschberger ML and Mutti DO;
Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) Study
Group (2003) Ocular component data in schoolchildren as a function of age and gender.
Optom Vis Sci. 80(3):226-36.

Zare MA, Hashemi H and Salari MR (2007) Intracorneal ring segment implantation for
the management of keratoconus: safety and efficacy. J Cataract Refract Surg 33: 1886-
1891.

182


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ying%20S%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shiraishi%20A%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kao%20CW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Converse%20RL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Funderburgh%20JL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Swiergiel%20J%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roth%20MR%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Conrad%20GW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kao%20WW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zadnik%20K%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Manny%20RE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yu%20JA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mitchell%20GL%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cotter%20SA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Quiralte%20JC%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shipp%20M%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Friedman%20NE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Friedman%20NE%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kleinstein%20RN%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Walker%20TW%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20LA%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moeschberger%20ML%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mutti%20DO%22%5bAuthor%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Collaborative%20Longitudinal%20Evaluation%20of%20Ethnicity%20and%20Refractive%20Error%20%28CLEERE%29%20Study%20Group%22%5bCorporate%20Author%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Collaborative%20Longitudinal%20Evaluation%20of%20Ethnicity%20and%20Refractive%20Error%20%28CLEERE%29%20Study%20Group%22%5bCorporate%20Author%5d

Tariq A Alhamad | 2012

Publications and presentations

e Study of the relationship between Corneal Hysteresis and the Intra-ocular Pressure in
the human eye. Speaking of Science, Cardiff University, UK, 2009. Talk.

e Study of the relationship between Corneal Hysteresis and the Intra-ocular Pressure in

the human eye. Poster day at Cardiff University. UK, 2009. Poster.

e The relationship between the biomechanical properties of the cornea and IOP in vivo

and vitro. Corneal conference, Cardiff University, UK, 2009. Poster.

® Factors that influence the measurement of corneal hysteresis and corneal resistant
factor after LASIK surgery. The 4th Saudi International Conference. University of
Manchester, UK, 2010. Talk.

e Comparison of factors that influence the measurement of corneal hysteresis and corneal
resistant factor in vivo and in vitro. Saudi Ophthalmology Conference. King Khaled Eye
Specialist Hospital, KSA, 2010. Talk.

e Comparison of factors that influence the measurement of corneal hysteresis in vitro and
in normal/post-LASIK patients. The Association for Research in Vision and
Ophthalmology (ARVO). Fort Lauderdale, USA, 2011. Poster.

e Alhamad TA and Meek KM (2011) Comparison of factors that influence the
measurement of corneal hysteresis in vivo and in vitro. Acta Ophthalmol. 89(5):e443-50.

e TAlhamad TA, O’Brart DP, O’Brart NA and Meek KM (2011) An investigation of trans-
epithelial stromal Riboflavin absorption with Ricrolin TE ® (Riboflavin 0.1% with
trometamol and sodium EDTA) using spectrophotometry. Journal of Cataract &
Refractive Surgery, JCRS-11-584R1 (Accepted: November 2011).

183


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alhamad%20TA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meek%20KM%22%5BAuthor%5D

