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Abstract

Abstract

The cornea is the transparent part at the front of the eyeball that works as a
window to the world, and acts as a strong barrier protecting the inner eye against
infection and trauma. Keratoconus is a corneal disease that progressively causes
topographical alteration of the cornea as a result of thinning, and consequently
leads to impaired vision.

The purpose of this thesis was to study keratoconus and the possible structural
mechanism by which the comea becomes misshapen by a number of
techniques, ranging from the epidemiological to the structural. In doing so it was
aimed to provide new information that might help us better understand the overall

concept of keratoconus and the loss of vision due to comeal shape changes.

First, population study of keratoconus was undertaken in Saudi Arabia to see
how people there are affected. The influence of ethnic origin on the incidence
rate and severity of keratoconus has been suggested to be of significant
importance. Investigation of the incidence rate, onset age and associated signs
and symptoms of patients with keratoconus was carried out. The results showed
that the incidence rate and severity of keratoconus in Asir Province, Saudi Arabia
is high with an early onset and more rapid progress to the severe disease stage
at a young age. This, | propose, high lights the influence of genetic and/or
environmental factor(s) in the aetiology of keratoconus.

Due to the unpredictable nature of keratoconus progression, the best contact
lens design is also difficult to predict. Therefore, in this study several lens
designs were used to assess the correlation between Rigid Gas Permeable
(RGP) lens design and keratoconus severity, and to assess the relationship
between the optimum lens choice and the keratometric readings in order to
improve the speed of lens fitting. The results showed that the Tricurve lens
design with 9 mm diameter is the best at first, regardless of the stage of disease.
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Abstract

Regular and Steep McGuire lens designs with 8.6 mm diameter are a suitable
second option. However, in the advance stage, the McGuire Steep lens design is
more effective than the McGuire Regular and Tricurve designs. The Percon lens
design with a 9.4 mm diameter is suitable for some cases in the early stages of
the disease. The results also showed that the initial back optic zone radius for
Tricurve lens design may be based on the average keratometric reading. For
Regular and Steep McGuire lens designs, lens selection should base on the
steepest keratometric reading. However, in moderate and advanced stages it
may be selected on the average keratometric reading. For the Percon lens
design, it may be based on the flattest keratometric reading.

The work then moved on to the laboratory to try and understand the role that
Bowman'’s layer might play in the corneal shape changes that yield vision loss in
keratoconic eyes. Breaks in Bowman’s layer in keratoconus have been reported
in the literature. Investigation in Bowman'’s layer of keratoconus corneas obtained
after surgery using different microscopes revealed that the changes are not
limited to the apical cone only, but extent to the periphery of the comea
especially in the advanced stage of keratoconus. This might explain
postoperative keratoconus reoccurrences in some patients. Although the
topographical map is usually used in trephination, it was found here that the
topographical features alone failed to indicate the full extent of the progress of
keratoconus towards the corneal periphery.

in an attempt to more fully understand the link between corneal ultrastructure and
shape change light and transmission electron microscopy was used to
investigate the internal fine structure of the corneas of a strain of mice the
(SPARC-deficient mice) that are predisposed to comeal shape changes. This
revealed thin corneas with a slightly larger collagen fibril diameter, with a normal
appearance of proteoglycans. Furthermore, a sharp decrease in collagen fibril
number density was observed across the thickness of the stroma. It is postulated

that the structural matrix changes might weaken the cornea and lead to ectasia.
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A controlling influence on comeal shape in humans is thought to be the
circumferential ring or annulus of collagen fibrils at the limbus. Some preliminary
published evidence is consistent with the possibility of a limbal annulus in the
mouse cornea, but its presence has not been proven. Therefore, high-angle X-
ray diffraction was used to investigate the orientation of collagen fibrils
throughout the whole cornea in the mouse. The study revealed that the preferred
alignment of collagen fibrils at the centre of the cornea was mainly in the vertical
meridian. This is not the situation in the human cornea where an orthogonal
arrangement predominates. The study also demonstrated the presence of a
limbal annulus of circumferential collagen fibrils at the edge of the cornea in the
mouse as is the case in humans. Further, the current study discovered that the
collagen fibril orientation in the comeas of mice predisposed to shape changes
(SPARC-null and JKC strains) was often altered compared to that from normal
comea. The data suggest that structural abnormalities in the stromal fibrillar
matrix might be influential underlying reasons for topographic changes in the
animal models.

1Y



Dedication

DEDICATION

| dedicate this work to my late father and to my love mother who have spent
whole life together nurturing in me the love, faith and ability to learn and study.

| dedicate this work also to my wife Jamilah who scarified a lot throughout the

period of my study. She is a wonderful wife, a great mother and a reliable fellow.

My appreciation extends to my love children

Riyadh, Ghadah, Raghadh, Talah and the cheerful little boy /brahim for being
with me always. My life without them is meaningless.

To father-in-law the late /brahim Hussein.

To my love brothers and sisters and all other relatives and friends.



Acknowledgements

Acknowledgements

First and foremost, I must praise and thank constantly almighty Allah (God) for

giving me countless grace that helps me to complete this work.

I must sincerely thank my supervisor Dr. Andrew J. Quantock for his positive
guidance, enthusiasm and invaluable suggestions and encouragement during the
course of this research. Andrew has been a nice supervisor, always modest,
helpful, appreciative of my personality, and I was able to speak with him by any
way and at any time.

The same sincere thank go to my co-supervisor Prof. Keith M. Meek for his
keenness, invaluable suggestions, support and comments. In summary, it has

been an amusement and honour to know and work with them.

I would like to express my deep, sincere thanks to Dr. Robert D. Young for his
honest friendship and excellent help. Robert’s willingness to help and share his
experience in microscopy and for reading and commenting on my first draft is
appreciated and gratefully acknowledged. I also express my deep, sincere thanks
to Dr. Paul J Murphy for his guidance, and help with my clinical work. I am
grateful too to my advisors Prof. Stuart Hodson and Prof. Tim Wiss.

Sincere thanks to Dr. Saeed Akhtar from the Biophysics Laboratory, Dr. Ac Hann
from the Bioscience Laboratory and Dr. Mark Kerb from the Cavendish
Laboratory Cambridge University for their excellent technical assistance with
microscopes, and to the staff of the Daresbury synchrotron for their help.

Sincere thanks are due also to Drs. Sally Hayes, Craig Boote and Che Connon for
their help with analysis of X-ray diffraction. Sally’s attitude and kind help are

vi



Acknowledgements

honestly appreciated. I would like to thank all of my colleagues of the biophysics
research group. I also extend my thanks to all the academic staff, the secretaries
in the Optometry and Vision Sciences School and the library staff. It has been
really enjoyable, and a wonderful time in my life during the period of my PhD
study.

I am indebted to all of my collaborators who provide the human and mouse
tissues Dr. Mike Wride from the Cell and Molecular biology unit, Prof. Masayoshi
Tachibana from Saitama Cancer Centre, Japan, Dr. Steven Tuft from Moorefields
Eye Hospital, London, Dr. Arun Brahma from Manchester Eye Hospital,
Manchester, and Dr. Shigeru Kinoshita from Kyoto Prefectural University of
Medicine, Japan.

Deep thanks and appreciation to my sincere friend Dr. Turki Al-Mubrad from King
Saud University for his honest friendship help and continued advice. Thanks a lot
to “Abu-Ziyadh” Mohammad Aba-Hussein because I feel happy when I see him.
Mohammad is always joking and makes the time fun.

Furthermore, I would like to express my sincere gratitude to all brothers and
sisters .in Cardiff for their support, co-operation, patience and help during my
leadership of Saudi community, especially Dr. Hussein Al-Gahtani.

Extended gratitude goes to the Cultural Bureau in London, especially to Abdullah
Al-Nasser, Cultural Attaché for his support and advice throughout the period of
my study.

Finally, I am deeply indebted to my family for their continued support especially

brother Ahmed (Abu-Muath) who has been looking after my family in Saudi
Arabia during the period of my study.

vii



Contents

CONTENTS

Declaration
Abstract

Dedication .
Acknowledgements
Contents

List of Figures

List of Tables

Chapter 1

1 General Introduction .
1.1 Sight and gross structure of the mammalian eye
1.1.1 Optical apparatus
1.2 Dimensions of the cornea
1.3 Human corneal structure
1.3.1 Epithelium
1.3.2 Bowman'’s layer .
1.3.3 Corneal Stroma .
1.3.4 Descemet's membrane .
1.3.5 Endothelium
1.4 Features and structure of the limbus .
1.5 Comparative aspects of human and mouse cornea
1.6 Comeal collagen
1.7 Corneal Proteoglycans .
1.8 Maintenance of the shape of the cornea
1.8.1 Optical lamination
1.8.2 Cohesive strength
1.8.5 Collagen fibril orientation in human corneas

1.8.4 Swelling pressure

viii

vi
Viii
xiii

Xvi

= W O N O O W = =2 a

13
14
16
17
19
19
20
21
22



Contents

1.8.5 Internal pressure
1.9 Misshapen cornea
1.10 Aims of thesis .

Chapter 2

2 Keratoconus
2.1 Description
2.2 Incidence and severity .
2.3 Clinical characteristics .
2.3.1 Signs and symptoms .
2.3.2 Cormneal topography
2.3.3 Comeal thickness
2.4 Stages of disease
2.5 Ultrastructural alterations in keratoconus

2.5.1 Biochemical changes

2.6 Current hypotheses for the pathogenesis of keratoconus .

2.7 Biomechanics and rigidity in keratoconus
2.8 Associated diseases
2.8.1 Atopy and other allergic conditions
2.8.2 Associated ocular and systemic conditions
2.9 Genetics and keratoconus
2.10 Optical correction and management
2.10.1 Glasses
2.10.2 Contact lenses.
2.10.2.1 Fitting techniques for RGP lenses .
2.10.3 Surgical options

Chapter 3.1

3.1 An epidemiologic study of the keratoconus profile in a

Saudi Arabian population

1X

22
23
24

26
26
26
28
29
29
32
36
37
38
42
44
45
47
48
48
51
52
52
53
55
58

60

60



Contents

3.1.1 Introduction . . . . . . . . 60
3.1.2 Background 61
3.1.3 Materials and Methods 64
3.1.3.1 Clinical methods . . . . . . 64
3.1.4 Subjects 67
3.1.5 Statistics . . . . . . . . 68
3.1.6 Results. . . . . . . . . 69
3.1. 6.1 Incidence Rate . . . . . . 69
3.1.6.2 Age of diagnosis / Age of onset . . . . 69
2.1.6.3 Visual Acuity . . . . . . . 70
3.1.6.4 Severity Assessment . . . . . . 73
3.1.6.5 Associated signs and symptoms . . . . 74
3.1.7 Discussion . . . . . . . . 76
Chapter 3.2 . . . : : . : . 86
3.2 An investigation of different rigid contact lens fitting
in a keratoconic population . . ) . . 86
3.2.1 Introduction . . . . . . . . 86
3.2.3 Methods . . . . . . . . 91
3.2.3.1 Study design . . . . . . . 91
3..2.3.2 Rigid contact lens materials and designs . . . 91
3.2.3.3 Subjects . . . . . . . 91
3.2.3.4 Contact lens fitting . . . . . . 92
3.2.4 Statistics . . . . . . . . 94
3.2.5 Results. . . . . . . . . 95
3.2.6 Discussion . . . . . . . . 104



Contents

Chapter 4 : : : : : : : : 108
4 Microscopical study of Bowman'’s layer in keratoconic

human cornea . : . . : . . 108

4.1 Introduction . . . . . . . . 108

4.2 Methods and Materials . . . . . . . 109

4.2.1 Clinical characteristics . . . . . . 109

4.2.2 Preparation of specimen . . . . . 112

4.2.3 Conventional SEM . . . . . 112

4.2.4 Environmental SEM . . . . . . 113

4.3 Results . . . . . . . 114

4.3.1 SEM observations . ) . . . . 114

4.3.2 Stereo and ESEM observations . . ) X 135

4.6 Discussion . . . . . . . . 139

Chapter 5.1 . : . : : : . . 147
5.1 A study of structural changes in mice with misshapen

Cornea : : : : : : : : 147

5.1.2 Introduction . . . ) . . . . 147

5.1.2 Background . . . . . . . . 148

5.1.3 Methodology and materials . : : . . . 153

5.1.3.1 Specimen preparation. . . . . ) 153

5.1.4 Results. . . . . . . . . 158

5.1.4.1 Light microscope observations . . . . 158

5.1.4.2 Stromal matrix ultrastructure . . . . . 160

5.1.4.3 Proteoglycan morphology . . . . . 163

5.1.5 Discussion . . . . . . . . 165

xi



Contents

Chapter 5.2 . : : : : . : : 171
5.2 An x-ray diffraction study of collagen fibril orientation
in mice with misshapen corneas : : . . 171
5.2.1 Introduction . . . . . . . . 171
5.2.2 Principle of wide angle x-ray scattering . . . . 175
5.2.3 Methods and materials . . . . . . 177
5.2.3.1 Specimens . . . . . . . 177
5.2.3.2 Data acquisition . . . . . . 178
5.2.3.3 Analysis i ) . . . . . 180
5.2.4 Results. . . . . . . . . 184
5.2.4.1 SPARC-deficient comeas . . . . . 184
5.2.4.2 JKC comeas . . . X . . . 190
5.2.5 Discussion . . . . . . . . 198
Chapter 6 : : : : : : : : 203
Concluding Remarks . : : i : : : 203
Appendix 1 . : : : : : : . 207
1.1 Specifications of different lenses design . . . . 207
1.1.1 McGuire lenses specifications . . . . . 207
1.1.2 Tricurve lens specifications . . . ) . 209
1.1.3 Percon lens specifications . X . . . 210
Appendix 2 . . : : : : : : 212
2.1 Form of ocular studies in keratoconus . . . . . 212
Appendix 3 . : : : : : : : 213
3.1 Ethical approval letter . . . . . . . 213
Publications and presentations . : : : : 214

References ) i ) ) ) ) i ) 215

xii



Figures

List of Figures

Page

Figure 1.1: Schematic diagram showing the different structures of the human eye. 3
Figure 1.2: Low-power light micrograph showing layers of the human comea. 7
Figure 1.3: lamellar surface of the stromal cornea. Collagen fibrils of each bundie

run in the same direction . . . . : .10
Figure 1.4: Showing protrusion and thinning of the human cornea. . . 23
Figure 2.1: Human keratoconus as a result of central or paracentral thinning. . 27
Figure 2.2: showing Fleischer’s ring and Vogt's striae. . . . . 30
Figure 2.3: Munson'’s sign: bulging of the lower eyelid. . . X .3
Figure 2.4: Sudden development of comeal edema (left) secondary to rupture

of Descemet’s membrane. . . : . . . 32
Figure 2.5: SEM micrograph of the apex of a keratoconus cornea. . . 40
Figure 2.6: Steep apical alignment fitting, flat apical alignment fitting

and three point touch alignment fitting. . . . . 56
Figure 3.1.1 Map of Saudi Arabia. . . . . . . 63

Figure 3.1.2: Age distribution of patients enrolled in this study at the

time of self-reported incidence and ophthalmological diagnosis. . 70

Figure 3.1.3: Scatter plot illustrating visual acuity against keratometry

Measurements. . } . ) ) . . . T2

Figure 3.1.4: Age at the time of ophthalmological diagnosis for each

keratometry group. . ) . . . . . 714

Figure 3.1.5: Percentage of patients with ocular signs and symptoms

accompanying keratoconus. . . . . . . 15

Figure 3.2.1: lllustrates general linear model repeated measures of

various keratometric readings and their relationship with
the best BOZR choice for each lens design. . . . . 96

Figure 3.2.2: Scatter plot correlations between keratometric readings

and lens BOZR for all lens designs. . ) . . . 98

Figure 3.2.3: Scatter plot correlations between the lens BOZR and keratometric

Xiii



Figures

readings for the McGuire Steep lens design.
Figure 3.2.4: Scatter plot correlations between the lens BOZR and
keratometric readings for the McGuire Regular lens design. .

Figure 3.2.5: Scatter plot correlations between the lens BOZR and
keratometric readings for the Tricurve lens design.

Figure 3.2.6: Scatter plot correlations between the lens BOZR and
keratometric readings for the Percon lens design.

Figure 4.1: Normal subject SEM micrograph showing the anterior surface
of normal Bowman'’s layer.

Figure 4.2: Normal subject SEM micrographs show the anterior surface of
Bowman'’s layer of normal cornea at increasing magnifications.

Figure 4.3: Clinical photograph and corresponding videokeratography
image of keratoconus in the right eye of patient 1.

Figure 4.4: SEM image of the right eye of patient1.

Figure 4.5: Patient 1SEM micrographs show the normal and abnormal
appearance of Bowman ‘s layer at high magnifications.

Figure 4.6: Clinical photograph and relative anterior float topographic
map of keratoconus of the right eye of patient 2.

Figure 4.7: SEM shows the graft button of the right eye of patient 2.

Figure 4.8: patient 2 SEM of Bowman's layer at high magnifications.

Figure 4.9: Patient 3 a topographical map of keratoconus in left eye.

Figure 4.10: Patient 3 SEM shows Bowman's layer.

Figure 4.11: Patient 3 SEM shows normal and abnormal appearance of
Bowman's layer at high magnifications. .

Figure 4.12: patient 4 SEM micrograph of Bowman's layer.

Figure 4.13: SEM micrographs present of patient 4 at high magnifications.

Figure 4.14: SEM micrograph of corneal graft button of patient 5..

Figure 4.15: SEM shows Bowman’s layer at high magnifications of patient 5.

Figure 4.16: Images from stereo and environmental scanning

microscopes of patient 6.

Xiv

99

100

101

102

115

116

117
118

120

122
123
125
126
127

128
129
131
132
134

136



Figures

Figure 4.17: Images from stereo and environmental scanning
microscopes from patient 7.

Figure 5.1.1: Sagittal sections through whole mouse eye of
wild type and SPARC.

Figure 5.1.2: Light microscopy of 1 um thick sections showing the normal
and SPARC deficient corneas.

Figure 5.1.3: TEM of SPARC control and SPARC deficient mice corneas.

Figure 3.1.4: Histogram of diameter distribution of collagen fibrils of
control SPARC and SPARC deficient mouse corneas. .

Figure 5.1.5: TEM micrographs of corneal proteoglycan arrangement
in SPARC and control mice cornea.

Figure 5.2.1: The preferred collagen fibril orientation at a series of
positions across a normal human and keratoconus corneas.

Figure 5.2.2: Schematic diagram of the formation of a X-ray diffraction
pattern from a single lamella of collagen fibrils.

Figure 5.2.3: Analysis steps of collagen alignment from wide angle
X-ray scattering.

Figure 5.2.4: Preferred collagen fibril orientation across right normal
mouse cornea.

Figure 5.2.5: Preferred collagen fibril orientation across
SPARC-deficient mice corneas.

Figure 5.2.6: Contour maps of X-ray scatter from right normal and
SPARC-deficient mice corneas. .

Figure 5.2.7: Micrograph of KOR control and JKC mouse.

Figure 5.2.8: Clinical keratoscopic images of the mouse comnea..

Figure 5.2.9: Preferred collagen fibril orientation across a normal
KOR mouse comea of the right eye.

Figure 5.2.10: Preferred collagen fibril orientation across right eye of
JKC 1 and JKC 2 corneas.

Figure 5.2.11: Contour maps of X-ray scattering from normal KOR and

JKC mice comeas.

XV

137

150

159
161

162

164

174

176

182

186

187

189

190

192

194

195

197



Tables

List of Tables

Table 1.1: A comparison of each part of the mouse and human cornea.

Table 1.2: Locations of different collagens types in vertebrate corneas.

Table 1.3: Distributions of proteoglycan types. .

Table 3.1.1: Vision varies with severity of keratoconus.

Table 3.1.2: The distribution of corrected visual acuity with spectacles
and rigid contact lenses.

Table 3.2.1: Distributions of lenses in each disease stage.

Table 3.2.2: Average keratometric readings, and average BOZR lens choice.

Table 3.2.3: Visual acuity with each rigid contact lens designs.
Table 3.2.4: Average lens power required for each rigid contact lens.
Table 4.1: Clinical features of patients with keratoconus disease and
the type of examinations.
Table 5.1.1: The mean collagen fibril diameters of different regions
of the stromal cornea.
Table 5.1.2: The age, sex and the number of collagen fibrils per umz.

Table 5.2.1: The mouse type, age and sex.

xvi

Page
15
17
18

70

73

95

96
103

103

111

162

163

178



Chapter One

General Introduction

1.1 Sight and gross structure of the mammalian eye.

Vision is considered to be the most important of the five senses of the animal
kingdom since it enables a spatial perception of the surrounding world. The eye
enables animals to see and interpret the shapes, colours, and dimensions of
objects by processing the light rays that enter it. It acts as an ocular window to
vertebrates and other seeing creatures, helping them survive in the environments
in which they live. Psychologically, the bright eye expresses the human
personality and conveys emotions such as love, happiness and fun; conversely

the dark eye expresses hastiness, sadness and pain.

Anatomically, the eyeball is situated in the anterior part of the orbital cavity,
closer to the roof than the base, and nearer the lateral rather than medial wall.
Externally, there are three pairs of extraocular muscles responsible for
movement and the rotation of both eyes: two horizontal recti, two vertical recti,
and two oblique muscles. Rectus muscles originate at an annular structure of
connective tissue at the rear of the orbit called the annulus of Zinn. They pass
forward and insert themselves into the sclera a few millimeters posterior to the
limbus. The superior oblique attaches superomedially to the optic foramen just

outside the {endinous ring and inserts into the sclera posterior to the equator of
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the eyeball. Its counterpart is the inferior oblique, which arises from the floor of
the orbit just posterior to the orbital margin and lateral to the nasolacrimal canal.

This muscle inserts into the sclera at the posteriolateral aspect of the eyeball.

The eyeball is a fluid-filled globe that is not completely spherical, and is made up
of two main outer parts of different size placed one in front of the other. The front,
smaller segment is transparent, forms about 17% of the whole surface and is
called the cornea. The structure and function of the cornea is the subject of this
thesis and is described in greater detail in section 1.4. The back, larger segment,

the sclera, is opaque and forms about 83% of the eyeball.

Three outer coats enclose the refractive media of the eye. The outermost,
protective tunic, as mentioned, is made up of the sclera and the cornea. The
middle coat is mainly vascular, consisting of the choroid, ciliary body, and iris.
The retina or the neural coat is a tissue that lines two-third of the innermost wall
of the eye. It contains the essential photoreactive nervous elements, the rods
high at the periphery and the cones highly concentrated at the fovea inside the
macula. Cones are responsible for colours and day vision, whereas rods are
responsible for night vision. Finally, the optic nerve consists of gathered bundles
of nerve fibres located at the posterior pole and extending to the visual cortex of

the brain. The gross structure of the eye is shown diagrammatically in figure 1.1.
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Figure 1.1: Schematic diagram showing the different structures of the human eye.

Source: Website: www.icat.ncsu.edu/projects/retina/archive.htm.

1.1.1 Optical apparatus.

The visual system is made up of predominantly transparent structures. The
cornea is the first tissue encountered by a ray of light entering the eye. It is
mainly responsible for protecting the eye and refracting light as it enters the eye.
The main optical function of the cornea is to act as the principal refractive
component, accounting for some 70% (40-45 D) of the eye’s total refractive

power. The refractive requirements are met by the regular anterior curvature of


http://www.icat.ncsu.edu/projects/retina/archive.htm
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the commea, especially the spherical central optical zone, and the optically smooth

qualities of the overlying tear film.

The lens is attached via the zonules (a series of fibres that hold the lens in
position and enable the ciliary muscle to act on it during accommodation) to the
ciliary body. It is the transparent structure suspended behind the iris that is
responsible for helping to focus light on the retina. It changes its shape to allow
clear vision both at distance and at close range. The spaces within the eye are
filed by a clear fluid, the aqueous humour, and a more viscous vitreous body.
The aqueous humour is contained in the anterior chamber, and the vitreous body

is located in the large space posterior to the lens.

The iris functions as a diaphragm, modifying the amount of light entering the eye
by adjusting the size of the pupil. It dilates in conditions of low light intensity to
permit more light into the eye. On the other hand, in bright light the iris constricts

to reduce the amount of light that enters the eye.

An image of external objects is formed on the retina at the highly specialised
portion called the fovea. The optic nerve carries the information from the retina
as electrical signals and delivers it to the posterior cortex in the brain where the

information is interpreted as a visual image.
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1.2 Dimensions of the cornea.

The comea’s outline is not circular, its thickness is not uniform, and its radius of
curvature is not constant. It is recognised that the normal cornea is an avascular
tissue with a smooth, convex anterior surface, which in humans, appears
elliptical being typically 11.7 mm wide in the horizontal meridian and 10.6 mm in
the vertical. It has a concave inner surface which appears circular and is about
11.7 mm in diameter. This difference is due to the greater overlap of the sclera
and conjunctiva above and below the cornea than in the lateral and nasal
portions of the cornea. Further, the cornea is more curved in the vertical than the
horizontal meridian, giving rise to astigmatism with the rule. In the late decades
of life, the horizontal meridian becomes more curved than in young individuals,
giving rise to astigmatism against the rule. The latter is thought to be due to the
lids exerting pressure on the cornea (Wilson, 1982) or the cornea becoming more
flat at around the age of 30, which suggests that accommodation may have some

effect on the corneal shape as a result of aging (Pierscionek, 2001).

The axial thickness of the human cornea at its centre is 0.52 mm (Donaldson,
1966; Maurice, 1969) with a peripheral thickness of 0.67 mm. In its centre third,
“the optical zone”, the radius of curvature of the anterior surface is about 7.8 mm
and that of the posterior 6.5 mm. Unequal radii occur because the anterior and
posterior radii are not concentric, and thickness increases towards the periphery
of the cornea. The anterior surface of the peripheral comea is more flattened

than the central cornea.
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The comea’s structure gives some indication of the diverse functional demands
upon the tissue. It must be transparent, refract light, contain the intraocular
pressure, and serve as a strong barrier protecting the inner structures of the eye
against infection and trauma. Each of these functions is provided by a highly
specialised substructural organisation. The resistance of the cornea, which
provides a protective layer and resists ocular pressure, is due to the collagenous
components of the stroma. The transparency of the corneal stroma is achieved
by the regularity and fineness of its collagen fibrils and the closeness and

homogeneity of their packing (Maurice, 1957).

1.3 Human corneal structure.

The comea is composed of five layers named, from anterior to posterior, the
epithelium, Bowman'’s layer, the stroma, Descemet'’s layer, and the endothelium

(figure 1.2). Each is described in more detail below.
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Figure 1.2: Low-power light micrograph showing layers of the human cornea.
Epithelium (Ep), Basement Membrane (BM), Bowman’s layer (BL), stroma (L),
Descemets membrane (DM) and endothelium (En). Source: Website:

www. city, ac. uk/biolabsAissie.

1.3.1 Epithelium.

The outermost surface of the cornea is a non-keratinised, stratified squamous
epithelium, which is five to seven cells thick in the central region and more at the

periphery. It constitutes approximately 10% of the total corneal thickness. The



Chapter One

deepest layer is formed by germinative basal cells, which are columnar, and
attached to the underlying basement membrane by hemidesmosomes. The
middle layer is made up of polygonal, wing shaped cells that are interconnected
by numerous desmosomes and become increasingly flattened, thinner and wider

as they migrate anteriorly.

Epithelial renewal used to be thought to be achieved through simple cell division
of the basal cells across the entire cornea which then moved towards the corneal
surface and desquamated into the tear film. However, Thoft and Friend (1983)
proposed the X-Y-Z hypothesis, which suggests that the central cornea cannot
depend on local mitosis, but requires a net influx of cells from the periphery to
remain healthy. These stem cells are located in the limbal region and are
responsible for the renewal of the comeal epithelium (Kruse, 1994; Zieske,

1994).

The outermost surface of the epithelium, in contact with the tears, is covered with
microplicae and microvilli (Sheldon, 1956). Pfister (1973) suggests that these
may facilitate the adsorption of mucin to improve the wettability of the cell surface
and increase the stability of the tear film. Hemidesmosoms and anchoring
filaments connect the basal epithelial cells to the basal lamina (Bron et al., 1997),
and these adhere to Bowman's layer via anchoring fibril complexes containing

type VIl collagen (Bergmanson, 2001).
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1.3.2 Bowman'’s layer.

Bowman'’s layer was initially thought to be a specialised corneal membrane.
However, it is now described as a modified region of the anterior stroma. Some
observers believe that the epithelium has a role in the laying down and
maintaining Bowman’'s layer (Kuwabara, 1978). A recent study using
transmission electron microscopy (TEM) has shown that lower mammals have a
thin layer whereas higher mammals have a thick Bowman'’s layer (Hayashi et al.

2002).

Bowman’s layer is narrow, acellular, homogeneous, and 8-12 pm thick in
humans, immediately subjacent to the basal lamina of the corneal epithelium.
Ultrastructurally, it consists of fine collagen fibrils (24—27 nm in diameter) of
uniform size, embedded in an extrafibrillar matrix. In the proximal region of this
layer, the fibrils become progressively more ordered in their orientation, blending
and interweaving with the fibrils of the anterior stroma. Additionally, small pores,
about 0.5 -1.5 um in diameters, which appear to penetrate Bowman'’s sheet, are

seen on the epithelial aspect of Bowman’s layer (Komai and Ushiki, 1991).

1.3.3 Corneal Stroma.

The corneal stroma constitutes approximately 90% of the corneal thickness, and
this contribution gradually increases from the centre towards the periphery.
Basically, the corneal stroma consists of collagen fibrils embedded in a gel

consisting of water, non-fibril forming collagens, proteoglycans, glycoproteins,
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other soluble proteins, and inorganic salts. Elongated cells called keratocytes are
arranged in a regular clockwise spiralling pattern throughout the full stromal
thickness (Muller et al., 1995). The collagen fibrils lie in 200-300 parallel lamellae
at the cornea’s centre, and 500 lamellae at the periphery (Maurice, 1957;
Hamada, 1974). Collagen fibrils in each lamella run parallel to each other and to
the surface of the cornea, but are rotated with respect to fibrils in adjacent
lamellae (figure 1.3). Moreover, they are of a very similar diameter and are
relatively uniformly spaced. Anteriorly, stromal lamellae are thinner, narrow and
follow an intertwining path, while posteriorly they are thicker, flatter and wider and

less interwoven (Hogan et al., 1971; Maurice, 1984).

Figure 1.3: /amellar surface of the stromal cornea. Collagen fibrils of each bundle run

in the same direction. Source: IOVS (Komai and Ushiki, 1991).
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With regard to the keratocytes, they are located between lamellae, but their
distribution in the stroma may not be as random as was first thought. Muller et al.
(1995) found keratocytes arranged in a regular clockwise spiralling pattern
throughout the full stromal thickness. Estimation of keratocyte number in the
adult human cornea suggests the cornea contains 2.4 million keratocytes. Their
highest density is found anteriorly and decreases towards the posterior stroma,
but a small increase in cell density has also been noticed immediately anterior to
Descemet’'s layer (Petroll et al., 1995). Keratocytes play an important role in

wound healing, and are a reserve source of glycogen (Watsky, 1995).

1.3.4 Descemet's membrane.

Descemet's membrane is the basement membrane of the endothelium. Its
thickness in humans ranges from 3 um at birth to 20 um in adults. Anatomically,
it is divided into two parts. The anterior is the fetal or oldest part, 3-4 um thick at
birth and is banded. In contrast, the posterior postnatal part is uniform in texture,
has a homogeneous appearance under microscopy, and grows with age at a rate
of approximately 1 um per decade (Johnson et al., 1982). The periphery of an
adult’'s Descemet's membrane often reveals pockets of local thickening known as
Hassal-Henle warts, which sometimes are noted centrally in the cornea. This
condition is known as corneal guttata, and occasionally affects the health of the
endothelial cell in the case of abnormal endothelial basement membrane
synthesis (Bergmanson et al., 1999). This is known as Fuchs' endothelial

dystrophy.
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1.3.5 Endothelium.

The corneal endothelium is formed of a single layer of cubical cells, and is 5 um
thick. Sectioned en face, the endothelial cells appear predominantly hexagonal in
shape and are small in youth, but become polymorphic and large in adulthood.
Normally, the cells’ density decreases with age (2987-5632 cells/mm? at birth and
2000-2500 cells/mm? at 80 years of age (Shaw et al., 1978)) for the following
reasons: first, the cells do not divide after birth; and second, when an endothelial
cell dies, the neighbouring cells spread out laterally to cover the surface made
bare by the departing cell in order to maintain the essential function of the
endothelial layer in maintaining deturgesence and thus transparency of the
cormea. These events lead to an increased variation in the shape of cells. It is
believed that the functional limit of the corneal endothelium is approximately 700-
1000 cells/mm? (Bergmanson, 2001). Another function of the endothelial layer is
to regulate the fluid entering the cornea from the aqueous via an active
bicarbonate ion pump (Hodson, 1997). The lateral walls of cormeal endothelial
cells show extensive interdigitations. As mentioned by Bergmanson (2001), these
interdigitations increase the surface area of the cell, and are one reason why the
endothelial cell can expand laterally when required. The cells contain a high
density of mitochondria and endoplasmic reticulum, which are hallmarks of

metabolically active cells.
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1.4 Features and structure of the limbus.

The limbus forms an intermediate zone between the transparent cornea and the
opaque sclera. It plays an important role in the nourishment of the peripheral
cornea and contains the pathways of aqueous humour outflow. Its vertical
meridian is wider than its horizontal meridian. The limbus is defined anteriorly by
a line between the peripheral extremes of Bowman's layer and Descemet's
membrane, and posteriorly by a line from the scleral spur perpendicular to the

tangent of the external surface of the globe (Hogan et al., 1971).

Externally, the limbal epithelium has a similar structure to the corneal epithelium,
except that it has a larger number of cells (Hogan et al., 1971). It contains
subpopulation of epithelial stem cells which are located at the basal zone of the
epithelial limbal layer (Schermer et al., 1986; Bukusoglu and Zieske, 1988;

Zieske, 1994).

Internally, limbal collagen fibril diameters are larger than those in the corneal
stroma (Borcherding et al., 1975). The same authors also noticed a marked fall in
the proteoglycan keratan sulphate, with the appearance of dermatan sulphate
and hyaluronic acid towards the limbus. The small curvature of the cornea (7.8
mm) changes to a larger curvature (13 mm) in the sclera at the limbus. Maurice
(1969) suggests that due to changes in curvature at the limbus, the
circumferential strength will be at least twice that in neighbouring regions.

Newton and Meek (1998a and 1998b) have found that preferentially, collagen

13
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fibrils align orthogonally along the vertical and horizontal meridians throughout
the width of the corneal stroma until 1-2 mm at the periphery. As a population
they run circumferentially at the limbus to form an uneven annulus. This annulus
is characterised by a narrower width in the superior sector than the inferior
sector. These authors also revealed also that the greatest density of collagen

fibrils is at the superior margin rather than the inferior margin.

1.5 Comparative aspects of human and mouse cornea.

In mammals, the thickness of each layer of the cornea increases gradually from
smaller animals, like mice and rats, to the larger animals like cattle and human.
Bowman's layer in lower species is scarcely visible but is easily seen in primates.
Hayashi at al. (2002) carried out comprehensive observations of the corneas of
nine different species of the animal kingdom using transmission and scanning
electron microscopy. They reported that in mice Bowman's layer can be scarcely
seen, rather the collagen fibril arrangement is random and slightly meandering in
appearance and the layer lacks a clear boundary with stroma. However,
Quantock et al. (2005) argued that the rat and mouse did not have true
Bowman's layer that is anatomically and functionally similar to that in humans.
Bowman's layer in humans is up to 12 pm thick and is a random tightly packed

meshwork of collagen fibrils is visible.

Of course, there are clear differences between humans and mice in relation to

the aging process, sexual maturity, gestation, body weight, ocular dimensions
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and anatomical and physiological features, with typical details presented in table

1.1.

Species characteristics Mouse Human
General
Body weight =25ginadult =60Kkg
Life span = 18 months =70 years
Gestation 21 days 9 months
Sexual maturity = 6 weeks = 15 years
Ocular
Eye dimension = 2.9 mm =24 mm
Position Lateral Centrally
Visual field Large Slight narrow
Comea
Curvature radius 1.4 mm 7.7 mm
Thickness of Bowman's layer 0.8 pm 10-12 pm
Thickness of stroma + Bowman’s layer 100 pm 340 um
Thickness of Descemet’s layer 5pum 6 um at centre =19

pUm at periphery

Collagen fibril diameter 20-30 nm 20-30 nm

Table 1.1: A comparison of species characteristics between mouse and human.
Source: Systematic evaluation of the mouse eye (Smith et al. 2002; Hayashi et al. 2002;
Schmucker and Schaeffel, 2004; Dr. Nathan Hill, personal communication, 2006).

A major consideration when extrapolating mice studies to the human situation
cornea is the aging process. Perez-Gomez et al. (2000) used confocal
microscopy to examine the central corneas of 119 normal subjects with an age

range of 11-80 years and concluded the following: (i) Keratocyte density

15



Chapter One

decreases with age, (ii) endothelial cell density decreases and endothelial
polymegethism increases with age, and (iii) folds occur in the posterior stroma,
and guttata occur in the endothelium in the later decades of life. No comparable
data exists for mice. Song et al. (2003), however, have indicated that neonatal
changes in corneal stromal thickness, light scattering and keratocyte density
occur in mice in the neonatal period, but that after about 3 weeks of age changes
are only minimal. In all studies described in this thesis, the corneas of adult mice

between the ages of 14 and 54 weeks are used.

1.6 Corneal collagen.

Collagen is a major structural protein in the body, present in the majority of
species throughout the animal kingdom, including all vertebrates. All forms of
collagen are made up of three left-handed polypeptide chains, and these chains,
are coiled in a right-handed direction about a common axis to form the rope-like
collagen molecule. Thus, the collagen molecule has a triple-helical structure, and
was defined by Burgeson, (1988) as “an extracellular structural protein whose
functional properties depend upon a triple-helical domain”. There are around 27
different collagen types currently known in the eye and these can be categorised
into three families according to their structural properties: (1) fibrous collagen
types |, I, lll, V, and XlI (Kadler et al., 1996); (2) FACIT (fibril associated
collagens with interrupted triple helices) that modify interactive properties and
associate with the surface of collagen fibrils (these include types IX, XlI, XIV,

XVI, XX and XIX (Koch et al., 2001)); and, (3) non-fibrous collagen types such as
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IV, VI, VI, VIII, IX, and X (Sandberg-Lall et al., 2000). Collagen type | constitutes
the majority of the solid substance in the stromal cornea and sclera, although
there are also collagen types i, V, VI, VIl and XIll. Collagen types IV, VII, XII,
X1V and XX are found in the cornea too. As can be seen in table 1.2, Michelacci

(2003) summarised the different collagen types and their locations in vertebrate

corneas.
Type Localisation
| Stroma
] Development stroma (epithelium)
n Inflammation, wound healing
\% Basement membranes
\' Stroma
Vi Stroma
Vil Basement membrane (epithelium)
VIl Basement membrane (Descemet)
IX Developing stroma (epithelium)
XIl Stroma (endothelium origin)
X Stroma (posterior two third)
Xiv Stroma
XVil Developing stroma (hemdesmosomes)
Xvill Basement membrane (epithelium)
XX Epithelial layer

Table 1.2: Locations of different collagens types in vertebrate comeas. Source:

Modified from Brazilian Journal of Medical and Biological Research (Michelacci, 2003).

1.7 Corneal Proteoglycans.

Proteoglycans (PGs) are a heterogeneous family of molecules composed of a
core protein domain to which glycosaminoglycans (GAGs) are covalently linked
as side chains (Hassell et al., 1986). GAGs are large carbohydrates that are

composed of repeating disaccharide units and occur in four main forms.
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According to their GAG side chains PGs are classified into keratan sulphates
representing 50% of the total GAG content in the stroma, chondroitin sulphate
representing 30%, and dermatan sulphate about 20% (Scott and Bosworth,
1990). Core proteins of the PGs are identified in the corneal stroma. Keratan
sulphate PGs consist mainly of lumican (Blochberger et al., 1992), keratocan
(Corpuz et al.,, 1996), mimecan/ osteoglycin (Funderburgh et al., 1997) and
fibromodulin (Oldberg et al., 1989). Chondroitin/dermatan sulphate GAGs are
complexed mainly to the PGs decorin and biglycan (Funderburgh et al., 1998).
PGs interact in a specific way to help control the maintenance of the stromal
ultrastructure of the comea (Scott and Haigh, 1988; Li et al., 1992). Further, the
changed expression and disarranged distribution of these PGs and collagen
fibrils observed during cormeal wound healing backs up the possibility of
structurally important interaction between the PGs and the collagens (Scott,
1988; Tanihara et al., 2002). The proteoglycan types and their concentrations in

the different structures of the cornea are shown in table 1.2.

Corneal structure Proteoglycan types and their level
Keratan S Heparan S Chondroitin S

Epithelium low Low High
Bowman's Low High at interface with epithelium Low
Stroma high Low Low
Descemet’s Low High at interface with endothelium Low
Endothelium Low Low High
Keratocyte Low Low High

Table 1.3: Distributions of proteoglycan types and their concentration in each structure
of the cornea. Source: Cornea J (Bairaktaris, 1998).
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1.8 Maintenance of the shape of the cornea.

Even though the biomechanical properties of the human cornea play a very
important role in its shape, resistance, and transparency this is still not clearly
understood. Clearly the normal cornea must maintain its dimensions and a stable
shape for good vision. Cellular layers (epithelium and endothelium) have few
mechanical properties, and therefore do not likely contribute significantly to the
corneal strength. Descemet’s layer is quite a strong resistant sheet due to its
resilience, but it does not come under tension until the adjoining stroma is fully
extended (Jue and Maurice, 1986). It is widely accepted therefore, that the
biomechanical properties of the cornea are largely determined by the corneal
stroma, and are a summation of many factors related to the lamellae structure.
Some of these are discussed below including optical lamination and collagen
fibril arrangement, lamellar cohesion and tensile strength (Maurice, 1999), plus
normal swelling pressure and intemal pressure as a result of physiological

hydration (Hodson, 1997):

1.8.1 Optical lamination.

Ultrastructurally, many microscopical studies have been conducted to investigate
the morphologic structures of the corneal stroma. These studies agree that the
anterior third of the stroma is characterised by thinner lamellae, comprising a few
straight and many undulating collagen bundles which run obliquely to the surface
of the cornea. In the posterior two-thirds of the stroma, the lamellae are more

regular, running parallel to the surface of the cornea and become wider and

19



Chapter One

thicker (Maurice and Monroe., 1990; Komai and Ushiki., 1991; Radner et al.,
1998a; Radner and Mallinger., 2002). However, more controversial is the nature
of the anterioposterior interlacing between the lamellae which, together with
proteoglycan components, may play an important role in maintaining the shape

of the cornea.

1.8.2 Cohesive strength.

Maurice (1999) has observed that the layers of the stroma, whether anterior or
posterior, do not separate or pull apart when the tissue is placed in water. He
alludes to the presence of elements or interlamellae which bind the lamellae
together, even though there is no interweaving in the posterior stroma. Muller et
al. (2001) suggest that the more closely packed lamellae make the anterior
stroma more resistant to edema than the posterior stroma, because the large
interlamellar spaces allow for greater swelling. However, Radner and Mallinger
(2002) claim that the lamellae split in an anterioposterior direction as well as
horizontally into branches and are interlaced by crossing fissures between the

branches, even in the midstroma.

In histological studies, strips of human corneas have been torn vertically and
horizontally along the length of the sample through the centre. The corneal
stroma along horizontal and vertical meridians shows a smooth interface at the
centre, with no evidence of torn lamellae, and an irregular appearance towards

the periphery, with increasing numbers of free ends of torn lamellae (Smolek et
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al., 1990; Smolek, 1993). The upshot of this work was the discovery that the
weakest cohesive strength is at the centre of the cornea, gradually increasing

respectively, from inferior, superior, and lateral to strongest nasally at the

periphery.

1.8.3 Collagen fibril orientation in human corneas.

In-depth studies of collagen fibril orientation using x-ray diffraction indicate two
preferred directions of collagen in the central cornea along horizontal and vertical
meridians. This is more pronounced in the posterior of the stroma (Meek et al.,
1987; Daxer and Fratzl, 1997). In addition, Newton and Meek (1998a) and Boote
et al. (2003) have revealed that the density of collagen fibrils increases from the
centre towards the periphery. Recently, the separation of contributions of
preferential  aligned fibrils and total isotropic  fibrils  enabled
Aghamohammadzadeh et al. (2004) to map collagen fibril orientation, and its
relative distributions across the cornea, limbus, and sclera. In their study, strong
preferences of collagen fibril orientation were shown at different points in the
normal human cornea. The study suggested that the total in the human cornea
increase in X-ray scatter from cornea that is seen through the limbus into the
adjacent 2 mm of sclera is a result of the increasing thickness from cornea
towards sclera. Another study revealed approximately 30% of collagen fibrils
throughout the stromal depth tended to lie within a 45° sector of both the
superior-inferior and nasal-temporal meridians (Boote et al., 2005). This suggests

that the collagen fibrils are populated equally in both directions at the centre of
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the cornea, and the isotropic fibrils might be distributed equally to support corneal

elastic along both meridians in order to withstand intraocular pressure.

1.8.4 Swelling pressure.

Swelling pressure depends mainly on an osmotic effect that results from the
Donnan equilibrium. The cornea maintains its shape and thickness by balancing
intra-ocular pressure with a transverse swelling pressure created by the mutual
repulsion of stromal matrix fixed charges at physiologic hydration that result from

the presence of collagen, salts and protoglycans (Hodson 1997).

1.8.5 Internal pressure.

In most eyes, the tension of intraocular pressure (IOP) on the tunic wall will not
be equal in all directions. This is because (1) the eye is not spherical; (2) the
radius of curvature of the cornea is less than that of the sclera; and (3) the tunic

of the eye is unequal in thickness.

When the IOP rises, for example due to glaucoma, the cornea becomes very
slightly stretched and flatter, but above 50mmHg the cornea is very inextensible
and the distensibility falls as the IOP is raised (Gloster et al., 1957). This
indicates that the cornea has certain rigidity and the greatest dimensional

changes occur below the normal IOP. Jue and Maurice (1986) have found that
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the human corneal stroma is responsible for the inextensible character of the

anterior eye

1.9 Misshapen cornea.

The human cornea, like any connective tissue, is predisposed to several
dystrophies. The most frequent diseases that markedly affect the biomechanical
stability of the cornea are keratoconus, keratoglobus, and pellucid marginal
degeneration. There is considerable overlap between their clinical features and
differentiation may be made on the basis of the stromal thinning. In pellucid
marginal degeneration, stroma thinning is located mostly in the inferio-peripheral
cornea, and is generalised in keratoglobus as shown in figure 1.4. However, in
keratoconus the thinning is paracentral and occurs most commonly below the

horizontal meridian.

Figure 1.4: Showing protrusion and thinning of the human cornea. (Left) Keratoglobus
(Courtesy of Boruchff, 2001). (Right) Bilateral crescent- shaped inferior corneal thinning
ofpellucid marginal degeneration (Courtesy of Kanski, 1997).
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1.10 Aims of thesis.

The purpose of this work is to investigate the clinical and structural basis of
topographic alterations in the cornea’s shape due to keratoconus. Using a range
of different methods investigations were conducted on patients with clinically
diagnosed keratoconus, on postoperative human keratoconus corneas, and on

two animal models of corneal disease with similarities to keratoconus.

First, keratoconus is discussed demographically and geographically because the
influence of ethnicity on the incidence rate and severity of the disease in the
world’s population is of clear importance. Next, the incidence rate, onset age,
severity of disease and associated signs and symptoms of keratoconus patients
in a Saudi Arabian population is examined. Then moving on to investigate the
relationship between different rigid contact lens designs and the severity of
keratoconus in Saudi Arabian patients and the relationship between optimum

lens back optic zone radius (BOZR) and keratometric readings.

Surgeons often use the topographical map in clinics to size the trephination for
the treatment of keratoconus by penetrating keratoplasty. However, it is not
known whether or not the clinical assessment is able to identify the full extent of
the defect in the keratoconic cormea. Using scanning electron microscopy | next
investigated disruptions to Bowman's layer at the central region of the cone and
at more peripheral regions of the cornea. This will help to clarify the extent of

Bowman’s layer abnormalities and decide whether the steepest area on the
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topographical map covers the full extent of the defect in the cornea or only the

apical area of the cone.

Animal models are useful for the study of disease processes underlying a
number of pathological human conditions. While there currently exists no mouse
model for keratoconus, the availability of mice with some phenotypes resembling
keratoconus corneas may shed light on the pathogenesis of the disease. In order
to facilitate an understanding of factors associated with the biomechanical
instability of misshapen versus normal corneas, transmission electron
microscopy (TEM) was conducted to evaluate ultrastructural changes of the

SPARC-deficient mouse that is predisposed to corneal shape change.

A high angle x-ray diffraction study was also carried out on the SPARC-deficient
mouse, as well as another strain of mice that is predisposed to corneal ectasia
(the JKC mouse) to investigate the spatial orientation of collagen fibrils across
the entire cormeal stroma. This was done to test the hypothesis that corneal
thinning and ectasia might be due to misalignment of collagen fibrils and slippage
of collagen lamellae from their attachment to other lamellae. This might help to
validate the mouse as an animal model for comeal ultrastructural studies and
understand the possible link between shape changes and extracellular matrix

architecture.
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Keratoconus

2.1 Description.

Hall (1963) indicates that keratoconus, the most common ectatic disorder of the
cornea, was first described by Mauchart in 1748 and two decades later by Taylor.
Duke-Elder (1965) cited that the first differentiation of keratoconus from other
ectatic conditions was by Nottingham (1854) during practical observations of the

conical cornea.

There are two types of keratoconus: posterior and anterior. Posterior
keratoconus is a rare condition in which the posterior corneal surface has a
conical protrusion into the anterior stroma which is a result of the absence of
stromal tissue. It is non-progressive and does not affect visual acuity to any great

extent. This thesis is concerned with anterior keratoconus only.

Anterior keratoconus, (hereafter, referred to as keratoconus) or conical cornea is
a noninflammatory progressive ectatic and thinning disease process of the
cornea (figure 2.1). The manifest behaviour of the disease is characterised by
central corneal stromal thinning, distorted corneal curvature, apical stromal
scarring, and anterior protrusion. These features impair vision due to the

development of irregular myopic astigmatism.
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Figure 2.1: Human keratoconus as a result of central or paracentral thinning. Source:
(Boruchoff, 2001).

Although most cases seen clinically are bilateral, the disease is usually more
severe in one eye than the other (Zadnik et al., 2002). Unilateral cases have
been reported, although the apparently unaffected eye assumes a very mild
keratoconic form. Kennedy et al. (1986) reported that keratoconus was bilateral

in 59% and unilateral in 41% of cases.

There are many conflicting views and lines of evidence concerning whether or

not keratoconus expresses any sex-linkage. While some authors believe that it
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affects both sexes equally (Reardon and Lowther, 1973), Woodward (1984)
reported a greater prevalence among females in cases reported in the literature
before 1955. Still, others believe a male predominance (Karseras and Ruben,
1976; Korb et al. 1982; Lim and Vogt, 2002). The disease becomes manifest
around puberty in most cases, and the most common mean age of onset occurs
at around age 16 (Krachmer et al. 1984; Ridley, 1956), although new cases have
been claimed to occur as early as two years (Bennett, 1986). The progression is
slow, taking up to five to six years to develop, thereafter remaining stationary for
many years. In others, there is rapid progression over one or two years, followed

by a long quiescent period (Duke-Elder, 1965).

2.2 Incidence and severity.

An estimation of the frequency of keratoconus varies widely depending upon the
source. Although the disease occurs in all races (Rabinowitz, 1998), there
appears to be a geographical influence on prevalence rate for the disease. As a
result, prevalence of the disease varies between 50 and 230 cases per 100,000
in the general population (Krachmer et al., 1984; Kennedy et al., 1986). Whereas
a low incidence of the disease is apparent in Japan, Taiwan, and Singapore
(Khoo 1989; Chen et al., 2001), Mediterranean and Middle Eastern areas appear
to demonstrate high incidence and an increased manifestation (Totan et al.,
2001; Tabbara, 1999). The ethnic and geographical distribution of keratoconus

will be covered in chapter three, part one.
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2.3 Clinical characteristics.

2.3.1 Signs and symptoms.

The first symptom of keratoconus is a deterioration of vision which usually
appears in one eye only as a result of regular or irregular myopic astigmatism.
Glare, ghost image, monocular diplopia, photophobia, and frequent changes of
glasses are usually first reported by patients (Edrington et al., 1995). The period
between the onset of disease and the first clinical signs or symptoms is very
difficult to detect. In the early stage, myopic astigmatism and a scissors motion
can be detected using retinoscopy, a circular shadow can be seen through
ophthalmoscopy, and irregular or distorted mires accompanied by an increase in

corneal steepness can also be seen using keratometry (Robinowitz, 1998).

In moderate to advanced stages, one or more of the following signs may be
detectable by biomicroscope slit-lamp examination of the cornea: stromal
thinning, conical protrusion, apical stromal scarring, Fleischer’s ring, and Vogt's
striae (Edrington et al., 1995; Zadnik et al., 1996). Fleischer’s ring is a yellow-
brown to olive-green pigment forming an incomplete annulus seen at the base of
the cone as a result of haemosiderin (iron) deposition in basal epithelial cells
created by corneal stretching in the advanced stage of keratoconus as shown in
figure 2.2A. Vogt's striae are fine vertical lines, which represent folds in the
posterior stroma and Descemet's layer and disappear transiently on gentle

pressure (figure 2.2B).
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Figure 2.2 Fleischers ring: (A) epithelial iron deposits at base of cone best seen under
cobalt blue light and (B) Vogts striae: vertical lines in the posterior stroma seen by slit-

lamp which disappear when pressing on the cornea. Source: (Boruchoff, 2001).

Further clinical signs include Munson’s sign and Rizzuti’s sign (Maguire and
Meyer, 1988). These two signs are useful confirmative external indicators
associated with the disease. Munson’s sign is a V-shaped angulation of the
lower eyelid in terms of the upper lid rising when the patient looks downwards
(see figure 2.3). Rizzuti’s sign is a triangular focused beam seen near the nasal
limbus, formed by lateral illumination of the cornea in cases with severe

keratoconus.
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Figure 2.3: Munson's sign: bulging of the lower eyelid when patient looking downward.
Source: (Boruchoff, 2001).

One more clinical sign seen in the advanced stage is acute or hydrops
keratoconus, characterised by a massive influx of aqueous humour into the
stroma as a result of a tear in Descemet’s membrane and endothelium (figure
24). The cornea then becomes densely edematous, leading to a severe
reduction in visual acuity. Within 6 weeks, any endothelial damage has usually
healed by enlargement of nearby cells and the stretching of these endothelial
cells to cover the breaks. Tuft et al. (1994) assessed clinical factors associated
with the development of corneal hydrops in keratoconus patients and found that

hydrops were more common in younger males and in subjects with severe
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allergic eye disease. Further, corneal hydrops is frequently seen in cases of

Down'’s syndrome (Bron et al., 1978).

Figure 2.4: Sudden development of corneal edema (left) secondary to rupture of

Descemet’s membrane (right). Source: (Boruchoff, 2001).

2.3.2 Corneal topography.

Corneal topography is becoming an invaluable clinical tool because it provides
information about corneal curvature which has direct relevance to optical
elements of the cornea beyond the central 3 mm measured by the keratometer.
However, the detection and identification of the very early stage of keratoconus

and the ability to distinguish it from other disorders is still difficult.
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As reported by Wilson (1991), prior to the introduction of the videokeratoscope,
the detection of early keratoconus was one of the main reasons for using
Amsler's Placido disc. It was used to monitor progressive alterations in the
anterior corneal surface in keratoconus by monitoring the uniformity mires of a
Placido disc. In 1984, Klyce introduced a new computer-based analysis of
keratoscope images that produced three-dimensional wire models of comeal
surface distortion. This technique offered the opportunity to evaluate the patterns
of power distribution seen in the earliest stages of keratoconus. It also offered the
opportunity for earlier diagnosis and better understanding of the degree of

corneal irregularity compatible with a given level of visual function.

Maguire and Bourne (1989) used this procedure to detect the presence of
keratoconus in patients without slit lamp or keratometry based evidence of
keratoconus. They reported that comeal topography analysis systems were
useful in the detection and description of corneal irregularity in the early stages,
but only if used by an expert examiner. With the development of computer-
assisted videokeratoscopes in the mid 1980s, it became apparent that some
corneas have the topographic features of mild keratoconus in the absence of
other clinical signs (Maguire and Lowery, 1991; Harrison and Maguire, 1995).
Rabinowitz and McDonnell (1989) developed algorithms for the detection of
keratoconus that are available on some corneal topographers and made the

following observations:
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¢ Power differences are noted between the superior and inferior paracentral
corneal regions in keratoconus and are measurable as the I-S value.

e Central corneal power is higher in keratoconus than normal eyes.

e There is a difference in the progression of corneal steepening in the two

eyes of a keratoconus patient.

This approach permits a positive identification of early suspected keratoconus, if
the central corneal power is greater than 47.2 D or if the I-S value is greater than
1.4 D. It also generates a positive result for clinical keratoconus if the central
corneal power is greater than 48.7 D or the |-S value is greater than 1.9 D. A
study was designed to evaluate the topography of a large series of keratoconus
patients using computer-assisted topographic analysis. This work indicated the
technique had many potential applications for the study of keratoconus (Wilson et
al. 1991). Other work using the same procedure at two to three-month intervals
for a two-year period on patients with keratoconus in one eye, showed no
evidence of keratoconus in the contralateral eye (Maguire and Lowry 1991).
These findings pointed to the use of effective topography-assisted systems in
documenting subclinical cone progression. Further, they may be a useful tool in
the study of the true incidence and natural progression of subclinical

keratoconus.

Maeda and colleagues (1994) developed an automated system to differentiate

clinical keratoconus from other corneal topographies using videokeratography.
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They concluded that this system could be used to distinguish clinical keratoconus
from other comeal topographies. In addition, this quantitative classification
method might also aid in refining the clinical interpretation of topographic maps.
Finally, Dastjerdi and Hashemi (1998) utilised videokeratographs to map three
groups of patients (the first group were known keratoconus, the second group
were suspected, and the third group were normal). Using the highest rate of
steeping as a sole index compared with six other measures, and utilising a
discriminate analysis technique for a period of one year, their study showed high
power and efficacy in differentiating the first two groups of keratoconus from
normal eyes (94.9% accuracy). The above literature indicated that the authors
used the highest reading (greatest power) on the topographic maps as an index
for the point of maximum steepness (peak of cone) on the surface of the cornea
to assess the existence of keratoconus and its position. In other words the
colour-coded contour map of corneal powers conveys topographic information
using colour association and pattern recognition. Normal powers were shown as
green, very low powers were shown as cool or blue colours, and high powers

were shown as warm or red colours (Klyce, 1984; Maguire et al, 1987).

In summary, the topography is designed to map the extent of astigmatism on the

surface of cormea, and to classify the stages of keratoconus and monitor its

progression.
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2.3.3 Corneal thickness.

Undoubtedly, central corneal thickness decreases in keratoconic comeas. As
regards the biomechanical properties of the cornea, scientists view the stroma as
primarily responsible for most of the biomechanical stability of the cornea. In
terms of keratoconus, the thinking is that the apical corneal stroma becomes
weak due to thinning tissue. In advanced cases, the tissue begins to bulge and

consequently changes the shape of the cornea.

The progress of disease is associated with central corneal thinning and with an
increase in central corneal curvature (Insler and Cooper, 1986). In attempts to
measure the central and peripheral corneal thickness of 20 keratoconus eyes
using ultrasound pachymetry Gromacki and Barr (1994) found that the average
central corneal thickness for keratoconus corneas was 0.52 mm compared to
0.56 mm for normal corneas. Furthermore, there was no difference in peripheral
corneal thickness between keratoconus and normal corneas. However,
ultrasound pachymetry is only capable of revealing average readings of central
corneal thickness (Wheeler et al. 1992), it does not allow the identification of the
thinnest corneal site. Consequently, central corneal thickness and apical central
thickness were measured using Orbscan Il and ultrasonic pachymetry in one eye
of 72 normal subjects and 64 eyes of 36 keratoconus patients (Gherghel et al.,
2003). The study showed that the Orbscan Il provided good agreement with
ultrasonic pachymetry for normal eyes. In keratoconic eyes, however, Orbscan ||

measurements were significantly lower than those obtained by ultrasonic
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pachymetry. Using the Paradigm ultrasound biomicroscope, Avitabile and
coworkers (2004) sought to classify the stages of keratoconus based on comeal
thickness of 60 eyes, and to measure central and peripheral corneal thickness at
different stages. They found that central corneal thickness values ranged
between 0.278-0.592 mm, whereas corneal peripheral thickness values lay in

the 0.475-0.992 mm range.

2.4 Stages of disease.

Understanding the progression of a disease plays a very important role in helping
practitioners provide the best option for treatment and help for keratoconus
patients. Consequently, many studies have attempted to categorise the disease
according to its severity. According to Ihme et al. (1983), Amsler graded the
disease into four different stages. The first two stages are rarely diagnosed and
are characterised by depression and angulation of the horizontal axis of the
placido disc image. The next two stages are categorised on the basis of slit-lamp
findings. Stage three is characterised by the existence of cone apex thinning, a
visible comeal nerve, and Vogt's striae. Finally, stage four is characterised by the

presence of Fleischer’s ring, apical scarring, and Munson’s sign.

Based on the clinical appearance of cone shape and size, keratoconus is
classified as:
1. A bow-tie cone, located superotemporal and superonasal and appearing

at a very early stage of disease (Owens and Watters, 1996).
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2. A round or nipple-shaped cone (smaller than 5 mm), the peak of which is
located near the optical axis and often inferonasal to it, and rarely extends
into the cormeal periphery (Perry et al., 1980).

3. An oval or sagging cone (greater than 6 mm), which is less common and
similar to the nipple cone, but is larger and more oval with an apex that is
decentred inferotemporally (Perry et al., 1980).

4. A global cone, the largest cone, occupying around 75% of the corneal

area (Caroline et al., 1978).

Fowler et al. (1988) classified keratoconus into three stages on the basis of
keratometry reading.

¢ Mild: keratometer readings less than 48 D.

e Moderate: keratometer readings between 48 and 54 D.

¢ Advanced: keratometer readings more than 54 D.

This classification system has been adopted in the clinical aspects of this thesis.

2.5 Ultrastructural alterations in keratoconus.

The study of corneal structural changes as a result of keratoconus using various
laboratory tools such as light microscopy, confocal microscopy and scanning and
transmission electron microscopy have provided valuable information (Teng,
1963, Radner et al., 1998b, Sherwin et al., 2002). However, to date, the

pathogenesis of the disease remains unknown.
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In the early stage of keratoconus, the basal epithelial cells appear irregular, and
as the disease progresses they become elongated and spindle-shaped at the
base of the cone (Tusbota et al.,1995), with larger irregularly spaced wing cell
nuclei (Hollingsworth et al., 2005b). Another change appearing in the epithelium
is an accumulation of iron particles seen within the subepithelial basement
membrane and between basal epithelial cells in areas corresponding to

Fleischer’s ring (Gass, 1964).

When Bowman's layer is involved, some authors have suggested that it becomes
very thin or is ruptured in several sites at the apical lesion of the central cornea
(Sawaguchi et al., 1998). Scroggs and Proia (1992) have noted discontinuities in
Bowman's layer, and sometimes distortions in the stroma beneath these defects.
Kenney et al. (1997) have seen gaps in Bowman's layer, and also observed

fibrotic regions where the epithelium is in direct contact with the stroma.

Transmission electron microscopy (TEM) studies of keratoconus tissue have
revealed that the thickness of collagen lamellae themselves is unaltered, but the
number of lamellae appears to be less than in normal tissue (Takahashi et al.,
1990). As counted by Pouliquen et al., (1970) the number of lamellae at the cone
of the keratoconic stroma was 80-140, compared to 300 in normal corneal
stroma. The lamellae that remain are often formed into Z-shaped folds (Fullwood
et al,, 1992). An x-ray diffraction study comparing normal and keratoconus

human comeas revealed no difference in collagen interfibrillar spacing, but a
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7.5% reduction in intermolecular spacing (Fullwood et al., 1992). The fibrillar

diameters were normal (Pouliquen, 1987).

Using scanning electron microscopy (SEM) Sawaguchi and co-workers (1998)
have investigated the stromal collagen fibrils in keratoconus corneas and
observed loosely-packed, randomly-oriented, and distorted collagen fibrils in
some keratoconus corneal stromas, which may reflect reduced collagen density.
Radner et al (1998b) reported that the arrangement of collagen lamellae of the
stromal keratoconus cornea at the apical region differs from those of the para-

apical regions and normal cornea (figure 2.5).

Figure 2.5: SEM micrograph of the apex of a keratoconus cornea. Collagen fibrillar
changes at the apex in C (above) and lamellae split into branches in B (below). Source:
Ophthalmic Res. (Radner et al. 1998).
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Using x-ray diffraction, Daxer and Fratzl (1997) found the orthogonal
arrangement of fibrils at the apical lesion of the stromal cone had broken down,
whereas outside the diseased region the arrangement was normal. Recently,
Meek and his co-authors, (2005) mapped the collagen orientation and relative
distribution of collagen fibrillar mass in the human keratoconus cornea and found
that changes as an average of the whole corneal thickness were more

widespread.

Recently, a confocal microscope study revealed bands varying in width in
keratoconus corneas which ran mainly in a vertical direction, and corresponded
with the steepest sim-K axis of the corneal topographic map in the posterior
stroma (Hollingsworth and Efron, 2005a). Conversely, the authors reported that
in the anterior stroma, bands appeared thinner and varied in their orientation.
The study indicated that bands corresponded with Vogt's striae, and suggested

that they represented collagen lamellae under stress rather than folds.

It has been suggested that keratoconus corneas contain an abnormal form of
keratan sulphate proteoglycan (Funderburgh, 1989). Subsequently, abnormal
proteoglycans were reported to accumulate in keratoconus lamellae in a study
carried out by Sawaguchi (1991). In addition, Fullwood and Meek (1990) found
that proteoglycans of the keratoconus stroma were arranged parallel to the
collagen fibrils, unlike the normal tissue arrangement, where most proteoglycans

are arranged crosswise to the fibril. These abnormal parallel arrangements of
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proteoglycans were found only in some regions of keratoconus comeas. It was
suspected that the enzymatic degradation of keratan sulphate proteoglycans may
alter interfibrillar cohesion and lead to an alteration of the arrangement of
collagen at the fibrillar (Funderburgh et al., 1990) and lamellar level (Scott, 1988).
The viscolastic properties representing proteoglycan-collagen interactions were

found to be abnormal in keratoconus (Wollensak, 1990).

Descemet's membrane and the endothelium are infrequently affected in early
keratoconus. However, in advanced stages the potential ruptures in Descemet's
membrane are usually repaired by an extension of flattened endothelial cells
(Krachmer et al., 1984). The alterations found in keratoconus endothelial cells
are likely to be a secondary event occurring due to mechanical stresses

(Sturbaum and Peiffer, 1993).

2.5.1 Biochemical changes.

To-date, biochemical studies have revealed a decrease in three different enzyme
inhibitors in keratoconus corneas: the alpha 1- proteinase inhibitor, the alpha 2-
macro-globulin inhibitor, and tissue inhibitor of matrix metalloproteinases (TIMP-
1) (Sawaguchi et al., 1990; Zhou et al., 1998). In addition, increased activities of
enzymes were measured that can degrade various extracellular matrix
components within keratoconus corneas (Brown et al., 1993; Smith and Easty,

2000; Maruyama et al., 2001). This inhibitor-enzyme imbalance is thought to play
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a role in stromal thinning and Bowman’s layer / basement membranes ruptures

(Kenney and Brown, 2003).

Immunohistochemical staining performed by Sherwin et al. (2002) revealed
elevated levels of the enzymes cathepsin B and G within keratocytes of
keratoconic corneas. Similarly, Kenney and her colleagues (2005) studied 25
normal and 32 keratoconic comeas, using semi-quantitative reverse
transcription-polymerase chain reaction and southemn blot analysis to analyse the
mRNAs, and immunohistochemistry and/or Western blot analysis to assess
protein, and catalase activity. The study confirmed an increase in catalase mMRNA
level, enzyme activity, cathepsin V/ L2, B and G, and abnormal protein
distribution, and a decrease in TIMP-1 mRNA and protein. The authors
concluded that the decrease in TIMP-1 and increase in cathepsein V/ L2 may
play a role in matrix degradation in keratoconus. Also, their findings support the
theory that keratoconus comeas undergo oxidative stress and tissue

degradation.

Another immunohistochemistry study of 33 normal and 34 keratoconus corneas
demonstrated that keratoconus comeas showed a greater accumulation of
mitochondrial DNA damage than the normal corneas (Atilano et al., 2005). This
study indicated that increased oxidative stress and altered integrity of mtDNA

may be related to each other and may be important in keratoconus pathogenesis.
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2.6 Current hypotheses for the pathogenesis of keratoconus.

Although extensive studies have been carried out to find the causes of
keratoconus, it remains unknown. From the reviewed literature, various
hypotheses have been proposed, but no single theory fully explains the clinical
findings. The proposed hypotheses suggest that alterations in the corneal tissue
occur in either the epithelium and its basement membrane, or stroma, in early

stages.

Evidence from histopathological studies led Teng (1963) to suggest that the
earliest alterations appear in the basal cells of the epithelial layer. Unspecific
enzymes are released and cause fibrillation of Bowman’'s layer and stromal
collagen degradation. According to Teng’s analysis, keratoconus is a disease of
the ectodermal layer not the mesenchymal layer of the cornea. Kim et al. (1998)
and Wilson, (2000) supported this postulation and demonstrated that the loss of
anterior stromal keratocytes is probably due to chronic repetitive removal of the
corneal epithelium, leading to stimulated stromal apoptotic cell death. It had
previously been demonstrated that keratocytes from keratoconus corneas have a
four-fold greater number of IL-1 receptors than keratocytes from normal corneas
(Fabre et al., 1991). As a result, Wilson et al. (1996) and Bron and Rabinowitz
(1996) suggested that the higher expression of interleukin 1 receptors, acting
through a paracrine pathway, may interrupt keratocyte activity and turnover,

causing a loss of keratocytes through apoptosis and a decrease in stromal mass
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over time. This hypothesis assumes that keratoconus appears consequent to eye

rubbing, contact lens wear and atopy.

Conversely, Kenney et al. (1997) postulate that there is probably a factor in the
stroma that stimulates the epithelium, which then feeds back down to the stroma,
causing apoptosis and cytotoxic byproducts to be released. This would explain
why the reappearance of keratoconus following keratoplasty is very rare, even
though the host limbal cells supply the graft epithelium. Recently, Sherwin et al.
(2002) studied morphological changes in peripheral keratoconic corneas using
confocal microscopy. These comeas exhibited discrete incursion of fine cellular
processes into Bowman’s layer. These fine cellular processes originated from

keratocytes even though there are no keratocytes in normal Bowman's layer.

2.7 Biomechanics and rigidity in keratoconus.

Biomechanical studies have revealed that the interlacing between lamellae plays
an importént role in determining the cohesive and tensile strength of the cornea
(Smolek 1990; Smolek 1993; Muller et al., 2001). Accordingly, Smolek and
Beekhuis (1997) confirmed that the position of the keratoconus cone is usually at
the weakest area between the central and inferior periphery of the corneal
stroma. Radner and his colleagues (1998b) also showed that the interlacing of
the lamellae decreases or is even absent at the apex of the keratoconus corneal
stroma. This will affect the biomechanical properties of the cornea and lead to a

further progression of keratoconus.
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According to Polack (1976), collagen lamellae in keratoconus are released from
their attachment to other lamellae or to Bowman'’s layer and slide, resulting in a
thinning of the comea without collagenolysis. Meek and his associates (2005)
have also indicated that keratoconus may be due to unravelling of the anterior
stromal lamellae or Bowman’s lamellae without loss of tissue mass, but by sliding
of collagen fibrils and lamellae over each other. They suggested that it occurs as
a result of incomplete normal lock of cormeal and limbal lamellae during

childhood.

Many authors have concluded that there is a correlation between the low ocular
rigidity and the distensibility of the cornea in keratoconus (Davies and Ruben,
1975; Andreassen et al., 1980; Edmund, 1988). On the other hand, Foster and
Yamamoto (1978) found no significant difference between the ocular rigidities of

keratoconic and normal corneas.

In an attempt to determine the biomechanical properties of the cornea and their
relationship to intraocular pressure, Luce (2005) measured corneal hysteresis in
normal and keratoconus comeas, Fuch’s dystrophy corneas, and before and
after laser assisted in situ keratomileusis (LASIK). They achieved this using an
ocular response analyzer (ORA). The study showed an average of 9.6 mmHg
and 8.1 mmHg in normal and keratoconic populations respectively. Further, the
results indicated that corneas having LASIK, corneas with keratoconus, and

corneas with Fuch’'s dystrophy demonstrate a general decrease in corneal
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hysteresis compared to corneas from normal eyes. This means that in all cases
of keratoconus, the cornea becomes unusually thin at the centre and is thus
weakened due to reduced stiffness and elasticity. Consequently, the cornea
becomes unable to support or withstand the intraocular pressure, the effect of

which causes it to bulge forward in the shape of a conical protrusion.

The apex of the cone constantly coincides with the thinnest part of the cornea
(Hall, 1963). Strips of comea from healthy subjects and from those with
keratoconus were biomechanically compared, and it was concluded that the
reduced strength of keratoconus corneas is partly the result of reduced
thickness, reduced stiffness, and associated reduced capacity for relative energy
absorption (Andreassen et al., 1980). The authors here, suggest that the
decreased mechanical resistance plays a role in the protrusion of the

keratoconus cornea.

2.8 Associated diseases.

A review of the literature to-date reveals that the causes of keratoconus are
unclear. The associations between keratoconus and other diseases are variable
and there is no specific disease proven to indicate the existence of keratoconus.
Different studies have combined keratoconus with other ocular or rare systemic
disorders, or biomechanical instabilities or mechanical abuses. In contrast, the
most common presentation of keratoconus is as an isolated sporadic condition

with no other associated disorders.
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2.8.1 Atopy and other allergic conditions.

An atopic disease is a genetically determined disorder in which there is an
increased tendency to attain certain conditions, such as bronchial asthma, hay
fever, and atopic dermatitis. The condition is triggered by a regain antibody
(immunoglobulin E) which sensitises the skin and other tissues. When combined
with the corresponding antigen, it is responsible for the liberation of histamine

and other mediators which cause atopic symptoms.

Many authors have noted the co-existence of keratoconus with atopic diseases.
Raised serum levels of immunoglobulin E have been reported in 47% to 52% of
keratoconus patients (Rahi et al., 1977; Kemp and Lewis, 1982). Rahi et al.
(1977) and Gasset et al. (1978) found atopic disease in 35% of keratoconus
patients compared with 12% of normal patients. Further, Zadnik et al. (1996)
reported that 34.6 per cent of patients had some form of atopy; with 13% and
10.9% suffering from asthma or with a history of atopic dermatitis, respectively.
Maguire and Meyer, (1988) reported that the commonest type of allergic disease

linked with keratoconus is hay fever, followed by asthma and eczema.

2.8.2 Associated ocular and systemic conditions.

Several ocular abnormalities documented to occur concurrently with keratoconus
are retinitis pigmentosa, congenital cataract, aniridia, microcornea, corneal
degeneration, ectopia, lenticonus, persistent papillary membrane, and blue

sclera. Although most associations between connective tissue conditions and
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keratoconus appear to be epidemiologically insignificant, a few reports suggest
that some cases of keratoconus may be a manifestation of a systemic disease of
collagen metabolism. Rabinowitz (1998) summarised most systemic syndromes
previously reported. These included Ehlers-Danlos, Mitral valve prolapse,

Osteogenesis Imperfecta and Marfan’s syndromes.

On the other hand, some common diseases have been reported to have a high
association with keratoconus. Down’s syndrome, for example, has been reported
as having a 0.5% to 15% association with keratoconus and Leber’s congenital
amaurosis has been found in up to 30% of keratoconus patients older than 15
years (as cited by Rabinowitz, 1998). These two disorders are attributed to a high
incidence of eye rubbing, but Elder (1994) disputes this hypothesis and suggests
that the association with keratoconus may be due to a genetic factor rather than
eye rubbing. Ridley (1961) was the first to draw attention to the possibility that
eye rubbing might contribute to the development of keratoconus. Five years later,
(1966) the same author reported a 70% incidence of eye rubbing in his studied
sample. In southern climates, keratoconus is often more prevalent, especially in
those countries where there is a high incidence of vernal catarrh (Theophanides,
1980). Many authors have concluded that the stimulus for eye rubbing is an
atopic or bioallergic disorder, like hay fever, vernal catarrh, eczema and
belpharitis. Thus, eye rubbing is now thought to be secondary to allergy rather

than being the primary cause of keratoconus (Bawazeer et al., 2000).
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It has been suggested that the long-term wear of both soft and hard contact
lenses may trigger the onset of keratoconus in patients who are predisposed to it,
or may be associated with the development of keratoconus. Gassest et al. (1978)
and Macsai et al. (1990) sought to clarify the role of contact lenses in the
development of the disease. These two studies reported that the same
proportion, 26.5% of 162 and 398 patients, respectively, developed keratoconus

when wearing hard contact lenses.

Recently, a study investigated the effects of contact lenses on cormneal thickness
and curvature (Yeniad et al., 2003). The authors concluded that both soft and
rigid gas-permeable contact lenses cause corneal thickening and flattening in the
first month, and corneal thinning and steepening with the progress of time.
These alterations due to lenses may negatively influence corneal physiology,

thereby leading to keratoconus.

The apical clearance and annular bearing of rigid contact lens fitting may
increase curvature or ectasia in corneas with keratoconus (McMonnies, 2004;
McMonnies, 2005). These authors presented a hypothesis that the mid
peripheral comea that corresponds with the annular bearing of apical clearance
fitting will resist an increasing force of intraocular pressure, thereby causing the
central cornea to distend forward. The second hypothesis is that the central
cornea that coincides with the apical bearing of fitting will lead to chronic

epithelial trauma that may cause stromal thinning. It is therefore not clear
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whether the contact lens contributes to the onset of keratoconus or promotes

progression of the ectasia.

2.9 Genetics and keratoconus.

Although attention has been given to keratoconus as a hereditary disease,
whether genetic factors play a role in its pathogenesis remains unclear. However,
some clinical studies have pointed to a genetic influence in the development of
keratoconus. One study reported a positive family history in 6%-10% of patients
with keratoconus (Tretter et al., 1995) and another study found a strong familial
history in 23.5% of patients with keratoconus in New Zealand, exceeding
previously reported figures (Owen and Gamble, 2003).

Regarding the modes of hereditary transmission of keratoconus, the majority of
studies have documented autosomal dominant and minor recessive hereditary
transmission patterns with variable expression (Rabinowitz et al., 1990; Sallum
and Erwenne, 1996). Rabinowitz (1998) also indicated that the literature has
made mention of monozygotic and dizygotic twins. As a result of rapid
development in molecular and statistical methods, one study reported in a single,
large family the linkage between keratoconus and chromosome 21 (Rabinowitz
and coworkers, 1999). An abnormality in chromosome 13 has also been
associated with keratoconus (Heaven et al., 2000). Further, one study reported
that the locus for keratoconus and cataract are linked to the long arm of
chromosome 15 (Hughes et al., 2003). Heon et al (2002) identified that there are

mutations in the VSX1 homeobox gene for two distinct inherited corneal
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dystrophies; posterior polymorphous dystrophy and keratoconus. Recently,
Rabinowitz et al (2005) found that the suppression of transcripts for Aquaporin 5

provides clear evidence of a molecular defect identified in keratoconus.

2.10 Optical correction and management.

Although keratoconus is a noninflammatory disorder, it is a particularly
problematic disease for both the patient and practitioner for several reasons.
First, there is no ideal technique to tackle keratoconus immediately without
transplantation. Also the development of the disease is difficult to anticipate,
vision is not stable with spectacles, and fitting contact lenses is a complex task
which is not free from complications that result from long-term lens use (Mackie,
1993). Patients face big challenges with contact lenses, such as intolerance to
hard contact lenses, the daily complexity of the contact lens regimen, and chronic
conjunctival diseases related to long-term use of contact lenses. Moreover, the
transplantation is not free from complications (i.e. a high degree of residual

astigmatisrh, graft rejection, and reoccurrence of keratoconus).

2.10.1 Glasses.

Commonly, myopia and simple astigmatism develop in the very early stages of
keratoconus, and many patients begin spectacle wear before signs of the
disease are evident. The milder forms of keratoconus often can be satisfactorily

corrected with spectacles, and this is the treatment of choice for as long as it
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provides acceptable visual acuity. However, as the disease progresses, patients
experience unstable vision, anisometropia, inadequate visual acuity, distortion,

and/or poor visual acuity with glasses.

2.10.2 Contact lenses.

Rigid gas permeable (RGP) contact lenses are usually resorted to when the
visual acuity with spectacles drops to an unacceptable level. Rigid contact lenses
neutralise the induced corneal irregularity, and visual acuity usually improves
markedly. Regardless of the complications associated with rigid contact lens
wear, it has advantages over spectacles. It provides good acuity for irregular
corneas (i.e. keratoconus, trauma, and subsequent to refractive surgery), a wider

field of view, and better refractive anisoconia.

Apart from surgery, RGP contact lenses are considered the mainstay of therapy
in this disorder and represent the treatment of choice in 90% of patients (Buxton,
1978). Simddy et al. (1988) refitted more than 70% of patients presenting for
surgical consideration of penetrating keratoplasty for keratoconus and
successfully maintained patients in contact lens wear. Belin et al. (1988) also
refitted 88% of keratoconus cases who were referred for surgical arrangements
due to contact lens failure. It was thought that rigid contact lenses had some
therapeutic effect in that they halted or at least retarded the progression of the
cone (Kemmetmuller, 1975; Mandell, 1997), but this has been disputed

(Theophanides, 1980).
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Usually the stage of the disease and the specific type of cone presentation play
an important role in selecting lens design, and in successful contact lens fitting.
Therefore, as the disease progresses, more complex RGP contact lenses are
used. These lenses include spherical lenses, bicurve, tricurve, multi-curve
spherical lenses, and aspheric lenses. Despite the development in rigid contact
lens design and materials over the past three decades, the Soper cone, McGuire,
and Rose-K keratoconic lenses systems have been the mainstays of conical
correction for keratoconic patients (Norman, 2000).

Further special lenses are used in fitting keratoconus patients who cannot adapt
to RGP lenses. If a keratoconus patient is intolerant of rigid lenses, the use of a
rigid lens fitted over a soft lens is sometimes a viable alternative. The concept
refers to a piggyback fitting that was first advocated by Westerhout (1973).
Initially, the patient is fitted with a large diameter soft lens with proper centration
and movement. Keratometry readings of the front surface of the soft lens in situ
are taken, and then the rigid lens is fitted on the top of the soft lens. The
theoretical‘ advantage of this method of correction is that it enables an advanced
case of keratoconus to be optically well corrected with added comfort.

The Softperm lens is a hybrid lens of a RGP of 6 mm optical portion centrally
surrounded by a soft, hydrophilic skirt lens of 14.3 mm diameter. The lens fits
over the cone and provides excellent vision because the larger diameter soft skirt
provides good centration on displaced apices, as well as comfort. It helps in
fitting early keratoconic patients who cannot adapt to RGP lenses, but edema,

neovascularisation of the peripheral cornea, and insignificant movement are the
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main disadvantages and regular and careful follow up is required (Maguen et al.,

1991).

2.10.2.1 Fitting techniques for RGP lenses.

Generally, the shape and cone apex have been used to classify cones into three
distinct groups which can be used as the basis for choosing a fitting philosophy
(Woodward, 1997). Keratoconus is commonly managed by various RGP lens
designs, and each design has its origin in one of the three essential fitting
techniques. These three widely-debated fittings are steep apical clearance, flat

apical bearing, and divided support (see figure 2.6).
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Figure 2.6: Steep apical alignment fitting (A), flat apical alignment fitting (B), and three
point touch alignment fitting (C). Sources: Contact Lens & Anterior Eye J. (Pullum, 2003)
and (Bennett and Weissman, 2005).
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Principally, in steep apical clearance fitting, lens support is directed onto the
paracentral cornea, and away from the apex of the cornea. This technique has
several advantages, for example, apical scaring, corneal oedema and punctate
staining can be avoided, but several disadvantages can also result from this
technique, such as reduced visual acuity, flare, poor tear exchange, and more
negative power (Mandell, 1997; Woodward, 1997). Further, this method is only
suitable for the small nipple cone, and not for the advanced stage (Gundle,

1996).

In the flat apical bearing fitting method, lens support and bearing are directly on
the apex of the cornea, resulting in better visual acuity and less negative power
and this is easy to achieve (Ham, 1986). However, corneal abrasions and apical

scarring are the main disadvantages (Korb et al., 1982).

Finally, divided support or three-point-touch rigid lens fitting is currently the most
frequently used approach. The three-point-touch refers to the support provided
for the lens by an area of central bearing (2-3 mm in diameter) and two other
areas of bearing at the corneal mid-periphery. Lens weight is therefore
distributed over the cornea, and eliminates most disadvantages of both flat apical
bearing and steep apical clearance. Further, it is useful for large cone and
advanced stages of keratoconus (Leung, 1999). An initial trial lens BOZR should

be selected based on average keratometric readings or steepest meridian as a
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starting point, then changed up and down until the best fitting is obtained (for

further details see chapter three, part two).

2.10.3 Surgical options.

The last treatment option for keratoconus patients is surgery. Currently, various
surgical approaches are available. However, penetrating keratoplasty (PKP)
represents the best and most successful surgical option for patients who cannot
tolerate contact lenses or have significantly lost visual acuity with contact lenses.
In this method, the central affected area of the cornea is removed, and replaced
by the full thickness of a normal donor cornea. Trephines between 7.5 and 8.5
mm are usually used, but Fleischer's ring can be used as the limit of the conical
cornea. A study which investigated the results of 100 post-PKP keratoconus
patients between 1968 and 1986 showed a 93% rate of success, and 81% had
visual acuity 20/40 or better (Sharif and Casey, 1991). Moreover, complications
after PKP are rare. These include rejection, post-operative astigmatism, a fixed
dilated pupil, and recurrence of keratoconus (Kremer et al., 1995; Tuft and

Buckley, 1995).

An alternative surgery for keratoconus patients is a partial corneal transplant
named epikeratoplasty. This technique involves partial removal of the cornea
which is replaced by the donor cornea which has been frozen and shaped to
patient requirements in a cryo-lathe. This technique is suitable for contact lens

intolerant patients in whom scarring has not yet occurred (Dietze and Durrie,
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1988). Phototherapeutic keratectomy (PTK) with an excimer laser has been used
with some success to remove anterior stromal scarring, and in order to smooth
the tip of the cone, and improve contact lens tolerance (Ward et al., 1995).
Intrastromal corneal rings (Intacs) used to change the shape of the cornea in
eyes with low myopia has been used limitedly in keratoconus patients to reduce
the corneal steepening and astigmatism (Colin et al., 2000). This technique is
based on reshaping the comea by inserting ring segments into stromal lamellae
to flatten the central cornea (Burris et al., 1991). Finally, another therapeutic
method used recently is based on collagen cross-linking by combined riboflavin
and ultraviolet-A treatment, and this has been claimed to be of significant use in

stopping the progression of keratoconus (Wollensak et al., 2003).
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3.1 An epidemiologic study of the keratoconus
profile in a Saudi Arabian population

3.1.1 Introduction.

Most previous epidemiologic studies of keratoconus vary widely in their
findings due to the rarity of disease, and the different criteria and tools used in
its diagnoses. This has led to several studies reporting the overall incidence
rate of keratoconus as between 1.4 and 600 cases per year per 100,000
(Ihalanainen, 1986; Kennedy et al., 1986; Crews et al., 1994; Zadnik et al.,

1996; Barr et al., 1999; Totan et al., 2001).

The onset of keratoconus appears characteristically at puberty (the mean age
of onset is 16 years) and progresses over a period of 7 to 20 years (Ridley,
1956; Krachmer, 1984). But Hall (1963) and Bennett (1986) reported that the
onset of k.eratoconus can occur at ages as young as 6 years. These reports
have mainly considered Caucasian populations, with recent studies
suggesting an influence of ethnic origin on the incidence rate and age at
onset. For example, a study by Pearson et al. (2000) on Asian and Caucasian
populations living in the UK disclosed an incidence rate of 19.6 and 4.5 cases
per 100,000, respectively. Similarly, Georgiou et al. (2004) studied British
Asian and Caucasian populations and reported incidence rates of 25 and 3.3

cases per 100,000, respectively.
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Previous studies on keratoconus in Saudi Arabia are very limited. One study
investigated indications for corneal transplantation at the King Khaled Eye
Specialist Hospital over a twenty years period (1983 — 2002) and found that
the annual number of corneal transplants performed for keratoconus
increased from approximately 30 to 170 per year, accounting for over 40% of
all grafts (Al-Towerki et al., 2004). This apparent sharp increase in
keratoconus incidence, however, was attributed to the recent increases in the

Saudi Arabian population, and the expansion of modern ophthalmic services.

The influence of ethnic origin on the incidence rate and severity of keratoconic
disease has been recently suggested to be of significant importance. Reports
on keratoconus in Saudi Arabia are very limited, therefore, the first half of this
chapter presents a prospective study that assesses the incidence rate, onset
age, as well as the severity of keratoconus disease and associated signs and
symptoms of new patients with keratoconus attending the Department of

Ophthalmology of Asir Central Hospital (ACH), Saudi Arabia.

3.1.2 Background.

Saudi Arabia is an extensive country; with an area of about 2,331,000 km?, it
comprises about 80% of the Arabian Peninsula and is physically divided into
six parts from west to east. The western coastal plain is located along the Red
sea coast. The highlands, the belts of mountains which extend from north to
south parallel to the coastal plain, gradually increase in width and height
towards the south. The highest peaks and widths of mountains are located in

the Asir Province (the highest is 3248 metres located in Asir Province). Asir
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province (where the study was undertaken) is located in the south-west of
Saudi Arabia, and Abha is the capital city of Asir Province shown by the
yellow triangle in figure 3.1.1. In the northern area of the kingdom is the
northern steppe land which is used for pasture by nomadic herders. In the
centre of the country, is the Najed Plateau in which the capital, Riyadh City is
located. Finally, deserts extend from north to south and stretch to the Arab
Gulf which contains all the major oil fields in the kingdom (Ministry of
Planning, 1985). Generally, Saudi Arabia has a dry climate; it is hot in summer
and cool in winter in the northern and central areas. Higher humidity occurs on
the coasts, and the mountainous areas in the west have a mild climate
(Ministry of Planning, 2000). The common population is distributed in the
western and central regions (about 77.3% of the total population) (Ministry of
Planning, 1999). Asir Province represents more than 25% of the Kingdom’s
population living in thousands of villages and few small urban centres in these

highlands (Ministry of Planning, 1985).
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Figure 3.1.1: Map of Saudi Arabia. It shows different characteristics of topographic
relief and demographic distribution of population in Saudi Arabia. As indicated by
yellow triangle, Asir region is located in the south-west and Abha is the capital city of

Province. Website:_www. worldatlas.com/webimage/countrys/asia/lgcolor/sacolor.

The current health services system, as it is in other parts of the world, is
divided into government (public) sector and private sector. In the public sector,

the state’s plans aim to provide full-scale health care to all Saudi citizens free
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of charge (Yamani, 2000). The health care responsibilities in Saudi Arabia are
undertaken by several governmental agencies supervised by Ministry of
Health (Yamani, 2000). The medical facilities that are provided by Ministry of
Health in Saudi Arabia include the following: 135 general hospitals, 1,737
primary health care centres and 47 specialised hospitals (Al-Shahrani, 2003).
The health care system process that follows Ministry of Health is to examine
patients in primary health care centres and then refer them to general / tertiary
hospitals. Medical cases that can not be treated in general / tertiary hospitals
are referred to specialist hospitals by their general practitioners (Al-Saati,
2000). Further, there are 39 high sophisticated hospitals in the central and
western regions run by other governmental agencies, which provide medical
services to their staff but also receive the complicated cases from hospitals
that follow Ministry of Health (Al-Shaharani, 2003). Specialist keratoconus
contact lens services in Saudi Arabia are limited. They are only available in
the sophisticated hospitals that are located in Riyadh city such as King Khaled
Eye Specialist Hospital, National Guard Hospital and King Faisal Hospital and
Research Centre. To the best of my knowledge, only two Ministry of Health
referral hospitals have specialist contact lens clinics, Asir Central Hospital in

Asir region and the Eye Hospital in Jeddah.

3.1.3 Materials and Methods.

3.1.3.1 Clinical Methods.

All patients attending the Department of Ophthalmology, Asir Central Hospital,

Saudi Arabia, for one year (May 2001 — April 2002) who were suspected of

64



Chapter Three: Part One

having keratoconus were recruited. Further, patients newly diagnosed with
keratoconus, but attending the Department of Ophthalmology in other tertiary
hospitals in Asir province, were referred directly to the screening clinics in Asir
Central Hospital for further management. In the Ophthalmology Department,
of Asir Central Hospital cases were first seen by consultants and then referred
directly to the screening clinic to conduct the study requirements and continue
patient management. Thereby, cases could be seen by more professionals to
confirm the diagnosis of keratoconus, especially in the subtle or early stages
of the disease. Screening for each patient was achieved at a single session
lasting approximately 45 minutes. The clinical assessment routine for each

patient included the following:

e Case history.
Data were gathered concemning age at the time of presentation, self-reported
patient age at time of incidence (age at the time of first vision complaint), sex,
symptoms (blurred and decreased vision, monocular diplopia, photophobia,
headache, glare, ghosting of images and frequent Rx changes), history of
ocular disease (tearing, rubbing, redness, allergy and vernal
keratoconjunctivitis) and any active treatment, systemic disease (especially

atopic diseases), medication, family history, and occupation.

e Shnellen visual acuity
The principal measurements of visual acuity (VA) were carried out: monocular
unaided VA, habitual VA, and optimal VA (with the best manifest correction).

A high contrast Snellen VA chart viewed from six metres was used. The
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Snellen chart was moved close to the patient when it was not possible to
discriminate between chart letters. Finally, luminance of the chart was

maintained at 80 cd / m?, and the room was kept illuminated.

o Keratometry measurement.
Javal Schiotz (Shin/Nipon Japan 2190) keratometry was used to acquire the
central coreal curvature. This unit has a range of between 30 D (11.20 mm)
and 60 D (5.60 mm). Auxiliary lenses (+1.25 D or a +2.25 D) over the aperture
of the instrument were used to extend the usual range when necessary
(Zadnik et al., 1998). Consequently, the keratometric reading extended over
the usual range by 8.25 D or 16 D. Finally, the mire quality of the keratometer
was graded according to the amount of distortion from 1 (clear) to 4 (very

distorted).

¢ Refraction.
Objective measurement (Streak Retinoscopy) provides a sensitive
assessment for detecting and confirming the diagnosis of early keratoconus. It
was used to determine the initial refractive error. Further, careful objective
over-refraction and subjective refraction after each contact lens fitting was

performed.

¢ Slit-lamp Biomicroscopy examination.
Complete examinations were performed to detect any abnormalities or
anomalies of the eyelids, eyelashes, conjunctiva, tear layer, anterior chamber,

and iris, using a Haag-Streit slit lamp microscope. In addition, the presence or
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absence of biomicroscopic signs of keratoconus, such as apical thinning,
Fieischer's ring, Vogt's striae and scars or any other abnormality, were

observed.

e Fundus examination.
Direct ophthalmoscopy or an indirect Biomicroscopy were used to inspect the
lens, vitreous, and retina. Examination of retinal vessels, retinal periphery,
macular area, and optic nerve head, was carried out. None of the patients

included in the study had any abnormalities, apart from keratoconus.

¢ Intraocular pressure and anterior chamber angle.
Intraocular pressure (IOP) assessment was undertaken using a C.T 80
Topcon computerised non-contact Tonometer, and recorded as the average
of at least two IOP measurements for each patient. Hence, the IOPs in the
population study were within the normal limit. The Van Herick procedure was
used to estimate the anterior chamber angle depth. The ethical approval
process for clinical research for this study was achieved in agreement with the

regulations of the Asir Central Hospital as indicated in Appendix 3.

3.1.4 Subjects.

Consecutive screenings were conducted for patients referred to the
Ophthalmology Department, Asir Central Hospital for the first time for further
management. One hundred and twenty-five patients (240 eyes) were
recruited, comprising 51 males and 74 females, with a mean age of 18.45 +

3.9 years (standard deviation) at the time of screening. Patients’ age ranged
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from 8 — 28 years. The keratoconic eye diagnosis was made on the basis of
changes in the best corrected VA, familial keratoconus, an irregular surface
evidenced by distorted corneal curvature, keratometry, scissoring of the
Retinoscopic reflex, or irregularity in the red reflex with direct ophthalmoscopy.
Clinical signs were at least one of the following biomicroscope characteristics:
central corneal stromal thinning, apical stromal scarring, Vogt's striate,
Fleischer's ring, and Munson’s sign. Unusual cases for which the diagnosis of
keratoconus could not be established with confidence were excluded from the
study. Patients with atopic diseases were referred to the appropriate medical
practitioners for further management. Patients with vernal keratoconjunctivitis

(VKC), and allergy were treated by ophthalmologists in the department.

3.1.5 Statistics.

After completion of the data coding, the information was entered into the
computer using SPSS 12 for analysis. In this study, descriptive statistics and
analytical methods were used to describe the data collected from all
keratocoﬁus epidemiology variables. Multiple response analysis was used to
describe the atopic ocular history (allergy, rubbing, VKC, tearing and redness)
since the patient may have had one or more of the symptoms. Cross
tabulation was used to detect VA measurements in right and left eye
independently in each stage of keratoconus on the basis of average
keratometric reading groups. In addition, VA measurements were categorised
into three groups, then cross tabulation was used to observe VA responses in

each stage of the disease. Pearson’s correlation coefficient and scatter plots
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were used to correlate VA measurements and the progress of keratoconus in

right and left eye, independently.

3.1.6 Results.

3.1. 6.1 Incidence Rate.

The incidence rate was calculated using the area population of 654,163 for
those aged between 5 and 29 in Asir Province, Saudi Arabia (Ministry of
Planning, 2001). This was selected because the disease usually develops
within this age range, and because the study’s age range was also of this
order (8 - 28 years). With this calculation, the keratoconus incidence rate was

20 cases per 100,000 (1 per 5,000) in Asir province.

3.1.6.2 Age of diagnosis / Age of onset.

The mean age at the time of the survey was 17.7 £3.6 years for males,
whose ages ranged between 8 to 24 years, and 19.0 +3.8 years for females,
whose ages ranged between 12 and 28 year (figure 3.1.2). The mean age of
the self-reported disease onset among males was a 13.9 3.2 year, ranging
between 6 and 21 years, 14.6 +2.6 years among females, ranging between 8

and 22 years.
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Figure 3.1.2: Age distribution of patients enrolled in this study at the time of self-

reported incidence and ophthalmological diagnosis.

3.1.6.3 Visual Acuity.

Analysis of the VA measurements indicated that uncorrected vision decreased
with increasing severity of the disease (disease severity was classified on the
basis of average keratometry readings as shown in table 3.1.2). As the degree
of corneal astigmatism and curvature increased, vision decreased, as
expected. However, VA values were variable even for patients at the same

stage of disease.

Uncorrected Average K-reading
vision Upto- 48D >4825- 54D >540D
Up to 6/24 57 21 2
> 6/24 up to 6/60 34 68 18
>6/60 3 13 24
Overall 94 102 44

Table 3.1.1: Vision varies with severity of keratoconus, but is influenced by the

degree of astigmatism and myopia.
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Figure 3.1.3 presents data graphically to show (i) the effect of the general
increase in corneal curvature produced by keratoconus by comparing VA with
the average keratometry in each eye and (ii) the effect of increasing corneal
astigmatism by comparing vision with the difference between keratometry
readings for meridians in each eye. The overall steepening of the cornea

produces a greater change in VA, rather than any increase in astigmatism.

The patients’ refractive errors were corrected with either spectacles or rigid
contact lenses. Depending on the stage of the disease, VA was improvable for
108 eyes with spectacles, while 132 eyes were corrected with different types
of rigid contact lens. The distributions of best rigid contact lenses, VA results
and spectacle-corrected VA results are shown in table 3.1.1. For spectacles
wearers 33.3% of eyes achieved 6/6 or better, but 100% of eyes achieved
6/12 or better. For rigid contact lens wearers, 93% of eyes achieved 6/6 or

better, and 97% had 6/12 or better.
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Figure 3.1.3: Scatter plot llustrating visual acuity against keratometry
measurements: (A) & (B) VA decreases with increasing corneal curvature (R2=0.42
and 0.33) for right and left eye respectively. (C) & (D) VA decreases with increasing
corneal astigmatism, although with only a weak relationship: right eye (F? = 0.09) left
eye (FI2= 0.07).
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Visual Acuity Level

With Spectacle Correction

With Rigid Contact Lenses

No (eye) | Cumulative | No (eye) | Cumulative %
%

6/4.5 0% 7 5.3%
6/5 0% 6 9.85%
6/6 36 33.3% 110 93.18%

6/7.5 8 40.7% 0 93.18%
6/9 22 61.1% 0 93.18%

6/12 42 100% 5 96.97%

6/15 0 100% 3 99.24%

6/18 0 100% 1 100%

Total 108 eyes 100% 132 100%

Table 3.1.2: The distribution of corrected visual acuity with spectacles and rigid

contact lenses.

3.1.6.4 Severity Assessment.

The severity of keratoconus was assessed by keratometry and age at

diagnosis (Fowler et al., 1988; Carmichael et al., 2003). Based on the

keratometry results, the keratoconus population was divided into three groups:

Early, (keratometer reading < 48 D), Moderate, (keratometer reading between

48 - 54 D), and Advanced, (keratometer reading > 54 D). Figure 3.1.4

illustrates the mean age of patients in each keratometry group, suggesting

that an earlier age of diagnosis of the disease affects keratoconus severity.
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Figure 3.1.4: Age at the time of ophthalmological diagnosis for each keratometry
group. Error bars show means (+ 1.0 SD).

3.1.6.5 Associated signs and symptoms.

All patients were asked general questions concerning ocular history with the
worst eye used to investigate the relationship between the ocular history and

the severity of the disease and the concomitance with atopic ocular disease.

Regarding atopic dermatitis diseases, twenty patients of 125 (16%) had
eczema, asthma and vitiligo. Another 20 patients of 125 (16%) had a positive

family history of keratoconus. There was no evidence of Tapeto-retinal
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degeneration or Reiger’s anomaly. Further, there was no associated incidence

of systemic disease, such as Down’s, Marfan’s or Ehlers-Danlos syndromes.

Seventy patients of 125 (56%) had a positive ocular history, and each of the
seventy reported one or more of the five keratoconus-associated factors: eye
rubbing, ocular allergy, tearing, ocular redness or VKC (figure 3.1.5). Five
patients between the ages of 6 and 12 years reported all five symptoms and

three of these also had a family history of keratoconus.
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Atopic disease

Figure 3.1.5. Percentage of patients with ocular signs and symptoms

accompanying keratoconus.
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3.1.7 Discussion.

The epidemiology of any disease varies widely from one part of the world to
the other due to geographic, demographical, racial, climatic and
environmental characteristics. Hence, the ability to describe the incidence rate
of a disease is important for predicting current and future clinical needs, and in
establishing the disease characteristics in a particular population. This study
found the incidence rate of keratoconus for Asir Province in Saudi Arabia to
be 20 per 100,000 of the population based on new patients referred to the

provincial, tertiary-level specialist clinic.

“Although there appears to be a general consensus of the need for
prevalence, incidence, and cause-of blindness statistics by age sex and race,
there is no consensus concerning the methods of securing them” (Goldstein,
1980). Johnson (2003) defined the prevalence as the number of people with a
disease at a particular time, divided by the total population at risk, whereas
the incidence is the number of new cases arising. The incidence can be
calculated either by cumulative or rate. Cumulative incidence is the number of
new cases divided by the total number of individuals at the start of follow-up,
while the incidence rate is the number of new cases divided by total follow-up
time. The methods utilised in epidemiological research may be categorised
into two main types: experimental and observational studies and each
generates sub-types of study. The observational study has three types of
study, cross-sectional, case-control and cohort (longitudinal) studies, each of
which has advantages and disadvantages. For example, the cross-sectional

observational cohort study that is used here has a selection bias in that
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patients selected for inclusion into a study may not be representative of the
population to which the results will be applied (Petrie and Sabin, 2001). In the
current study there are limitations and drawbacks. For example, all of the
primarily health care and general hospitals did not have a professional eye
clinic and practitioners in these health services are not qualified to diagnose
the cause of the vision loss. Moreover, these hospitals are far away from each

other geographically leading to considerable logistical problems.

Although the author is convinced that the results of hospital-based surveys
can not provide accurate information on the prevalence of eye disease in the
community, there is no specific method can overcome this matter at the
present time. Therefore, the author found some advantages that may at least
help to estimate the approximate incidence of the disease in Asir Province.
Subjects presented for medical evaluation through referral from screening
programmes or because of noticeable changes to their vision or because of
other symptoms associated with the condition such as VKC. Age of incidence
is usually within school age (education until 18 years is compulsory). The
vision screening test for students is usually taken regularly through primary to
high school, the whole area is covered with school and health services and
any suspected or diagnoses case of keratoconus or other abnormal disease
should be referred to the only specialised hospital in the area in order to take
further management. Therefore a high proportion of keratoconic cases would
be expected to be picked up. Some asymptomatic cases arising after school-
leaving age may not be picked up. The vast majority of students are following

their education in the universities after high school and are more aware of any
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types of vision loss. The whole number in the targeted age (5-29 years) of the
population in this area is known, so the incidence in the ‘at-risk’ population
can be calculated. Further, some published studies have used the same
method, and this encouraged the author to use it (Pearson et al., 2000; Saini

et al., 2004; Georgiou et al., 2004).

So, although the current study has shortcomings because it is clearly did not
reflect the real picture of disease incidence in the population, it gave some
indications about the characteristics of the keratoconus population in Saudi

Arabia especially in Asir region.

The present findings of an incidence rate of 20 per 100,000 compares with 1
per 100,000 in the UK (Duke-Elder and Leigh, 1965), 2 per 100,000 in
Minnesota, USA (Kennedy et al. 1986), 2.2 per 100,000 in Finland (lhalainen,
1986), 2.5 per 100,000 in Holland (Woodward, 1984), and 50 per 100,000 in
New Zealand (Sabiston, 1978). These variations suggest an ethnic or

environmental influence.

The incidence of keratoconus in our cohort of patients is comparable to that of
20-25 per 100,000 in British Asian populations living in the UK (Pearson et al.,
2000; Georgiou et al., 2004). A genetic factor underlying this higher incidence
was suggested by the authors of the UK studies comparing the incidence
between Caucasian and Asian populations. Both Asian and Caucasian groups
have similar environmental influences, and the higher number of consanguine
marriages among Muslims, especially first-cousin marriages among Pakistani

people, was proposed as a possible cause of the increased genetic
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concentration of keratoconus. A similar genetic factor may also have
contributed to the present study’s findings because a positive family history

was found.

Previous reported rates of a positive family history of keratoconus in
Caucasian populations are 6% (Zadnik et al. 1996), 8.8% (Swann and
Waldron, 1986) and 23.5% (Owens and Gamble, 2003). This compared with
16% (20 cases) of patients in the current study. For one family reported here,
comprising seven brothers and sisters, four had keratoconus in at least one
eye. Moreover, anecdotal evidence from keratoconus patients referred to King
Khaled Eye Specialist Hospital indicates that more referrals are from the Asir
province compared to other provinces of Saudi Arabia. This suggests that a
genetic factor might be involved in the aetiology, since communities living in
this area are relatively isolated geographically from the rest of country and any

inherited defects will therefore be exacerbated.

Environmental or geographical factors may also have contributed to the
incidence rate and severity of keratoconus. Asir Province is a mountainous
region, and the majority of the keratoconus patients (95%) were distributed
among the high mountain peaks at an altitude of 3000 metres on average.
People living at this altitude are likely to have a greater exposure to ultraviolet
radiation from the intense sun given that ultraviolet radiation increases with
altitude by approximately 10% for every 1000 meters of elevation (Marin et al.,
2005). Ultraviolet radiation has been linked to keratoconus previously because
it is considered to be a source of reactive oxygen species in the cornea.

Kenney and Brown (2003) have put forward a cascade hypothesis which
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states that keratoconic comeas have underlying defects (e.g. defective
enzymes in lipid peroxidation and/or nitric oxide) in their ability to process the
accumulated reactive oxygen species in the cornea and as a consequence
undergo oxidative damage. This oxidative damage can lead to a series of
cellular and extracellular events such as apoptosis, altered signaling
pathways, increased enzyme activities, and fibrosis. Based on this, Kenney
and Brown (2003) suggested that ultraviolet radiation might contribute to the

pathogenesis of keratoconus.

Another report suggests that keratoconus corneas do not process reactive
oxygen species in a normal manner, and that this may play an important role
in the pathogenesis of the disease (Lim and Vogt, 2002). The occurrence rate
of keratoconus in Hawkes Bay, New Zealand, was one in two thousand of the
population and was found to be equally present in both Maoris and Europeans
(Sabiston, 1978). The effect of ultraviolet radiation has been proposed to
explain the higher incidence rate for keratoconus in New Zealand, which has a
Caucasian population similar to the UK, but because the ozone layer is
thinner, a greater ultraviolet background. The study by Owens and Gamble
(2003) proposes this as a possible explanation for the increased incidence of
keratoconus. However, this could not be proved since it was not possible to
robustly assess the actual ultraviolet dosage in individuals. Thus, the effect of
ultraviolet on the eye requires further study before it can be determined as a
risk factor in the development of keratoconus in patients from Asir Province,

Saudi Arabia.
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Another possible environmental factor that might contribute to the cascade
hypothesis for keratoconus development is the lower oxygen pressure at high
altitudes as would be the case in Asir Province. Thus, hypoxia may also
partially contribute to the cause or the observed rapid progress of keratoconus
disease. The cornea is an avascular tissue and needs oxygen from the
atmosphere. In hypoxia, corneal physiological changes will trigger a change in
glycogen metabolism. The anaerobic metabolism provides less energy than
aerobic metabolism, so glycogen stores in the epithelium are reduced (Klyce

and Beuerman, 1988).

Genetic and environmental factors may both have an influence on the severity
of keratoconus in Asir Province. This can be seen in the earlier age of
presentation recorded in the current study (18.5 years), in comparison to other
studies. Approximately three quarters of patients examined here (74.4%)
presented before the age of 20 years, whereas in the Collaborative
Longitudinal Evaluation of Keratoconus (CLEK) study in USA only 4%
presented at the same age (Zadnik et al. 1996). Similarly, several other
investigators in a Caucasian population have reported a fairly high age at the
time of study (mean, 27 years) suggesting a later disease onset (Kennedy et
al., 1986; Pearson et al., 2000; Georgiou et al., 2004; Lim and Vogt., 2002;
Owens and Watters, 1996). This contrasts with the results of other authors
(Saini et al. 2004; Pearson et al., 2000; Georgiou et al., 2004) who found a
mean presentation age for Asian patients of 20.2, 21.5 and 22.5 years
respectively. The mean age of self-reported disease-onset in this study was

14.3, ranging between 6 and 22 years, compared with 16 years mean onset in
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the general population (Krachmer et al.,, 1984). Although females out-
numbered males, there was no significant difference in onset age between

males and females.

The increased severity of keratoconus in subjects reported here is also
revealed in the classification of disease severity by keratometry readings.
Based on average keratometric values, 94 eyes (39.2%) were in the ‘Early
stage’, 102 eyes (42.5%), in the ‘Moderate stage’, and 44 eyes (18.3%)
‘Advanced stage’. However, 37 eyes in the advanced stage (84%) belonged
to subjects who were twenty years or under, more than the 67% reported by
Saini and associates (2004). Another report investigated all patients with
keratoconus and vernal keratoconjunctivitis who underwent penetrating
keratoplasty at King Khaled Eye Specialist Hospital between 1986 and 1996.
Here, researchers alluded to a higher level of disease severity in Saudi
Arabian keratoconus patients, as judged by an early mean age of patients at
the time of surgery (18.7 years) (Mahmood et al., 2000). Further, the average
age of patients in the advanced stage was 18 x1 years. Thus, data in this
study indicate a rapid progress of the disease and suggest that the severe

stage is reached at a younger age in Middle Eastern countries.

This study shows that VA decreases as comeal curvature and astigmatism
increase (figure 3.1.4). However, the correlations are not strong because of
the variable influence from the amount, regularity and obliqueness of the
astigmatism, the level of progressive myopia, the scar type, morphology of the

cone and extent of any atopic disease. This indicates that the VA of a
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keratoconus patient does not present an accurate picture of the progress of
the disease. Clinically this is seen when a keratoconic patient presents with an

equal bilateral stage of the disease, but the VA in each eye is different.

Vision correction was possible in the patients investigated here with either
spectacles or rigid contact lenses. The contact lenses generally provided the
best means of improving VA, with 93% of eyes achieving 6/6 or better. In
contrast, only 33.3% of spectacle wearers achieved 6/6. This difference
highlights the benefit of fitting rigid contact lenses, since they are better able
to overcome corneal astigmatism using the tear lens. It suggests that contact
lenses should be fitted earlier in order to provide the optimal visual correction,
as well as providing a therapeutic benefit for the cornea by supporting the

cone.

Atopic diseases (e.g. asthma and atopic dermatitis), have been suggested as
aetiological components of keratoconus, but this study did not find a strong
pattern of association. Only 16% of patients included here reported any form
of atopy. This compares with the average 35% reported by Gasset et al
(1978) and Rahi et al (1977). Similarly, this study had only 7 cases (5.6%) of
asthma, and 10 cases (10.4%) of eczema or vitiligo, compared with 13%
(asthma) and 10.9% (dermatitis) reported by Zadnik et al (1996). These
findings suggest that atopy alone does not predispose to keratoconus, but
rather that atopic patients develop keratoconus due to eye rubbing (Bawazeer
et al., 2000). The interaction between allergy and rubbing has been reported
previously (McMonnies, 2003). Karseras and Ruben (1976) elicited a history

of eye rubbing in 66 per cent of their keratoconus patients, while Weed and
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McGhee (1998) reported 48% of keratoconus patients rubbed their eyes. In
the current study, 49 (39.2%) and 56 (44.8%) patients complained of allergy
and rubbing, respectively. In addition, 23 cases of 36 patients (63.8%) in the
Advanced stage, 32 cases of 59 patients (54%) in the Moderate stage, and 15
cases of 30 patients (50%) in the early stage complained of both allergy and

rubbing.

The question that arose from this work is how could the research into
incidence have been done better? After the ethical approval process and with
consent from parents of students for preliminary screening, the study could be
carried out at randomly selected schools from different regions of Asir
Province or from the whole country. The study would focus on ages between
10-yrs and 18-yrs because this is the critical age for keratoconus incidence,
and would use a suitable form mainly including the history of ocular or
systemic problems, age and sex. Using a Snellen chart to measure VA in a
suitable room in the school and portable Ophthalmoscopy, Retinoscopy and
keratometry it would be possible to carry out the study. Students with
abnormal vision could be referred to hospital for further management. By this
way the incidence of keratoconus could be estimated by calculating the ratio

of keratoconus cases to the total number of examined students.

It might also be possible to collaborate with other practitioners in the same
field in other hospitals to organised multi-centre trials in Saudi Arabia for
keratoconus population database similar to the CLEK study in the United

States (Szczotka et al., 2001).
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In conclusion, this study has found an early onset and increased severity in
patients with keratoconus in the Asir Province of Saudi Arabia. This might be
related to a combination of genetic and/or environmental factors. Clinically,
contact lens correction should be considered early in treatment to maximise

visual performance.

The author understands that the funding of keratoconus screening is not a
priority for health care services compared to other diseases for which early
detection may prevent blindness. This is because the detection of early
keratoconus cannot stop or prevent the progress of disease. Further, the
onset of keratoconus is accompanied by symptoms and it is likely that, sooner

or later, a subject with the condition will present to the medical services.
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3.2 An investigation of different rigid contact
lens fitting in a keratoconic population

3.2.1 Introduction.

As mentioned, the biomechanical properties of the human cornea play a very
important role in its shape, resistance, optical function, and transparency. In
keratoconus, it is likely that the biomechanical instability of the central cornea
leads to axial protrusion caused by progressive thinning and steepening. As the
central comea thins, the curvature also steepens, and the patient will experience
a decrease in vision. The best treatment for keratoconus depends on the

development of the corneal cone and how this affects refractive error.

Initially, in. the mild stage of the disease, only a small amount of refractive error is
produced and either a contact lens or spectacles are suitable. However, as the
disease progresses, the rigid contact lens becomes the principal form of
correction (Krachmer et al.,, 1984). Rigid contact lenses are much better than

spectacles in several respects:

1) The lens can provide a spherical anterior refracting surface, while also
correcting any irregular astigmatism by creating a tear lens in the space between

the correcting rigid lens and the astigmatic cornea. This has the effect of
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correcting the corneal astigmatism produced by the keratoconus (Kame and
Kennedy, 1987).

2) There is no interference in refractive correction in different fields of
gaze, as there can be with spectacles.

3) Any prismatic or anisoconic effects from an anisometropic spectacle

correction can be avoided.

Once all contact lens options have been exhausted, surgery must be considered
to obtain adequate vision. Surgical procedures include simple lamellar
keratoplasty, epikeratoplasty, and penetrating keratoplasty (Davis, 1997;
Mandell, 1997). Rigid contact lenses are sometimes still needed after corneal
transplantation to obtain maximum visual acuity by correcting any oblique

astigmatism using the tear lens (Mannis and Zadnik, 1989).

There are a number of different keratoconic lens designs used for keratoconus
fitting. These lenses include spherical, elliptical and cone lens designs. For
example, Soper cone, Rose K, McGuire lens, Persecon K, Piggyback, Softperm,
Keratosoft and Scleral contact lens designs. However, most of these lens
designs are not available in Saudi Arabia. The use of Piggyback, Keratosoft, and
scleral lens designs is not considered appropriate because of the hot and dry
weather conditions. Softperm and Piggyback lenses have disadvantages, such

as corneal oedema, neovascularisation, insufficient movement, high cost for
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patients and difficulty in handling (Lawless et al., 1989; Maguen et al., 1992).

These reduce their common use.

The initial selection of a rigid contact lens is dependent on the location,
morphology and progress of the corneal cone, and on the lens design. There is
no single method for successful rigid lens fitting for the keratoconic eye.
However, several studies have been undertaken that consider the initial lens
selection according to keratometric readings. Edrington et al. (1996) used a
tricurve lens design with a constant diameter (8.6 mm) and fitted patients
according to the average keratometric reading. This small diameter has the effect
that, if the lens back optic zone radius (BOZR) is selected on the average
keratometric reading, the lens will rest on top of the cone and produce a flat fit
appearance in the early stage of disease. To obtain an optimum fit, a BOZR must
be chosen that is steeper than the average reading of flat and steep meridians. In
the moderate and advanced stage of disease the initial lens selection was found
to be closer to the optimum base curve fitting as the corneal cone develops. In
general, the BOZR chosen was approximately 1 D steeper than the average

keratometric reading.

The Soper cone is a bicurve design consisting of 10 lenses, designated by the
letters A to J. There are three groups for a given diameter/optic zone diameter
relationship. The first group (4 lenses of 7.4 mm diameter, 6 mm BOZD) is

designed for mild keratoconus or K-readings of less than 48 D in either corneal
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meridian. The second group (3 lenses of 8.5 mm diameter, 7 mm BOZD) is for
moderate keratoconus or K-readings of 48 D - 54 D in either corneal meridian.
The third group (3 lenses of 9.5 mm, 8 mm BOZD) is for advanced stage or K-
readings of 54 D or greater (Burger, 1993). Burger reported that the major
disadvantage of this lens is the constant peripheral edge lift design which may be

too steep for some keratoconus patients.

The Rose K lens is a multicurve design available in base curves of 4.75 to 8.0
mm and total diameters of 7.9 to 10.2 mm, although the 8.7 mm diameter
typically is used. Betts et al. (2002) examined the visual performance and
comfort of the Rose K lens on keratoconus patients using an 8.7 mm diameter
and base curves ranging from 5.1 — 7.6 mm in 0.1 mm increments. The initial
BOZR lens selection was 1.38 D (0.2 mm) steeper than the average keratometry
reading. The study indicated that an improvement in vision and comfort could be

achieved for more advanced keratoconus with the Rose K lens.

Recently, Lee and Kim (2004) evaluated clinical outcomes and fitting
characteristics with a multicurve lens for keratoconus. They used a constant
diameter (8.8 mm) and base curves ranging from 5.0 to 7.6 mm. The initial lens
was selected according to the average keratometric readings of flat and steep
meridians. This study concluded that the steep and average meridian readings

were better correlated with the BOZR than the flat meridian reading. They
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suggested that the average or steep keratometric readings could be used as a

guideline to select the first choice BOZR of the diagnostic lens.

In terms of a continuous curve design (Percon), the initial lens selection of BOZR
should be flatter than the flattest keratometric reading by 0.5 D (Gasson and
Morris, 2003). However, the same authors also state that there is no consensus

concerning the initial BOZR selection.

Due to the unpredictable nature of keratoconus progression, a range of different
rigid contact lens designs must be available in the contact lens clinic. Each
keratoconus lens has unique characteristics, and no single lens can provide an
ideal fitting for every patient. Eye care professionals should have appropriate
expectations for the relationship between various lens designs and keratoconus
severity when selecting the initial lens design and BOZR, in order to improve the
speed of lens fitting. Therefore, several lens designs that were available in the
clinic were used in this study to investigate the relationship between rigid contact
lens design and the severity of keratoconus in Saudi Arabian keratoconus
patients. The aim was to assess the relationship between optimum lens BOZR

choice and keratometric readings.

The specifications for the lenses used in this study are given in Appendix (1).
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3.2.3 Methods.

3.2.3.1 Study design.

The study followed a prospective, observational, survey based design over a
one-year period. Consent from the subjects or his/her parent was obtained
before the details of an examination were assessed. Ethical approval for the
study was obtained from the Hospital Medical Director and the Head of

Ophthalmology Department of the Asir Central Hospital (appendix 3).

3.2.3.2 Rigid contact lens materials and designs.

Six different lens designs were used: McGuire Regular and Steep (Multicurve),
Tricurve, Percon (aspheric), Metro? and Softperm, which were all available in the
clinic. All designs were made of Fluoroperm 30 Dk material (fluorosilicon
acrylate) to achieve a thin lens design. They were supplied by Cantor and Nissel
Limited, Brackley, Northamptonshire, UK. The McGuire Steep lens was designed
by Thomas White especially for Saudi Arabian keratoconus patients with the

severe form of the disease.

3.2.3.3 Subjects.

Seventy subjects, comprising 14 males and 56 females with mean age of 19.5 +
5 years, and ranging between 11 and 28 years, were recruited from a
consecutive series of 125 patients attending the Department of Ophthalmology,

Asir Central Hospital, Saudi Arabia. Each subject was clinically assessed prior to
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any contact lens fitting. Since keratoconus progresses at different rates in each
eye of an individual patient, the subjects’ eyes were also individually classified
according to the severity of keratoconus in each eye (mild: < 48 D; moderate: 48

D - 54 D; severe: > 54 D), and to the mode of keratoconus correction.

3.2.3.4 Contact lens fitting.

Comprehensive clinical information for each keratoconic patient was collected at
a single session for all patients. A clinical assessment procedure was performed
similar to that explained in section 3.1.4. During the session, a comprehensive
case history was completed. Monocular and binocular, near and distant VA was
taken, using Snellen high contrast letters at 80 cd / m? luminance. Javal-Schiotz
keratometry (Shin/Nipon Japan 2190) was used to measure the central corneal
curvature. This instrument has a measurement range of 30 D (11.20 mm) to 60 D
(5.60 mm). Auxiliary lenses (+1.25 D or +2.25 D) over the aperture of the
instrument were used to extend the measurement range when necessary.

Objective and subjective refraction was achieved.

Indications for fitting a contact lens were dependent on the severity of disease,
inadequate VA with spectacles, anisometropia, anisoconia, and willingness of the
patient to wear a rigid contact lens. The initial lens design selection was based
on the average keratometric reading of both meridians (stages of the disease)
and cone morphology. In mild keratoconus, Percon or tricurve designs were

employed with initial lens diameters 9.5 or 9 mm. Subjects with moderate
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keratoconus and oval or sagging cones were initially fitted with a tricurve lens of
9 mm diameter. In moderate nipple or round cone cases the initial lens fittings
were performed with the tricurve-9 mm diameter or multicurve (McGuire Regular
or Steep) designs of 8.6 mm diameter. In advanced keratoconus, patients with

sagging oval or globus shaped cones were fit with multicurve lens designs.

The initial trial lens was inserted and allowed to settle for approximately 20
minutes. For each patient, one drop of Benoxinate (Oxybuprocaine hydrochloride
0.4%) was instilled into the eye prior to the insertion of the lens to reduce
sensation of the comea and excessive tearing. This allowed blinking to normalise
and tearing to subside before the fluorescein pattern was evaluated. To evaluate
the lens-cornea fitting relationship, a fluorescein strip (Fluorescein sodium BP
1%) was wetted with an ophthalmic irrigating solution of normal saline. The strip
was gently applied against the superior sclera with the patient viewing inferiorly.
The patient was then asked to gently blink for several seconds. A Haag-Streit slit-
lamp microscope, with the illumination adjusted using a cobalt blue filter, was
used to evaluate the fluorescein pattem of the lens on the cornea. The lens
BOZR was increased or decreased to accomplish a “light feather touch” on the
centre of the cornea (more details see section 2.10.2.1). The radii of the
peripheral curves were also adjusted to allow interchange of tears, and to
achieve adequate edge lift, where necessary. A rigid contact lens with the
required specifications was ordered. After the ordered lenses arrived in the clinic,

subjects were scheduled for dispensing visits. If the lens gave acceptable fit,
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vision and comfort, the subject was scheduled for follow-up in two weeks. If the
fit, vision and comfort were still acceptable after two weeks of wear, the subject
was scheduled for a regular follow-up of two months. If the first ordered lens was

not acceptable, the lens was reordered with the appropriate changes.

The majority of eyes were fitted with a three-point touch (divided support)
technique. Apical bearing and apical clearance techniques were used when the
former technique was not applicable. In addition to the fluorescein appearance
evaluation, lens centration and lens movement with normal blinking and with eye
movement was noted. Finally, best VA and over-refraction for minimum power
were taken into account. Following a successful fitting, the lenses were not

changed until the 4-month follow-up appointment.

The study followed the regulations of the Saudi Arabian Health Service and Asir
Central Hospital. Comprehensive information about the nature of the routine

examinations was provided to the patients in advance.

3.2.4 Statistics.

The statistical software package SPSS 12 (SPSS Inc, USA) was used for data
analysis. Correlation analysis was used to describe the relationship between the
different lens designs and keratometric readings in relation to the stages of the
disease. General linear model repeated measures analysis was used to compare

different lens BOZR choices and different lens keratometric readings. When
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comparing the mean differences between the optimum lens BOZR readings and
the flat, steep and average keratometric readings for each lens type, a Bonferroni

adjustment for multiple comparisons was used to correct for a 5% type | error.

3.2.5 Results.

Of the 240 eyes (115 binocular, 10 monocular), 108 eyes were corrected by
spectacles, and 132 by rigid contact lenses. Six eyes fitted with Metro? (4) or
Softperm lens (2) designs, but these have been excluded from the analysis due
to their small number. The distributions of the different lens designs in each stage

are shown in Table 3.2.1.

Disease Lens Design

Severity McGuire S McGuire R Tricurve Percon Total
No % No % No % No % No %

Mild 6 (4.76) 3(2.38) 20 (15.87) 7 (5.55) 36 (28.6%)

Moderate 23 (18.25) 17 (13.49) 22 (17.46) 4(3.17) 66 (52.4%)

Severe 10 (7.94) 7 (5.55) 7 (5.55) 0(0) 24 (19%)

Overall 39 (30.95%) 27(21.42%) 49 (38.88%) 11(8.73%) 126 (100%)

Table 3.2.1: Distributions of lenses in each disease stage. Bold numbers represent
eyes fitted with lens, with percentage of total rigid lens fits in brackets. (Mild: K< 48 D;
Moderate: K = 48 — 54 D; Severe: K > 54 D).
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Lens Design
Keratometry McGuire McGuire Tricurve Percon
Reading (P) steep Regular
Flat 5043 +4.8 5024 +49 47.39+3.6 4511 2.0
Steep 5524 +46 5584 +54 5210+3.6 50.18+2.8
Average 5284 +4.6 53.04 £5.0 49.74+3.5 4765%1.9
BOZR 5277 +3.5 5433 +44 50.17+3.0 457915

Table 3.2.2: Average keratometric readings, and average BOZR lens choice.

K-Reading
Average Steep
Flat BOZR
56-
54-
0)52-
0—
50-
46-
44-
McGuire S McGuire R Tricurve Percon
Lens Type

Figure 3.2.1: lllustrates general linear model repeated measures of various
keratometric readings and their relationship with the best BOZR choice for each lens

design.
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By comparing the average BOZR fitted for each lens design with the mean of flat,
average and steep keratometry readings for patients fitted with that lens, it is
possible to establish the optimum keratometry parameter for selection of lens
BOZR. From Table 3.2.2 and Figure 3.2.1 the following recommendations can
then be made:
(i) McGuire Steep lens: fit on average keratometry value.
(ii) McGuire Regular lens: fit on ¥4 of keratometry difference flatter than
the steepest keratometry value.
(i)  Tricurve lens: fit on % of keratometry difference flatter than the
steepest keratometry value.

(iv)  Percon lens: fit on 0.7 D steeper than the flattest keratometry value.

Figure 3.2.2 shows that BOZR significantly correlates with the average, flat and
steep keratometric readings. Conversely, the correlation between BOZR and
corneal eccentricity readings were not significantly correlated (p = 0.203).

Similar correlations between the lens BOZR and the different keratometric

readings were found for each lens design (Figures 3.2.3 — 3.2.6).
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Figure 3.2.2: Scatter plot correlations between keratometric readings and lens BOZR

for all lens designs. (A) Correlation between average keratometry reading and lens
BOZR (R2= 0.75), (B) Correlation between flat reading and lens BOZR (R2 = 0.7), (C)
Correlation between steep reading and lens BOZR (R2= 0.73), (D) Correlation between
corneal eccentricity and lens BOZR (R2= 0.013). (A- C) showed significant correlations
with BOZR but (D) showed no significant correlation.
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McGuire Steep Lens Design
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Figure 3.2.3: Scatter plot correlations between lens BOZR and keratometric readings
for the McGuire Steep lens design. (A) Correlation between average keratometric
reading and BOZR (R2 = 0.73), (B) Correlation between flat reading and BOZR (R2 =
0.69), (C) Correlation between steep reading and BOZR (R2 = 0.70), (D) Correlation
between corneal eccentricity and BOZR (R2 = 0.002). (A - C) Showed significant
correlations with BOZR but (D) showed no significant correlation.
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McGuire Regular lens Design
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Figure 3.2.4: Scatter plot correlations between the lens BOZR and keratometric
readings for the McGuire Regular lens design. (A) Correlation between average
keratometric reading and BOZR (R2 = 0.84), (B) Correlation between flat reading and
BOZR (R2 = 0.81), (C) Correlation between steep reading and BOZR (R2 = 0.79), (D)
Correlation between corneal eccentricity and BOZR (R2 = 0.027). (A - C) Showed

significant correlations with BOZR, but (D) showed no significant correlation.
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Tricurve Lens Design
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Figure 2.2.5:. Scatter plot correlations between the lens BOZR and keratometric

readings for the Tricurve lens design. (A) Correlation between average keratometric
reading and BOZR (R2 = 0.64), (B) Correlation between flat reading and BOZR (R2 =
0.56), (C) Correlation between steep reading and BOZR (R2 = 0.64), (D) Correlation
between corneal eccentricity and BOZR (R2 = 0.068). (A - C) Showed significant

correlations with BOZR, but (D) showed no significant correlation.
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Percon Lens Design

48

48

2 46-

12-
« 10-

~r
50

B: Flat K

R Sq Linear = 0.346

40 42 44 46 48
BOZR

o: Eccentricity

R Sq Linear =0.068

oo
40 42 44 46 48
BOZR

50

50

Figure 3.2.6: Scatter plot correlations between the lens BOZR and keratometric
readings for the Percon lens design, (A) Correlation between average keratometric
reading and BOZR (R2 = 0.62), (B) Correlation between flat reading and BOZR (R2=
0.35), (C) Correlation between steep reading and BOZR (R2 = 0.46), (D) Correlation
between corneal eccentricity and BOZR (R2 = 0.07). (A - C€) Showed significant

correlations with BOZR, but (D) showed no significant correlation.
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Of the 126 eyes fitted with a contact lens, 122 (97%) achieved 6/9 or better, while

the other four (3%) achieved acceptable vision at 6/12 - 6/18 (Table 3.2.3).

Lens Type
BCVA | 'ms MR Tricurve  Percon No %
6/4.5 1 1 3 2 7 (5.5)
6/5 2 2 1 0 5(9.5)
6/6 35 22 42 8 107 (94.4)
6/9 0 2 1 0 3 (96.8)
6/12 1 0 2 0 3(99.2)
6/18 0 0 0 1 1 (100)
Total 39 27 49 1 100%
BCVA: Best Corrected Visual Acuity.
Table 3.2.3: Visual acuity with each rigid contact lens designs.
Lens Type
Power McGuire S McGuire R Tricurve Percon

10.37+3.0D 1227+3.85D 6.77+3.0D 3.73+2.74D

Table 3.2.4: Average lens power required for each rigid contact lens.

A large variation in lens power was noted, with the Multicurve (McGuire Regular
and Steep) lenses requiring the highest average power. This reflects the fact that
these lenses were more useful for severe keratoconus with steep corneas (table

3.2.4).

103



Chapter Three: Part Two

3.2.6 Discussion.

Recreating the smooth optical surface of the cornea by using a rigid contact lens
is considered the best method for vision rehabilitation in keratoconus. This study
supports the affirmation that most keratoconus patients can be managed with
glasses or rigid contact lenses rather than transplantation (Fowler and
Chambers, 1988; Crews et al., 1994). Of the 240 eyes examined, 45% benefited
from wearing spectacles, 55% benefited from using a rigid contact lens (no
cornea underwent transplantation during the period of study). Visual acuity of 6/6
or better was maintained in 94.4% of eyes fitted in this study, which is better than
earlier reports where only 87% of patients achieved acuities of 6/9 or better with

a rigid contact lens (Fowler et al., 1988; Lim and Vogt, 2002).

The question that arises is that if rigid contact lens wear is the best method for
vision correction in keratoconus, can the best lens design also be predicted? This
study found that the continuous design (Percon) was best suited to early stages
of the disease probably because of the larger optical zone diameter, and larger
overall diameter of the lens, which allowed the lens to ‘bridge’ across the cornea
over the keratoconus zone. In contrast, the tricurve and multicurve lens designs
were able to fit all stages of the disease. This reflects their wider BOZR and
reduced lens diameter. Similar results were found by Betts et al. (2002) who
reported that 72% of patients were fitted successfully with a multicurve (Rose K)
lens, and Lee and Kim (2004) who fitted 83% of patients with a multicurve lens.

Earlier, Lim and Vogt (2002) reported that 96% of patients could be fitted with
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spherical, elliptical or cone lens designs. In this study, the three types of
multicurve and tricurve lenses were able to fit 91% (114 eyes) of eyes spread
over all stages of keratoconus. These results suggest that tricurve and multicurve

lens designs are the optimum choice for fitting all stages of keratoconus.

Each keratoconus lens has unique characteristics, and practitioners should be
aware of each lens type’s appropriateness for the different stages of keratoconus
when selecting the BOZR of the initial lens. The current study revealed that the
BOZR of tricurve and multicurve lens designs fitted variably between average
and steep keratometry readings, while aspheric (Percon) lens design fitted
slightly steeper than the flatter keratometry reading. Henry (2000) assessed
tetracurve and pentacurve lens designs and found that the best choice for lens
BOZR was slightly steeper (i.e. approximately % to Y5 of the difference between
K readings) than the flatter keratometric reading and as the disease progresses
the BOZR should be equal to optical zone and the overall diameter should be
decreased. This is because in the early stage of the disease, when the patient is
wearing a continuous curve, the curvature of the cormea is moulded and
converted from an aspherical to a spherical shape. However, with tricurve and
tetracurve lenses, the weight of the lens on the cornea will be distributed and the
pressure of the lens on the surface of the cornea will be less (Riviera and Polse
1991). The BOZR selected for Tricurve and McGuire Regular and Steep lens
types in our study displayed agreement with the study achieved by Edrigton et al.

(1996) who revealed that the mean BOZR was steeper than the average
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keratometry readings. However, the current study was contrasted compared to
that reported by Henry (2000), possibly the difference is due to the type of fitting
technique. Precon lens design showed similarity with Henry's philosophy in the
early stage, and contrasted with Gasson and Morris (2003) who proposed that
the initial BOZR selected for the Percon design of 9.4 mm, in the early stage,
should be flatter than the flattest keratometric reading by 0.5 D. In this study the
average Percon BOZR was 0.7 D steeper than the flattest keratometric reading.

The relationship between lens BOZR and average keratometric readings for all
lenses showed the highest correlation. This finding was similar to that of Lee and
Kim (2003), who suggested using the average readings of both meridians as a

guideline to select the BOZR of the initial trial lens.

However, the conclusions from the study are limited by the survey based design
that was used. While the results give an indication that the tricurve and
multicurve lens designs were applicable and appropriate for all stages of the
disease, further investigation is needed to determine which type of lens design
best suits cones of different shapes and severity. Using the results from this
study as a guide, an intervention design could be produced, in which a subject is
fitted with each lens in turn, in a random order, to assess optimum lens fit.
Alternatively, a series of patients who consecutively attend the contact lens clinic
could be randomly fitted with just one lens. The number of lens designs should
be reduced from six to three (McGuire Steep, McGuire Regular and tricurve) with

each subject better classified for keratoconus severity. The important feature for
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fitting appears to be the shape and location of the cone. Therefore, an improved
clinical assessment is necessary using automated keratoscopy and corneal
thickness measurements to assist in defining the keratoconus type. This will
allow improved analysis of lens / patients interactions leading to refined clinical

conclusions.

In conclusion, although keratoconus affects each cornea in a different way, and
prediction of the performance of a lens is not easy, practitioners should take into
account the shape, position and stage of the cone when selecting a lens
diameter and design. From this study, the tricurve lens design, with a 9.0 mm
diameter, is the best option among the lenses available to use at first, regardless
of the stage of disease. Regular and Steep McGuire lens designs are a suitable
second option. In the advanced stage, the multicurve McGuire Steep lens design
may be more effective than the McGuire Regular (multicurve) and Tricurve
designs. The Percon design is suitable only for some cases in the very early
stages of the disease. The initial BOZR for the tricurve lens design, of 9.0 mm
diameter, may be based on average keratometric readings. For the multicurve
lens design of 8.6 mm diameter, lens selection should be based on the steepest
keratometric reading in the early stage, but in moderate and advanced stages it
may be selected on the average keratometric reading. For the Percon continuous
curve design, it may be based on the flattest reading or slightly steeper than the

flattest meridian in the early stages of the disease.
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Microscopical study of Bowman’s layer in
keratoconic human cornea

4.1 Introduction.

Examination of the central keratoconic zone using conventional SEM reported
altered collagen organisation and thinning at the apex of the stromal cone, but in
the para-apical cone there was no evidence to suggest any difference in collagen
organisation from that found in the normal comea (Radner et al., 1998b).
Keratoconus was found to have gross tissue breaks in its anterior surface in what
was assumed to be Bowman'’s layer at the apex of cone using scanning electron
microscopy (SEM) (Sawaguchi et al., 1998). Ultrastructurally, however,
Sawaguchi’'s paper provided poor resolution of the fibrillar or lamellar nature of
the breaks that did not allow Bowman'’s layer (or its absence) to be properly
identified. Neither is it known whether or not ruptures in the corneal surface of
Bowman’s layer coincide with the highest peak of the cone and the highest
reading of the topographical map. Reported studies on the human keratoconic
cornea outside the defect of the cone zone are few, although one study using a
confocal laser scanning microscope suggested more localised disruption of
Bowman’s layer than that observed within the central cone (Sherwin et al., 2002)

and Meek and associates (2005) have used X-ray diffraction to identify structural
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matrix changes outside the cone region. At present, little is known of the 3-
dimensional corneal surface structure in the corneal paracentral zone (4 to 7-8

mm) beyond the apical zone (defined here as the central 4 mm).

Corneal topography used together with other methods of clinical assessment can
help the surgeon to select the appropriate graft size, especially in keratoconus
because the area of the cornea affected by irregular astigmatism can be
identified and encompassed by a sufficiently large trephine. However, it is not
known whether or not the clinical assessment is able to identify the full extent of
the defect in the keratoconic cornea. This study aimed to investigate keratoconus
in the human corneal Bowman'’s layer at the apical zone (4 mm) and para-apical
zone (an annulus of between 4 to 7-8 mm diameters). This was achieved using
SEM, and where possible data was compared to topographic findings. This will
help to clarify whether the steepest area on the topographical map covers the full

extent of the defect in the cornea or only the apical area of the cone.

4.2 Methods and Materials.

4 .2 .1 Clinical characteristics.

Seven keratoconus corneas were obtained post-operatively from seven patients
who had undergone penetrating keratoplasty (PKP) (table 4.1). Two graft buttons
were from Kyoto Prefectural University of Medicine, Kyoto, Japan, one from the
Great Wall Hospital, Beijing, China, two were from Moorfields Eye Hospital,

London, and two were from Manchester Eye Hospital, UK. One normal donor
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cornea with endothelial cell counts too low to be used for surgery was obtained
from the Bristol Eye Bank, UK. All of the graft buttons were oriented superiorly by
a suture at 12 o'clock at the time of surgery, and all keratoconus buttons were
immersed in fixative (glutaraldehyde 2.5%) and shipped to Cardiff University. The
normal cornea was maintained in cultural media and on arrival immersed in

glutaraldehyde 2.5%.

The clinical characteristics of the patients with keratoconus, including sex, age at
surgery, disease stage, and ocular manifestations of the disease, graft diameter
and type of examination are summarised in table 4.1. Except for patient 3, all
patients had a corneal scar, and patients 1 and 3 had a history of hydrops.
Patient 5 had a history of hay fever. Patients 1, 6 and 7 had no history of hard
contact lens use whereas patients 2, 4 and 5 had a history of hard contact lens
use. Graft diameter varied between 7.5 mm and 8 mm for all graft buttons of
patients. The normal button size was 6.5 mm from a 60 year old donor. Tissue

was provided with local ethical approval.
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Patient Age Eye BCVA Lens Stage Clinical Graft Other data Source Topography SEM ESEM SM
No./ history features diameter

Sex

1/M 40Y R 6/60 with G N/A Advanced Scar 7.5mm  Acute hydrops Kyoto Yes Yes No No

2/IM 39Y R 6/9 with C.L Yes Advanced Scar 7.5mm No Moorfields  Yes Yes No No

3/F 42Y L 6/12 withC.L Yes Advanced N/A 8.0 mm  Post hydrops Manchester Yes Yes No No

4/ F 41Y L HMwithC.L  Yes Advanced Scar 8.0 mm Vogt's striae Kyoto No Yes No No

5/M 17Y R 6/36 with C.L  Yes Advanced Scar 7.5mm  Hay fever Bejing No Yes No No

6/M 26Y L 6/60 with G N/A Advanced Scar 8.0mm No Manchester No No Yes Yes
77M 26Y R 6/60 with G N/A Advanced Scar 7.5mm No Moorfields  No No Yes Yes

Table 4.1: Clinical features of patients with keratoconus disease, the type of examinations and source of corneas. Scanning

electron microscopy (SEM), environmental electron microscopy (ESEM) and stereoscopic microscopy (SM).
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4.2 .2 Preparation of specimen.

Each cornea was processed for imaging by either environmental scanning
electron microscopy (ESEM) or conventional scanning electron microscopy
(SEM). On excision corneas were immediately placed in 2.5% glutaraldehyde
chemical fixative in 0.1M phosphate-buffered saline (PBS) and transported to the
laboratory in Cardiff. On receipt corneas were transferred to PBS buffer for two
ten minute washes to remove fixative, and then rinsed several times by distilled
water to remove the buffer. Corneas were then placed in a solution of 10% NaOH
for 5 days (on rotator) to remove most of the cellular elements, basal lamina, and
other interfibrillar components of the matrix. Images of some buttons were then
captured using a stereoscopic microscope (Nikon M250E) connected to a digital
camera. For ESEM, two buttons were rinsed and stored in distilled water and
then taken by me to the Cavendish Laboratory, Cambridge University, UK, where
| attempted the first detailed investigation of keratoconus using a Philips XL30

environmental scanning electron microscope.

4.2.3 Conventional SEM.

After 5 days in NaOH corneal buttons were rinsed with distilled water several
times and then immersed in 1% tannic acid solution overnight. After this, the
sample was again immersed in distilled water for several hours. The cornea was
then post-fixed in 1.0% aqueous osmium tetroxide for 2 hours. Specimen
preparation was conducted at room temperature on a rotator in the fume

cupboard.
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Corneas were then dehydrated in a series of graded concentrations of ethanol
ranging from 50%, 70%, 85%, 95%, and 100% for 20 minutes at each stage and
once more in 100% ethanol overnight. Next, the specimen was incubated in a 1:1
mixture of hexamethyl disilazane (HMDS) and 100% ethanol for 30 minutes. The
sample was then immersed three times in 100% hexamethyl disilazane for 30
minutes each. The cornea was placed in a desiccator in an incubator in the fume
cupboard at room temperature for three days to allow solution evaporation.
Finally, the cornea was mounted on an aluminum stub with adhesive carbon
discs, and coated with gold in a Polaron SEM sputter coating system. The
sample was transferred to a high vacuum SEM (Philips XL 20) fitted with

computerised imaging facilities displaying 3-dimenstional images.

4.2.4 Environmental SEM.

Wet, fixed corneas were placed on an aluminium microscope stub. Several drops
of distilled water at room temperature were placed around the sample inside the
microscobe chamber, (Philips/FEI XL30 ESEM FEG microscope), which was
cooled on the microscope stage to a temperature of 2°C. At this temperature, the
vapour pressure of water is 5 Torr. The chamber was pumped down to a
pressure of ~6 Torr. During this process, water droplets at room temperature
evaporated first, and minimal evaporation occurred to the sample. To replace the
gas in the chamber with distilled water vapour, the chamber was flooded with
water vapour to a pressure of ~10 Torr and then pumped down again to ~6 Torr.

This procedure was repeated 5 times so that the pressure was slowly lowered to
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~5 Torr. The pressure was carefully controlled by increasing or decreasing the
pressure in steps of 0.1 Torr by monitoring the sample to avoid the possibility of
water condensing or evaporating, and thus maintaining the hydration state of the
sample. The microscope, in Professor Athene Donald’s laboratory in Cambridge
University, was fitted with computerised imaging facilities and images were
captured with a digital camera. Details about this technique can be found in

Donald, (2003).

4.3 Results.
4.3.1 SEM observations.

Normal subject.

At low magnification SEM images of the normal cornea indicate the anterior
corneal surface covered with a series of small ridges (figure 4.1). Possibly these
ridges are linked to the anterior corneal mosaic that may be induced at the
surface of the normal cornea by massage through lids and is seen in the
epitheliurﬁ layer by fluorescein (Bron, 1997), or might be artefacts of the
preparation process. At higher magnifications, a honeycomb-like fibrillar structure
can be seen in (figure 4.2). This is the typical morphologic appearance of

Bowman'’s layer on SEM as evidenced by the work of Komai and Ushiki (1990).
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Figure 4.1: Normal subject SEM micrograph showing the anterior surface of normal
Bowman’s layer. The diameter here is about 4 mm in diameter as a result of tissue
shrinkage by chemical fixation and dehydration. Shrinkage of tissue is a normal
preparative artefact of SEM (Sawaguchi et al. 1998). Scale Bar 1mm.
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Figure 4.2: Normal subject SEM micrographs show the anterior surface of Bowman’s

layer of normal cornea at increasing magnifications. Normal polygonal ridges pattern of

the anterior surface at moderate magnifications (A and B) and normal honeycomb like-

porous structures at high magnifications (C and D). The images in C and D are typical of

the high magnification morphological appearance of the anterior aspect of Bowman’s

layer regardless of location across the cornea. Scale bar in (A is 100pm), (B is 50 pm),

(Cis 5 pm) and (D is 2pm).
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Patient 1
Patient 1 had a history of Descemet's membrane rupture which led to acute
hydrops and subsequent central corneal scarring. The clinical photograph and

relative videokeratography image are shown in figure 4.3.

Figure 4.3: Clinical photograph and corresponding videokeratography image of
keratoconus in the right eye of patient 1. The surgeon reported scarring and rupture of
Descemet's membrane at the inferior-temporal portion of the cornea in the excised
corneal button of 7.5 mm in diameter as marked by the white circular. The
videokeratographic map shows a flat surface (green) in the centre (circular dots) and
seventh (circular line) zones interiorly. Descemet's membrane rupture had caused acute
hydrops, swelling of the cornea and subsequent oedematous scarring resulting in

thinning and flattening of the cornea in the ruptured area (green area).

The corneal button that was excised is indicated by a white circle, 7.5 mm in
diameter. The lesion appeared more severe in the inferior-temporal portion of the
cornea from the visual axis. Compared to the clinical photograph, the
videokeratographic map showed a very flat area (green and yellow) at the centre

which extended to the inferior-temporal zone of the cornea exceeding the first
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central zone (3 mm) as a result of post-acute hydrops. However, beyond the

central zone, the topography omitted part of the defect area interiorly.

The SEM image of the anterior surface of Bowman’s layer of patient 1 at low
magnification is shown in (figure 4.4). This image clearly reveals a normal
anterior corneal surface in the upper portion of the button and its edges, with a
severe vertical lesion centrally and interiorly. Comparison with figure 4.3

indicates that the topographic map does not delineate the actual limits of the

lesion area on the cornea.

Figure 4.4. SEM image of the right eye of patientl showing the graft button that is
represented in the topography in figure 4.3. Regions A to D are shown at higher

magnification in figure 4.5. Scale baris 1mm.
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More detailed high magnification SEM micrographs of the anterior surface of
corneal button from patient 1 were taken to illustrate the surface structure at the
different sites indicated on figure 4.4. These sites are shown in figure 4.5. A site
(A) outside the central affected area reveals a honeycomb-like porous structure
typical of normal Bowman’s layer. The appearance of the immediate sub-
epithelial zone, however, is altered at the para-apical cone in the central zone
(B). Here fibril bundles are elongated and lamellar-like and cleave apart in
multiple bifurcations. Centrally, most of the apex area of the cone exhibits a
severe lesion (figure 4.5 (C) and (D)). Despite the severe defect at the central
cone, fibrils still show the anterior-posterior interweaving. The take-home
message here is that while a normal, intact Bowman’s layer is indicated outside
the central affected area (figure 4.5A), near the apex there are clearly breaks in
Bowman'’s layer, because the tissue imaged at this point has a lamellar structure
more akin to anterior stromal lamellae than the classic appearance of Bowman'’s

layer as seen in figure 4.2.
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Figure 4.5: Patient 1 SEM micrographs show the normal and abnormal appearance of
the anterior corneal surface at different sites in the graft button as indicated in figure 4.4.
Superiorly a normal honeycomb like-porous structure is visible at the periphery beyond
the central zone (A). Centrally temporal to the apex of the cone, the tissue shows an
abnormal lamellar-like ultrastructure appearance stars (B); within the ruptured area at
high magnification unusual tissue morphology is seen arrows (C). What appear to be

early Bowman'’s layer changes are located beyond the central zone interiorly (D). Scale

bars in (A and B are 2pm),
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Patient 2

A clinical photograph and relative anterior float of the topographic map of the
right eye of patient 2 indicated that the severity of the disease is clearly
concentrated at the inferior-temporal zone at the centre of the cornea, and has
spread to occupy most of the inferior and the central zone of the corneal button
that was excised as indicted by white circle, 7.5 mm in diameter (figure 4.6).
Possibly long term use of a hard contact lens has contributed to this widespread
scarring. As can be seen in figure 4.6 the topographic map is divided to 4 circular
zones, zones 3, 5, 7 and 9. The topographic map shows the apex of the cone
located in the middle of the fifth zone interiorly from the centre. In this case, it
seems that the anterior float of the topographic map accurately corresponds to

the clinical photography.
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Figure 4.6: Clinical photograph and relative anterior float topographic map of
keratoconus of the right eye of patient 2. Disease scar is located centrally, spreading into
the inferior temporal portion of the cornea including the first three zones interiorly as
indicated by the circular line. The anterior float of the topographic map seems to

correspond to the clinical photography.
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The 7.5 mm diameter graft button of patient 2 (figure 4.7) has experienced some
distortion and excessive artefactural wrinkling during processing, possibly
exacerbated because the suture included a fairly large area of tissue. It appears,
however, that the spread of the disease as indicated by surface abnormalities
extends to the excised edge of the button interiorly, whereas the topographic

map did not show the lesion beyond the seventh zone.

Figure 4.7: SEM shows the 7.5 mm diameter graft button of the right eye of patient 2.
The central and the most of the inferior portion seem to be involved and exceed the
seventh zone that indicated in the topographic map interiorly. Regions A to H are shown
at higher magnifications in figure 4.8. Scale baris 2 mm
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At higher magnifications (figure 4.8A - H) spatial alterations were seen in the
anterior surface of the exposed corneal stroma of patient 2. The sites of these
observations are indicated in figure 4.7. SEM micrographs A and B display the
normal appearance of Bowman's layer at the superior-nasal portion of the button.
Micrographs C and D illustrate dispersed and ruptured collagen fibrils that are
subsequently elongated and coalesce together. Interestingly, micrograph E
shows very wide, combined bundles of exposed fibrillar lamellae of the anterior
stroma and holes at the central zone and micrograph F an elongated collagen
lamellar structure. In the seventh zone inferiorly, micrographs G and H show
irregularly-shaped stromal defects with irregularly and loosely-arranged collagen

fibrils.
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Figure 4.8: Patient 2 SEM micrographs depict the anterior tissue structure at each
position indicated in figure 4.7. Normal appearance of Bowman’s layer (A and B), red
arrows indicate early changes and breaks in (C and D), stromal fibrillar defect at the
apex of the cone (E and F), and depostion and altered Bowman’s architecture beyond
the central zone interiorly (G and H). Scale bars in (A, C, F and H are 5 pm), in (B and D
are 2 pm), in (E is 50 pm) and in (G is 10 pm).

125



Chapter Four

Patient 3.

The anterior float of the topographic map of the left eye of this patient indicated
that the disease was in its moderate stage and had spread from the central to the
inferior-temporal portion of the cornea, covering the central, fifth, and part of the
seventh zones as shown in (figure 4.9). However, clinically, the patient was in the
advanced stage of the disease. The patient had likely recovered from the

invasion of hydrops a long time ago which is why the topographical analysis

showed the moderate stage of the disease.
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Figure 4.9: Patient 3 a topographical map of keratoconus in left eye. The anterior float
of topography indicated that the lesion located to inferior-temporal portion of the cornea

and the position of the cone seems to be in the fifth zone inferior temporal zone.
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SEM of the whole graft button of patient 3 is shown in figure 4.10. At low
magnification, erosions and irregular folds were observed radiating from the

centre of the cone to the periphery.

Figure 4.10: SEM shows the 8 mm diameter graft button of a left keratoconus eye of
patient 3. The appearance of Bowman’s layeris normal at the periphery (A) Clinically the
disease has spread only to the inferior portion of the cornea beyond the central zone (B

and short arrows). Regions A to D indicate sites from which more detailed SEM data

shown in figure 4.11 was obtained. Scale baris 1mm.

127



Chapter Four

Although this patient was in the advanced stage of keratoconus, changes in the
regular appearance of Bowman’s layer are not severe. The normal appearance
of a honeycomb like-porous structure is seen at most of the periphery as shown
in micrograph A of figure 4.11. In micrograph B, many small pits, amorphous or
globular material, and possibly residue cellular material due to the incomplete
digestion of keratocytes by NaOH are seen on the surface of Bowman’s layer
around the cone. However, at the centre of the cone apex C and D, breaks are

indicated because the typical Bowman’s layer is missing.

Figure 4.11: Patient 3 SEM shows normal and abnormal appearance of Bowman’s
layer. Normal Bowman's layer at the periphery is shown in figure 4.10 (A); pits and
deposits within Bowman’s layer are illustrated in (B) (stars), possible residue of
keratocytes, ruptures and abnormal conglutinated fibrillar material within Bowman's layer

appearin (C and D) (red arrows). Scale bars in (A, B and D are 2pm) and in (C is 5pm).
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Patient 4.

An SEM image of the left cornea from patient 4 is shown in figure 4.12. The
micrograph depicts the anterior surface of Bowman’s layer with 8 mm diameter
graft tissue. Similar to most previous patients, the anterior surface of Bowman'’s
layer at the periphery appears smooth and normal. In contrast, the defect area is
visible inside the centre of the cornea. Irregular fissures are seen at the apex of

the cone radiating obliquely towards the periphery.
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Figure 4.12: SEM illustrates an 8 mm diameter graft size of a keratoconic left eye of
patient 4. Oblique fissures in the temporal region of the central zone (arrows) resemble
Vogt's striae. A - H indicate sites from which more detailed SEM data shown in figure

4.13 was obtained. Scale baris 2 mm.
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At higher magnification (figure 4.13A — H) SEM revealed alterations in the
anterior surface of Bowman'’s layer at multiple sites as shown in (figure 4.12).
Similar to previdus patients, micrographs A and B in (figure 4.13) show the
normal appearance of Bowman’s layer under low and high magnifications.
Micrographs C and D show the irregular shape of Bowman’s layer beyond the
central zone temporally. At higher magnification, (figure 4.13 E and F)
sedimentation of materials and degraded fissures at the temporal portion of the
central zone were observed. Micrographs G and H display clearly the exposed
anterior surface of the stroma demonstrating that the Bowman's layer is

substantially reduced or absent at the apex of the cone.
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Figure 4.13: SEM micrographs present magnified images of sites (A -H) in figure 4.12.
The anterior surface of Bowman's layer at the periphery is normal in appearance (A and
B), but somewhat more loosely packed in (C and D). Micrographs (E . H) show wide and
narrow stromal lamellae are exposed at the apex of the cone. Scale bars in (A, C, E and

G are 5pm) andin (B, D, F and H are 2pm).
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Patient 5.

Figure 4.14 shows SEM of graft tissue from the right cornea of patient 5.
Although this patient is diagnosed clinically in the advanced stage of
keratoconus, most of the anterior corneal surface appears not to be greatly
distorted. The lesion spreads from the apex of the cone towards the inferior-nasal

portion of the cornea beyond the central zone.

Figure 4.14. SEM micrograph of a 7.5 mm diameter graft button of patient 5. It shows
the anterior surface of Bowman’s layer from a right keratoconic eye. The cone is located
slightly towards the inferior-temporal portion of the cornea in the central zone. Regions A

to D are shown at higher magnifications in figure 4.15. Scale baris 2 mm.
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Micrographs A - D in (figure 4.15) disclose normal and abnormal sites on the
anterior surface of the tissue at different areas indicated in figure 4.14.
Micrograph A depicts the normal appearance of Bowman’s layer at higher
magnifications at the periphery of the cornea. The anterior corneal surface seen
in micrograph B at the nasal side of the cone region displays a clear lameliar
arrangement. Changes and elongated collagen fibrous materials in Bowman'’s
layer are seen beyond the central zone as shown in micrograph C. Exposed thin
sheets of the anterior surface of stromal defects within Bowman’s layer are

indicated in micrograph D at the apex of the cone.

The SEM investigation showed that even though the study used the standard,
published procedures for specimen’s preparation, the unavoidable chemical
fixation and dehydration caused shrinkage of the corneal buttons, so that the
dimension after processing was approximately reduced by 2 mm in each corneal
button. This problem led me to attempt to use ESEM in order to overcome it, but
as will be seen with only limited success because of significant reduction in
resolution. So despite the fact that SEM studies unavoidably fixed tissue it
provides very good morphology enabling clear distinctions to be made between

Bowman'’s layer and anterior stromal tissue.
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Figure 4.15: SEM shows anterior changes for different positions in Bowman’s layer
labelled in figure 4.13. Normal appearances of Bowman's layer in the periphery (A),
exposed stromal lamellae within Bowman's layer at the apex of the cone (B), and
alteration of stromal lamellae near the cone (C). Interestingly, changes in collagen fibrils
within Bowman’s layer are seen at the periphery (D), where the micrograph indicates a
transition between lamellar structure (fo the left of the image) and Bowman’s

appearance (to the right). Scale bars in (A, C and D are 2pm and in B is 10pm).
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4.3.2 Stereo and ESEM observations:

In an attempt to study the anterior cornea in its hydrated state, and avoid the
requirements to dehydrate the cornea for placement in the vacuum chamber of
the SEM environmental (ESEM) a recent development of the conventional SEM
technique was used. Its main advantage over SEM is that a gaseous
environment can be maintained around the sample inside the chamber whilst
imaging is carried out, instead of the sample having to be held in a high vacuum
as it is for SEM. Therefore, hydrated samples can be imaged in their native state
without significant preparation (Donald, 2003). Several images from two patients’

keratoconus buttons were captured and are presented here.

Patient 6.

The deepithelialised anterior corneal surface from patient 6 imaged using a
stereo microscope and ESEM are shown in figure 4.16A. As was the case for
conventional SEM the epithelial cells had been removed by NaOH digestion,
therefore, the anterior corneal surface is exposed. Many small tips, erosion at the
centre, scar and irregular folds radiating from the centre to the periphery were
seen in figure 4.16 B — E, however the resolution obtainable by ESEM was

considerably less than with conventional SEM.
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Figure 4.16; Images from stereo (A) and environmental scanning microscopes (B . E)
from patient 6. Erosion (as indicated by open star) at the central cornea in (A), unknown
small tips and radial folds are seen under the stereoscopic microscope at the surface of
Bowman’s layer (arrows) (A). These observations are seen also with ESEM at low
magnifications (B and C), and the same erosion and scar are seen at high and low
magnifications in (D and E). Scale bars in (B, C, D and E are 400pm, 250pm, 150pm

and 30pm respectively).
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Patient 7.

A stereoscopic image of a button from patient 7 after epithelial cells had been
removed to expose the anterior corneal surface shows branched furrows
radiating from the apex of the cone and extending to the periphery (figure 4.17A).
The surface of the unaffected area at the periphery appears smooth on ESEM
(figure 4.17B). Tips at the apex of the cone where the branches start, and at the

periphery, are shown at low and high magnifications in figure 4.17 C and D.
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Figure 4.17: Images from stereo (A) and environmental scanning microscopes (B - D)
from patient 7. the smooth surface of the normal area at periphery of the cornea is
shown in (B).The apex of cone at the inferior-temporal from the centre as indicated by
(long arrows) in (A and C). Branch furrows are indicated by (short arrows) in (A and C)
and tips at low and high magnifications (C - D). Scale bars in (B and C are 50pm and in
Dis 100m)
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Taken together, SEM revealed that in all five buttons examined here,
keratoconus had spread to the inferior-temporal portion of the cornea, whether
the disease was ‘in the right or left eye. The superior portion for all patients, on
the other hand was still normal. Centrally, severe defects in Bowman'’s layer and
the superficial stroma were noted in all patients and were imaged much better
than has been achieved before ( Sawaguchi et al., 1998). Also, at the periphery,
irregular changes and ruptures beyond the central zone were seen in all patients,
while, interestingly, the apparent severity of the breaks in Bowman'’s layer did not
necessary mesh with the severity of the topographic change. Severe degradation
of the stromal layer proximal to the anterior surface was observed only with

patients exposed to acute hydrops.

Topographic maps from the first three patients were not sufficiently sensitive to
accurately define defect areas of keratoconus, nor did they provide extensive

structural detail when compared with data from SEM.

Stereomicroscopy and ESEM show fissures, erosion, random fold, tips and thin
vertical lines at the affected areas on the exposed Bowman's layer for the last
two patients. However, accurate details were not possible from these
microscopes. Despite the potential advantage of this microscope, the achievable
resolution of the image of the hydrated corneal sample was less than with
conventional SEM, making it difficult to produce accurate details on the surface

of the sample at either low or high magnifications.
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4.6 Discussion.

The majority of topographic systems in clinical use today are based on the
principle of reflection (e.g. videokeratoscopes) that measures the slope of the
corneal surface, or based on the principle of projection (e.g. slit-lamp
photography) that measures corneal shape relative to elevation. Although,
topography is able to quantify the anterior and posterior shape and extent of the

cone, its capability to cover the whole lesion area of keratoconus is limited.

In terms of severe keratoconus, most cones have an oval shape in the
topographic map, however, outside the affected areas, topography may depict a
relatively normal appearance. Moreover, in some cases with very high
astigmatism it is beyond the capability of systems to produce topographic maps.
The highest point on the map usually represents the apex of the cone, and
contours lie closest together in the inferior region where the cornea is steepest
due to the small curvature below the apex of the cone. In contrast, contours lie
widest superiorly where the cornea is flattest (Rabinowitz and McDonnell, 1989;
Wilson et al.,, 1991). Although, surgeons may use topography as well as
information from other instruments (e.g. slit-lamp, callipers and microscopy in
theatre) to determine the size of trephination in keratoconus, they also consider
the possibility of the disease having spread to the periphery, its likely
reoccurrence due to small and central trephination, and the risk of rejection of a

donor cornea implant due to large trephination too close to the limbus.
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This study has shown that breaks in Bowman's layer occur frequently in
keratoconus corneas, but to differing extents. Breaks in Bowman's layer are
identified because the anterior surface resembles a lamellar corneal structure
rather than a Bowman’s meshwork. This work has shown that the defect area

typically exceeds the fifth and seventh zones of the topographic map inferiorly.

Despite the importance of accurately delineating the defect area in keratoconus,
surgeons may prefer to use standard trephination of 7 to 8 mm. This approach
would reduce the probability of rejection of the donor cornea or the occurrence of
post-operative astigmatism (both more serious consequences than possible
reoccurrence of the disease) if the lesion area exceeds the trephination. It should
also be noted that map scales differ between commercial topographic systems.
Nevertheless, although thé small number of topographic maps used in this study
were obtained from cases exhibiting only advanced stages of the disease, and
regardless of the differences between systems, the study has provided some
evidence to suggest that topography alone is unable to reflect the actual defect

area in keratoconus.

A honeycomb pattern of collagen fibrils in Bowman's layer has been reported in
normal human cornea (Komai and Ushiki, 1991). Similarly, in this study the
furthest areas from the apical zone of the anterior surface of the cornea in all

keratoconus patients showed a honeycomb-like meshwork typical of the SEM
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images shown by Komai and Ushiki (1991). However, changes in anterior

corneal morphology were discovered in the damaged regions.

Patients with a history of hydrops illustrated more severe defects in both
Bowman'’s layer and superficial stromal layers. The finding of gross tissue breaks
in the anterior corneal surface in keratoconus is in agreement with a previous
report relating to the central part of the keratoconic cornea, but the image
presented here show much more structural detail than detail those displayed by

Sawaguchi et al. (1998).

At the periphery beyond the central zone, all patients investigated in the present
study using SEM had ruptures in Bowman’s layer with varying degrees of change
exposing the morphologically distinct stromal tissue below. This study, in
investigating areas peripheral to the central cone, supports the findings of
Sherwin et al (2002) who used a confocal laser scanning microscope and found
discrete incursion of fine cellular processes originated from keratocytes into
Bowman’'s layer. Interestingly, these authors also noted that processes
originating from keratocytes were observed in conjunction with a defined
indentation from the basal epithelium. Furthermore, the present finding of
structural matrix changes in the corneal periphery in keratoconus is in line with
the findings of Hayes (2005) who used high-angle X-ray diffraction to map the
orientation of collagen fibrils in the stromal of 13 keratoconus patients, and found

that the orientation of collagen fibrils at the periphery were altered in patients with
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advanced stage of keratoconus. To the best of my knowledge, the present study
is the first to use high magnification SEM to investigate surface zones beyond the

central region and show ruptures at the periphery.

Ruptured areas at the apical cone of Bowman'’s layer in keratoconus have been
reported to be filled with epithelium and a hypertrophic collagenous proliferation
derived from the anterior stroma (Teng, 1963; Kaas-Hansen, 1993; Sawaguchi et
al., 1998). Teng (1963) suggested that the primary lesion occurs in the basal
epithelium due to secretion of proteolytic enzymes from dying basal epithelial
cells. These enzymes, such as Cathepsin B and G, have been found with
increased levels in keratoconic corneas compared to normal corneas (Zhou et
al., 1998, Kenney, 2005), and appear to cause fragmentation of the basement
membrane and fibrillation or ruptures of Bowman'’s layer. In addition to the above
stated evidence of keratocyte degeneration and hypertrophic collagenous
proliferation in Bowman’s layer, it has been documented that keratocytes in
keratoconic corneas have a fourfold greater number of membrane receptors for
the inflammatory cytokine interleukin 1 compared to normal corneas (Fabre,
1991). Frequent erosion of epithelial cells may result in the release of mediators
that stimulate the release of interleukin 1 from keratocytes, causing a loss of
keratocytes through apoptosis and a decrease in stromal mass over time (Wilson
et al.,, 1996). It has been documented, also, that abnormal proteoglycan
molecules and keratocytes occupy pores in Bowman’s layer in the keratoconic

cornea (Sawaguchi et al., 1991). This might explain the degeneration keratocytes
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and other fragmentations passing throughout ruptured areas and occurring in the

anterior surface of Bowman'’s layer.

Recent histological examination of Bowman'’s layer in the keratoconic cornea
revealed progress of keratoconus at the bilayer lamella at the periphery of the
cone, which appeared to contain keratocytic nuclei and other components near
the apical scar ( Hollingsworth et al., 2005b). The present study revealed the
bifurcation of fibrils in the anterior stroma exposed by a damaged Bowman'’s

layer in patients three and four.

Radner et al.,, (1998) investigated the corneal stroma in keratoconus and
reported that the arrangement of collagen lamellae in the apical region differed
from that in the para-apical regions in that the collagen fibrils formed uniform
layers and clear collagen borders could not be differentiated. Iin their study, the
splitting of lamellae in the anterior-posterior and lateral directions totally was
absent at.the centre and only partially present at the periphery. Evidence from X-
ray diffraction has confirmed that the organisation of stromal lamellae in severe
keratoconus at the apex of the cone dramatically alters (Daxer, 1997, Meek et
al., 2005). Recently, Meek et al. (2005) proposed that lamellar slippage might
cause weakness in the central cornea in keratoconus. As is shown here (figure
4.13 E - H for example), it might be the case that some lamellae branch in the

anterior stroma and are perhaps unravelling.
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The discovery of a suitable instrument to investigate human keratoconus in the
native state is the hope of both clinicians and scientists. ESEM has an advantage
in that if water ié used as the gas in the sample chamber, a correct balance
between chamber pressure and sample temperature makes it possible to
maintain samples in a hydrated state (Donald, 2003). Further, there is no need to
coat samples with a conductive material to prevent charge build up. This
technique is, therefore, suitable for the study of materials that are naturally wet,
such as biological specimens, complex fluids (colloidal suspensions), foodstuffs
and mixtures of solvents (e.g. water and oil). However, the study here did not
produce overall satisfactory results, but achieved reasonable results at low
magnification. Overall, this study found it impossible to obtain high resolution
images of corneas at high magnification, even though the microscope does have
the ability to reach high resolution capability. It is likely that the operating
conditions in the specimen chamber were not optimal for cornea, but conceivably

this could be remedied by more extensive investigation.

In keratoconus long-term use of a rigid contact lens with an apical touch fitting
may increase the risk of scarring as reported by Korb (1982). The clinical
histories reported that patients in this study had used a rigid contact lens for a
long time. The morphology of keratoconus from SEM suggests that the erosion
and scarring might be compounded by long-term rigid contact lens wearing.
When the patient is in an advanced stage of the disease, tortuous folds emerging

from the apex of the cone may reflect fissures in both Bowman's and stromal
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layers and represent an early sign of the risk of acute hydrops. Band patterning,
proposed to represent collagen lamellae under stress, has been reported
recently using a confocal microscope, and it has been suggested that these
correspond to Vogt's striae in severe disease ( Hollingsworth, and Efron, 2005a).
Similarly in this study, very faint vertical lines like hairs were noted during the
examination in the ESEM of patient 7 on either side of the apical scar that appear
like reflected furrows within bands. The study also identified the presence of
many small tips seen distributed across the corneal buttons by stereomicroscopy
and ESEM. Conclusive interpretation of these features was not possible although
they were most likely to have been ruptures in the anterior surface of Bowman'’s
layer. Thus, the application of the ESEM in the study of human cornea presents
several challenges as limitations have been revealed, and here it provides
acceptable information at low, but not at higher magnification. The lower
resolution of ESEM at high magnification is likely due to the existence of water in
the chamber of microscope. A more intensive effort to optimise chamber

conditions could possibly improve this, however.

In conclusion, from the three cases in which preoperative topographic data were
available it was found that topographical features alone failed to indicate the full
extent of the progress of keratoconus towards the corneal periphery. Moreover,
in addition to profound changes seen in the central zone of the cornea that
presumably contribute to the apex of the cone, tissue changes and ruptures in

Bowman's layer were found too at the corneal periphery. A clear link between the
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severity of the disease clinically and the extent of the Bowman’s breaks was not
apparent here, suggesting perhaps that events deeper in the stroma have a

significant influence on the tissue changes seen in keratoconus.
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5.1 A study of structural changes in mice
with misshapen cornea

5.1.2 Introduction.

Researchers attempting to investigate the pathogenesis of keratoconus have
encountered difficulty ascertaining the onset of the disease because patients do
not usually complain about any sign or symptom at an early stage. Thus, it is
difficult to understand the pathogenesis and progress of the disease, and to
distinguish the very early stage of keratoconus from other disorders. In recent
years, researchers have attempted to study the abnormal structure of the
misshapen cornea genetically and biophysically in different strains of mice that
have abnormally shaped corneas that in some ways resemble keratoconus. Two
such strains are called SKC and JKC, which have been proposed as useful
models in the study of the underlying structural defects that might cause a cornea
to take on an abnormal topography (Tachibana et al., 2002a; Tachibana et al.,
2002b; Quantock et al., 2003). Studies of the JKC mouse strain will be discussed
in the second part of this chapter. First, this study will describe an evaluation of
structural abnormalities in mice deficient in the protein SPARC (secreted protein
acidic and rich in cysteine) that often display a distended cornea with a possible

keratoconic-like shape as discovered by Gilmour et al. (1998). Also, because the
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previous chapter concluded that changes within the stroma itself undoubtedly
have a bearing on the severity of keratoconus (and because rodents do not have
a true Bowman’é layer in the same way as humans do (Quantock et al. 2005)) |
will move on from a study of surface morphology to a study of the stromal

interior.

It is known that collagen fibrils in the corneal stroma play a very important role in
the biomechanical stability and shape of the tissue and a number of detailed
studies had been achieved on the corneal stroma in keratoconus. The internal
fine structure of corneal stroma in the SPARC-deficient mouse has not been
investigated. Therefore, light and transmission electron microscopic studies were
carried out to evaluate the internal fine structures of the corneal stroma in these
mice to shed some light on the factors that may contribute to biomechanical

instability in the misshapen cornea.

5.1.2 Background.

Secreted protein, acidic and rich in cysteine (SPARC), also known as osteonectin
or basement membrane-40 (BM-40), is a collagen-binding glycoprotein that
belongs to the matricellular category of proteins. It associates with the
extracellular matrix and appears to act as a modulator of cell- extracellular matrix
(ECM) interaction, but currently with no defined structural function (Bornstein and

Sage, 2002). SPARC is secreted by many cells, such as fibroblasts,

148



Chapter Five: Part One

endothelium, osteoblasts, and platelets (Stenner et al, 1986; Kasugai et al,
1991), but does not_contribute structurally to the extracellular matrix. Rather, it
regulates the production of several proteins of the extracellular matrix (Bradshaw

and Sage, 2001).

The extracellular matrix is composed of structural proteins, proteoglycans, growth
factors, and matricellular proteins, such as thrombospondins 1 and 2,
osteopontin, tenascin-¢c, and SPARC. The initial description of SPARC protein by
Termine and colleagues (1981) presented it as a major non-collagenous
constituent of bovine and human bone. Then Sage et al. (1981 and 1984)
described it as a protein secreted by proliferating cells in vitro while Otsuka and
associates (1984) referred to it as a protein produced by cultured fibroblasts.
Mason et al. (1986) were the first to isolate the complementary deoxyribonucleic
acid (cDNA) from a library of mouse embryonal carcinoma cells differentiated in

culture with retinoic acid and cyclic adenosine monophosphate (CAMP).

SPARC has considerable functional diversity. It clearly plays an important role in
remodelling tissue, and contributes prominently in morphogenesis, development,
injury and repair. With thrombospondins 1 and 2, tenascins C and X, and
osteopontin, SPARC is the prototype of the matricellular class of secreted
glycoproteins that are structurally dissimilar, regulate interactions between cells
and their extracellular matrix (Lane and Sage, 1994; Bornstein, 1995). SPARC is

shown to inhibit the cell cycle, disrupt cell adhesion, inactivate cellular responses
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to certain growth factors, regulate the production of extracellular matrix, and
promote a rounded cell shape (Lane and Sage, 1994). Motamed and Sage
(1998) have shown that the counter-adhesive and antiproliferative properties of
SPARC appear to proceed through separate signalling pathways. Moreover, as
can be seen in figure 5.1.1, the early development of cataracts in SPARC-null
mice establishes that the gene is essential to the maintenance of lens
transparency (Gilmour et al. 1998; Norose et al. 1998). These SPARC deficient
mice also possess misshapen corneas, as can be seen in histologic section in

figure 5.1.1.

Figure 5.1.1: Sagittal sections through whole mouse eye (a) wild type (b) SPARC-
deficient showing misshapen cornea and lens pathology in SPARC mutant. Source: The
EMBO Journal (Gilmour et al., 1998).

Rhee et al. (2003) showed that SPARC mRNA and protein are present in non-
glaucomatous human trabecular meshwork and cultured human trabecular
meshwork cells. Thus, because of its effect on matrix metalloproteinases,

SPARC may play a role in the regulation of intraocular pressure.
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SPARC is expressed widely during embryogenesis (Sage et al., 1989), and
Brekken and Sage (2001) have found that its production accompanies the
induction of collagen type I. lruela-Arispe et al. (1996) concluded that the
production of collagen type | appears to be requisite for the association of
SPARC with embryonic extracellular matrix in the mouse. Francki et al. (1999)
investigated the function of SPARC in the regulation of collagen type | and
transforming growth factor-B1 (TGF-B1) in mesangial cell cultures from wild-type
and deficient mice. They found that SPARC-deficient cells exhibited a significant
diminution of both collagen type | and TGF-B1, but after treatment of these cells
with recombinant human SPARC, the levels of collagen type | and TGF-B1
SPARC were restored to 70% and 100%, respectively, of those produced by
wild-type cells. Further, they showed that SPARC exhibits some of its effects on

collagen type | via a TGF-B1-dependent pathway.

SPARC deficient mice have reduced levels of collagen type | in skin (Bradshaw
et al., 2003), and coetaneous wounds close faster compared to those in wild type
mice (Bradshaw et al., 2002). The absence of SPARC also influences the foreign
body reaction to implanted biomaterials, resulting in a decreased capsular

thickness in SPARC deficient dermis (Puolakkainen et al., 2003).

Several studies have previously reported the role of SPARC protein in the
cornea. A study of normal and wounded cat corneas using a

immunohistochemical polyclonal rabbit anti-murine SPARC antibody showed
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weak immunoreaction from the SPARC protein in the cytoplasm of epithelial and
endothelial cells. However, SPARC was not seen in the keratocytes of either
normal or wounded comeas (Latvala et al., 1996). In contrast, Mishima and co-
authors (1998) reported that SPARC, as well as appearing in epithelial cells, was
also detected around keratocytes adjacent to the wound. These authors
suggested that the difference between their study and others was due to the
deep damage in the stroma in their study. Immunohistochemical staining of
mouse corneal stroma with antisera to SPARC seven days post-wounding was
performed by Berryhill et al (2003) who confirmed the presence of accumulated
SPARC in the regions undergoing repair. The above cited studies suggest that
SPARC plays a certain role in wound healing. In an in-depth study of the
extracellular matrix, Abe et al (2004) revealed that adding an epidermal growth
factor (EGF) to the conditioned medium of corneal epithelial cells leads to a
markedly reduced amount of SPARC. They suggested that the cytokines and
growth factors modulate cell-matrix interactions in corneal healing, possibly by

regulating the production of SPARC synthesis.

The ultrastructure of the SPARC-deficient cornea was studied here to ascertain
whether any abnormalities in the ultrastructure of the corneal extracellular matrix
could be identified that might lead to the corneal ectasia that has been seen in

tissue sections of null eyes.
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5.1.3 Methodology and materials.

5.1.3.1 Specimen preparation.

With the help of Dr. Robert Young and Dr. Mike Wride and in line with ethical
regulations, four SPARC-deficient mice and three wild-type mice were killed by
cervical dislocation, and their eyes enucleated using a Zeiss Stemi-binocular
dissecting microscope. All mice were in the 6-11 month age range. Corneas were
dissected using fine-point Vannas Bowspring scissors, a scalpel fitted with a
No.11 blade and fine forceps. Some of the corneas of SPARC-deficient mice had
developed a lens cataract. Corneas were fixed by immersion in 2.5%
glutaraldehyde in 0.1M phosphate buffered saline (PBS) (pH 7.3) overnight. The
next day they were washed three times with 0.1M PBS for 10 minutes, followed
by secondary fixation in 2% osmium tetroxide (OsO,) in distilled water for two
hours. Cupromeronic blue (USBiological, C8210, USA) was included in the
fixative to enhance the contrast and visibility of the corneal proteoglycans (Scott
and Haigh, 1985). Therefore, some of the specimens were fixed in 2.5%
glutaraldehyde in 25mM sodium acetate buffer (pH 5.7) containing 0.05%
cupromeronic blue, 0.3M MgCI, overnight. The following day, samples were
washed three times for 15 minutes in a mixture of 25mM sodium acetate buffer,
and 0.3M MgCl,. After this, samples were immersed three times for 5 minutes
each in 0.5% aqueous sodium tungstate, and then, washed in 0.5% sodium
tungstate in 50% ethanol. Each solution was changed three times, with a 5

minute interval between each change of solution.
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Specimens were dehydrated in a graded ethanol series, 50%, 70%, 85% and
95% each for 20 minutes followed by, 100% three times for 15 minutes on each
occasion. Next, each cornea was cut into two halves and immersed in propylene
oxide for 45 minutes. The specimens were then transferred to a mixture of
propylene oxide and Epon resin (epoxy resin 24.0g, hardener DDSA 16.0G,
hardener MNA 10.0g, and accelerator BDMA 1.50g). After 3 hours, the tops of
the vials were removed for propylene oxide evaporation. After this, samples were
placed in 100% fresh resin overnight to allow impregnation of resin into tissues.
Tissue preparation was done at room temperature on a rotator in the fume
cupboard, with constant agitation to facilitate penetration of the resin. Specimens
were placed in labelled moulds and polymerised in pure Epon resin at 60° C for

48 hours.

Once hardened, the block was trimmed using a razor blade to expose the
sample, and to form a pyramidal cutting face. A glass knife was made using an
LKB 7800 knife marker, and a tape trough was attached to the knife using wax to
hold the water onto which the cut sections could float. Sections, approximately
70-90 nm thick for examination in the TEM and 1um thick for investigation using
the light microscope, were cut with glass or diamond knives on a Reichert-Jung
ultramicrotome. Sections were stretched in the water trough with chloroform
vapour and then collected onto 300 square mesh copper 3.05 mm grids. Grids

were then dried in a Petri dish prior to staining.
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Staining solutions were made then cleared of aggregates by centrifugation at
14,000 r/pm for 5 minutes and Millipore filtration before use. The staining was
achieved for TEM using two methods. First, some of the grids were stained at
50° C for 40 minutes by floating on droplets of freshly dispensed 2.0% uranyl
acetate, and then washed in distilled water 3 times. These grids were further
floated on freshly prepared 2.0% lead citrate at 50° C for 40 minutes and then
washed again with distilled water 3 times. After this, the grids were dried ready
for transmission electron microscopy examination. Second, the remaining grids
were stained at 50°C for 40 minutes by floating on droplets of 1.0%
phosphotungstic acid (PTA). The same method was applied as previously

described excluding lead citrate.

All semithin sections of SPARC corneas were stained with toluidine blue for

examination by light microscopy.

Stained, ultrathin sections of corneas were examined using JEOL 1010 (JEOL
Ltd., Akishima, Japan) transmission electron microscope at 80KV. Electron-
optical images from the anterior, mid and posterior regions of the corneal stroma
were taken at various magnifications, ranging between x15,000 and x40,000, and
captured on a Kodak MegaPlus, Model 1.4/digital camera, which digitises images

in a 512X512 pixels raster in 256 grey levels.
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Semithin sections were examined using the (Leica DMR A2) digital light
microscope. Images were taken at 20x, 40x and 63x magnifications and captured
by the Leica DC 500 digital camera which is linked to digital image processing

and analysis software for professional microscopes (Leica Q win V3).

Using image analysis software (analysis 3.0; soft imaging system GmbH,
Germany), numerous mathematical filters and morphological functions were
applied to calculate collagen fibril diameters in each image at different sites in the
corneal stroma according to the following steps:

Acquisition of images: The image was obtained and displayed onto a monitor via
a digital camera.

Contrast equalisation: This function enhances and modifies the contrast of the
original images of the grey values.

Image filtration: This filter calculates the arithmetic mean of the pixel and the 8
surrounding neighbours in order to suppress the artificial noise.

Binary image: The analysis program transfer the detected grey values and
converted them into a binary image. A binary image has 2 grey levels. Therefore,
all pixels lying within the threshold were considered to be corresponded to the
foreground or to a particle. All other pixels corresponding to the background, and
were ordinarily displayed in black. The shading correction function was used if
the image has a non-constant background caused by inhomogeneous

illumination.
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Morphological filters: This function was used to erase (decreasing the size) or
dilate (expensing the size) the object. Therefore, attached objects will be
separated and objects with small holes will be filled, and irregular margins of
objects will be smoothed.

Fibril measurement. The measurement of fibrils diameter was achieved by
setting the analysis software to analyse all binary objects within specific threshold
values, e.g. a value between 20-50 nm. This range was classified, giving that
objects with similar diameter have specific colour. Objects falling outside the
range of values were not coloured and required further analysis. The
measurements of fibril size; minimum, maximum and average diameter were
displayed in an Excel program. Here, minimum diameter was used because in
some sections the fibril outline appears to be a little oval because of fibrils that
cross the plane of the section not totally at right angles to the section. In this case
the minimum diameter represents the true fibril diameter. From a total of 7
corneas 21 images were obtained; anterior, mid, and posterior from the central
cornea (Connon et al.,, 2000). The current study presented here three
representative images from different regions of one control and one SPARC-

deficient cornea.
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5.1.4 Results.

5.1.4.1 Light microscope observations.

lllustrative light rﬁicrographs of control and SPARC-deficient mice corneas show
the outermost epithelial layer stroma, Descemet’s membrane, and the innermost
endothelial layers of the comea (figure 5.1.2). In places, the SPARC-deficient
cornea was thinner than the control corneal section. Moreover, in sections of
normal mouse cornea the stroma revealed regular undulations of collagen
lamellae, and keratocytes were distributed parallel within lamellae. However, in
SPARC-deficient corneas the collagen lamellae had a disrupted, interwoven
appearance in the anterior two-thirds of the corneal stroma. At this level
Descemet's membrane and endothelial layer did not appear to differ from the

normal appearance of control cornea and there was no other distinct abnormality.
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Control SPARC

Figure 5.1.2: Light microscopy of 1 um thick section showing the normal and SPARC-
deficient corneas. Normal cornea of wild type mice (A); Thin cornea of SPARC mice (B);
Regular interwoven normal corneal stroma of wild type mice (C) and disrupted two-third

anterior section of the corneal stroma of SPARC mice (D). A and B are X20 C and D
X63.
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5.1.4.2 Stromal matrix ultrastructure.

Corneas of control and SPARC-deficient mice were examined and analysed

using transmission electron microscopy.

The stroma was divided into three regions for analysis: anterior, mid and
posterior. In SPARC-deficient and control corneas the structure of the collagen
fibrils themselves with their uniform fibril contours was similar at all stromal
depths. Normal fibrillar arrangements were determined for the different regions of
the stroma of both control and SPARC-deficient mice. In control corneas, the
mean fibril diameter gradually increased from the anterior towards the posterior
stroma. Similarly, in SPARC-deficient corneas, the mean fibril diameter
increased, but was the same in the mid and posterior stroma (table 5.1.1). The
mean diameter of collagen fibrils of SPARC-deficient corneas taken from all
regions was greater than the fibril diameter of control corneas, 29.9 + 3.9 nm and
28.2 t 3.2 nm, respectively, and ranged from 17.2 to 50.8 and 21.8 to 41.9 nm,
respectively. According to the Kolmogorov-Smirnov test, the two groups (control
and SPARC—deﬁcient) are not normally distributed (p < .05). Also, Levene’s test
indicates that the variances of the groups are not equal (p < .05). As the
assumptions of the independent samples T-test are not passed, the
nonparametric alternative Mann-Whitney test is used. This indicates that the
mean diameter of the two groups is significantly different (p< 0.001) with the

control group having a lower score (figure 5.1.4).
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With regard to collagen fibrillar arrangement fibrils in the SPARC-deficient cornea
appeared much less tightly packed together in the anterior and mid stroma, and

far more dispersed in the posterior stroma (figure 5.1.3).

Control SPARC

Figure 5.1.3: TEM of SPARC control and SPARC-deficient mice comeas. (A, B)
anterior, (C, D) mid and (E, F) posterior stroma. (B, D, and F) illustrate the decrease in

fibril number density in SPARC deficient mice, which is more severe in the posterior

stroma. Magnification is 40K throughout.
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Stromal site Control 1 nm Experimental 1 nm
SP 129 Sp 7129SVIEv

Anterior 25054 26.0 £4.6

Mid 27.7 £3.5 320+64

Posterior 32029 32.0+6.9

Table 5.1.1: The mean collagen fibril diameters of different regions of the stromal

cornea.

Control SPARC deficient

ikta

20 25 30 3B 40 45 0

Mean fibril diameter (nm) Mean fibril diameter (nm)

Figure 5.1.4: Histogram of diameter distribution of collagen fibrils of control SPARC

and SPARC-deficient mouse corneas. Mean fibril diameter within control SPARC was

28.2 + 3.2 mm (left) and in SPARC-deficient corneas 29.9 £+3.9 mm (right).
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To quantify the collagen fibril spacing the number of collagen fibrils were counted
in 40 X 1um? regions. From this, the number density of collagen fibrils was seen
to be lower in SPARC-deficient corneas than control mice corneas. A sharp
decrease in collagen fibril number density was observed across the thickness of
the stroma. This was less prominent between the anterior and mid-stroma but

particularly evident in the posterior stroma.

No  Mouse type/ strain Age sex Fibril number (per pm?)

Anterior Mid-stroma  Posterior

1 Sp-129 control 54 wks M 528 598 560
2 Sp-129 control 54 wks M 610 558 412
3  Sp-129 control 22 wks F 434 424 340
4  Sp-1- 129 (SPARC) 22 wks M 332 258 198
5 Sp-1- 129 (SPARC) 22 wks M 382 372 236
6 Sp-1- 129 (SPARC) 22 wks M 294 310 284
7  Sp-1- 129 (SPARC) 16 wks M 258 272 108

Table 5.1.2: The age, sex and the number of collagen fibrils per pm? measured from
TEM micrographs at different regions of the stromal cornea for SPARC-deficient and
wild-type of mice.

5.1.4.3 Proteoglycan morphology.

The nature and distribution of proteoglycans within the corneal stroma of
SPARC-deficient and control corneas were examined stained with cupromeronic
blue using the critical electrolyte concentration method. No apparent difference in

the proteoglycan filament arrangement was noted, with the filaments oriented
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crosswise to the collagen fibrils in both cases (figure 5.1.5). However, the
proteoglycan filaments of SPARC-deficient mouse cornea seem to be slightly

enlarged in size, although the relevance of this is not clear.

Figure 5.1.5: TEM micrographs of corneal proteoglycan arrangement in SPARC
control (left) and SPARC-deficient mice (right). Proteoglycan arrangements show no

difference between the two groups x25K.
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5.1.5 Discussion.

The normal shape of the corneal stroma is predominantly dependent on the
biomechanical stability bestowed by the lamellar arrangement of collagen fibrils,
with the assembly and final properties of the fibrillar collagen matrix significantly
influenced by the molecular heterogeneity of corneal collagen fibrils. in cornea,
fibrils are hybrids of collagen type | and collagen type V (Birk et al., 1990).
Increased proportions of collagen type V molecules in the predominantly collagen
| fibril regulates the lateral growth of the fibril and leads to thinner fibrils, and
consequently likely changes in the overall corneal biomechanics (Rada et al.,
1996). The interaction with collagen of the proteoglycans decorin and lumican
were found to inhibit the rate of collagen fibrillogenesis (Rada et al., 1993).
Chakravarti et al. (2000) reported that the lumican-deficient corneal stroma
displayed a 40% reduction in stromal thickness. The current study found that
SPARC-deficient mice corneas were also thinner than those of the control group,

but not to the extent that the lumican-null comea is.

The diameter of collagen fibrils in the normal corneal stroma of the mouse, as
measured by electron microscopy, has been reported to range between 25 and
33 nm (Haustein, 1983). In humans one study has reported it at between 17.9 to
33.4 nm with a 26 nm average (Quantock et al 1993). Chakravarti et al. (1998)
found thicker collagen fibril in the lumican-null corneal mice 47 + 1.4 nm
compared to normal wild type mice. Characteristically, the diameters of collagen

fibrils of the control groups in our study were in agreement with the previously
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cited studies but with a wider average diameter 28.2 + 3.2 with a range from 21.8

to 41.9 nm.

Abnormal fibril diameters with a wide range have been reported in humans for
macular corneal dystrophy as well as a number of other diseases such as Hurler
syndrome, and Scheie syndrome (Quantock et al., 1997; Huang et al., 1996;
Quantock et al., 1993). In Hurler and Scheie’s syndromes, collagen fibril
diameters have been reported as thicker than normal with a wide range of sizes
(Huang et al., 1996; Quantock et al., 1993). In macular coreal dystrophy
pockets of thicker fibril diameters ranging from 20 to 58 nm have been reported
(Quantock et al.,, 1997). In human keratoconus, Akhtar and associates,
(unpublished) report the fibril diameter to be reduced in size compared to the
normal human comea and to range from 20 to 24 nm. In our study, there were
variations among the study corneas. SPARC-deficient mice corneas revealed a
thicker fibril diameter with a wider range (the mean collagen fibril diameter in

SPARC-deficient corneas was 29.9 + 3.9 nm and ranged from 20 to 50 nm).

The question remains as to what might be the biological mechanisms behind the
structural matrix changes in the corneas of SPARC—deficient mice. Perhaps
SPARC protein acts to modify the surface of collagen fibrils early in development
to promote the aggregation and/or stability of the fibrils in the extracellular matrix
through cross-linking. Also, absence of SPARC protein might prevent the

collagen fibrils from progressing beyond an early developmental stage, either
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because of a lack of protein interaction at the fibril surface, or, incomplete cross-

link formation that acts to stabilise collagen complexes (Bradshaw et al., 2003).

Keratan sulphate is present on three proteins in the cornea, lumican, keratocan
and mimecan (Funderburgh et al., 1993). In the human keratoconus cornea the
proteoglycan arrangement is reported to alter and run parallel with collagen fibrils
in some affected areas (Fullwood et al., 1990). It has also been reported that
keratan sulphate expression decreases in keratoconus (Funderburgh et al.,
1990), but that keratocan is overexpressed and may alter collagen fibrillogenesis
and lead to the development of keratoconus (Wentz-Hunter et al., 2001). Studies
on gene targeted mouse models of proteoglycan deficiencies have shown that
lumican and keratocan play critical roles in the regulation of fibril diameter during
post natal development, and any alteration in keratan sulphate may lead to
reduced fibril diameter and organisation (Chakravarti et al., 1998). However, the
proteoglaycan arrangement in SPARC-null corneas appears normal on electron
microscopic histochemistry, so a proteoglycan-related pathologic mechanism
seems uhlikely to be the direct overriding cause of matrix disruption in SPARC

deficiencies.

Because of the reduced collagen fibril number density seen in EM sections of
SPARC-deficient corneas it is clear that SPARC tissue is slightly swollen. This
implies some changes, either in the endothelial pump action or the swelling

pressure or both. In the latter case, these could be proteoglycan changes not
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detected with cupromeronic blue which need a biochemical investigation. Also,
changes in the chloride-binding might lead to SPARC-deficient tissue swelling

(Hodson 1997).

Collagen fibrils provide mechanical strength for corneal curvature maintenance
and consequently correct refractive error. Corneal mechanical properties are
maintained by uniform orientation and distribution of collagen fibrils. A reduction
or alteration in collagen fibrils will lead to reduced tensile strength and
consequently the development of a misshapen cornea may occur. Eming et al.
(1999) found lower tensile strength in SPARC mouse skin compared to control
mouse skin. | have no data on the tensile strength of SPARC-deficient corneas,

but this is an area that should probably be investigated in the future.

SPARC null-mice revealed a decrease in the collagen content at adult ages and
an increase in the relative levels of type VI collagen in the skin (Bradshaw et al.,
2003). Data on the low fibril number density in SPARC-null corneas presented in
this chapter show that in SPARC null-mice, the content fibrillar collagen of the
corneal stroma is reduced in whole regions of the stroma, but that this is
particularly severe in the posterior region of the stroma. Rawe et al (1994) found
that the collagen fibrils in scarred rabbit cornea are restored with the progress of
age, and matrix architecture approximates that of the control cornea after 9
months. Given that collagen type VI forms networks in the corneal stroma it might

play a role in the control of stromal architecture. Thus, a study of possible
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increased type VI collagen levels in the corneas of SPARC-null mice is

warranted.

Brekken and Sage (2001) reported that the production of SPARC accompanies
the induction of collagen type I. lruela-Arispe and co-authors (1996) found that
the association of SPARC with embryonic extracellular matrix is required for
collagen type | production. Therefore, Bradshaw and co-workers (2003)
suggested that SPARC acts to control collagen accumulation in the skin through
regulation of collagen deposition into the Extracellular matrix, rather than through
regulation of transcription of collagen type | mRNA. This is because at an early

age no difference between wild type and SPARC-deficient mice has been found.

Numerous studies have shown that collagen synthesis and deposition are
regulated by transforming growth factor—-31 (TGF BlI), synthesised by keratocytes
(Reed et al., 1994; Grande et al., 1997; Abe et al., 2004). A study reported that
SPARC—nuII cells displayed diminished expression of collagen type | and TGF-
R1 (Francki et al., 1999). However, adding recombinant human SPARC to
SPARC-null cells restored collagen type 1 mRNA to 70% and TGF-31 mRNA to
100% in wild type mice. Poncelet and Schnaper (1998) suggested that SPARC

activates the TGF-R1 which induces the production of collagen type I.

The results of this series of experiments indicate that SPARC protein influences

the production of collagen fibrils in the mouse cornea. The absence of SPARC
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protein revealed a wide spacing of the collagen fibrils that might lead to
biomechanical instability and subsequently cause structural weakening and an

altered shape of the SPARC-null mouse comea.
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5.2 An x-ray diffraction study of collagen
fibril orientation in mice with misshapen
corneas

5.2.1 Introduction.

The collagen fibril orientation of the corneal stroma plays an important role in the
maintenance of biomechanical stability and corneal transparency. Several
studies have investigated collagen fibril orientation in the human corneal stroma.
Using low-angle X-ray scattering, Meek et al. (1987) found two preferred
directions of orientation in the centre of the human corneal stroma: inferior-
superior ‘and medial-lateral. These preferred directions were more pronounced
posteriorly. Also, collagen fibrils in some radial directions at the edge of the
cornea were found to run circumferentially. Newton and Meek (1998a; 1998b)
later found a complete circum-corneal annulus of collagen fibrils at the limbus in

the human cornea.

In a study using X-ray diffraction by Boote et al. (2003), the collagen fibrils in the

central cornea were more closely packed than in the peripheral cornea, and it
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was judged that this is probably necessary for biomechanical stability and to
maintain corneal strength, and hence curvature, in a region of reduced tissue
thickness. In an attempt to map both collagen fibril orientation throughout the full
thickness of the cornea, as well as the relative fibril mass distribution in normal
human corneas Aghamohammadzadeh and his associates (2004) used high
angle synchrotron X-ray scattering, and reported an orthogonal orientation of
collagen fibrils in vertical and horizontal directions and a circular disposition of
fibrils at the limbus. Boote et al. (2004) conducted an investigation into the
collagenous structure of the small primate (marmoset) cornea. Results revealed
the circular disposition of collagen fibrils at the limbus similar to that in the normal
human cornea. However, unlike orthogonal collagen fibrils in the human cornea,
the fibrils’ preferred organisation was mainly oriented towards a superior-inferior
direction. Unlike the normal human cornea (and the primate cornea), the central
cornea of mouse does not contain a significant amount of collagen preferentially

aligned in an orthogonal manner (Quantock et al., 2003).

Regarding keratoconus, using high angle X-ray diffraction, Daxer and Fratzl
(1997) reported that the orientation of collagen fibrils inside the lesion was
altered dramatically, whereas outside the diseased region orientation was
normal. Earlier in this thesis (chapter 4), however, | showed that surface matrix
changes occurred outside the central lesion in keratoconus. Recently, Meek and
his co-workers (2005) used synchrotron x-ray scattering across the entire human

keratoconus cornea and found a changed collagen fibril orientation within the
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stroma at the apex of the affected area and outside the affected area, too. As
can be seen in figure 5.2.1, the map revealed an uneven distribution of collagen
fibrillar mass and changes in stromal lamellae organisation compared to the

normal cornea.

Polack (1976) postulated that the thinning of the human keratoconic cornea is
due to releasing and slippage of lamellae from other lamellae without
collagenolysis. Meek et al. (2005) suggested that the redistribution of collagen
organisation is due to the lack of proper development of this cross-linking

between lamellae during the development of stromal cornea.
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Figure 5.2.1; The preferred collagen fibril orientation at a series of positions across (a)
a normal human cornea and (b) a keratoconus cornea. Each polar plot (i.e. the cross-
shaped symbols) represents the preferred alignment of collagen fibrils throughout the
thickness of the cornea at that point in the cornea. The normal cornea revealed that
collagen fibrils lie primarily in orthogonal directions, whilst the keratoconic cornea
showed an altered fibrillar orientation predominantly at the centre of the cornea (i.e. the
preponderance of ‘propeller-shaped” plots is lacking). In this representation the polar
plots have to be scaled to be visible on a single montage because those at the edge are
larger because the cornea is thicker here with more collagen. A colour-coded scale was

chosen to indicate the scaled-down factors. Source: |IOVS (Meek et al. 2005).
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Clinically, the mouse is widely used as an animal model for human ocular
disease. In chapter 5.1 the SPARC-deficient mice corneas showed variations in
collagen fibril diameter and fibril spacing compared to the corneas of wild type
mice and it was postulated that this might weaken the tissue and predispose it to
ectatic shape changes. Utilising high angle x-ray diffraction, the current study
aimed to investigate and map collagen orientation in the corneal stroma in
SPARC mice to see whether or not abnormal collagen orientations may exist as
they do in human keratoconus corneas. | also investigate .the corneas of another
strain of mice that tend to develop corneal ectasia, the Japanese Keratoconus

(JKC) mouse (Tachibana et al., 2002b).

5.2.2 Principle of wide angle x-ray scattering.

Seventy per cent of the total mass of the corneal stroma is composed of collagen
types | and V formed into heterotypic fibrils. When an intensive beam of
monochromatic X-rays is passed through an isolated corneal stroma parallel to
the visual axis, wide-angle X-ray patterns from the corneal stroma are formed
because of the interference between the X-rays scattered by individual collagen
molecules within the fibrils. X-ray scattering patterns are recorded and contain an
equatorial arc on the detector that is formed by the lateral separation of these
molecules. The X-ray patterns from a single lamella will form two equatorial
diffraction maxima on either side of an axis on the X-ray detector given that all

collagen fibrils are running semi-parallel with the axis of each lamella, and the
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molecules that comprise fibrils are also running semi-parallel to the fibril axis

shown in (figure 5.2.2).

High-Angle X-Ray A Direction of Preferred
Diffraction \| Molecular/Fibrillar Alignment
Pattern
Incident
X-Ray Beam

Collagen Fibrils

Figure 5.2.2: Schematic diagram of the formation of a X-ray diffraction pattern from a
single lamella of collagen fibrils, with most fibrils running in one direction. The reflections
on the detector represent the collagen molecules that comprise the fibrils and run

parallel with its axis. Source: (Quantock et al., 2003).

In the instance of two isolated lamellae aligned at right angles with one another,
the X-ray pattern will consist of two additional equatorial diffraction maxima the
same distance from the centre of the X-ray patterns but at a right angle (90°) to
each other. The upshot is that the identification of two diffraction maxima
horizontally on the detector indicates that the majority of molecules are arranged

in vertical orientation in this part of the cornea, and vice versa if the maxima are
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vertical on the detector. Therefore, in the case of a stack of such lamellae with a
completely isotropic radial distribution of fibrils, a circular intermolecular reflection
of uniform intensity will form on the X-ray detector because there is no preferred
orientation of fibrillar collagen molecules (and, therefore, fibrils). However, in the
human comea, especially over the first 7 mm of the central cornea, the preferred
orientation of collagen molecules is orthogonal because the intermolecular
reflections produce four-lobed maxima on the X-ray detector. These lobed
maxima provide information about the fibril orientation within the plane of the
cornea, averaged through the stromal depth (Meek et al. 1987; Daxer and Fratzl,

1997).

In this study, the focus was to investigate and map collagen fibril orientation and
the relative distribution of collagen fibrils in SPARC-deficient and JKC mouse
corneas and compare them with the normal mouse cornea to see if orientation

changes might be responsible for the tendency towards a corneal shape change.

5.2.3 Methods and materials.

5.2.3.1 Specimens.

In total, six comeas of six male mice were used in this study. Corneas were
obtained from one normal and two SPARC-deficient mice aged between 8 and 9
months, and one normal mouse aged 3.5 months, along with two JKC mice aged

6 months table (5.2.1).
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No Mouse type/ strain Age Sex
1 Sp-129 (control for SPARC corneas) 32 weeks Male
2 KOR (control for JKC comeas) 14 weeks Male
3 Sp-1-129 SPARC-deficient 36 weeks Male
4 Sp-1-129 SPARC-deficient 36 weeks Male
5 JKC 25 weeks Male
6 JKC 23 weeks Male

Table 5.2.1: The mouse type, age and sex.

Immediately after the mice had been killed, their eyes were enucleated and
placed under a Zeiss Stemibinocular dissecting microscope. Using Vannas
Bowspring scissor, Scalpel No.11 blade, and fine forceps, corneas including a
small scleral rim were dissected. A V' was cut in the scleral rim as a marker to
show the superior pole of the cornea which was then wrapped in Clingfilm to
prevent dehydration with the mark clearly visible to show the anterior face of the
cornea. Corneas were stored in dry ice at -80°C in the biophysics laboratory. The
corneas of the JKC mice had been excised and then placed between Clingfilm
and stored in dry ice by Prof. Tachibana in the Saitama Cancer Centre, Japan,
and then sent on dry ice to the laboratory at Cardiff University. All samples were
stored at -80° C until measurements were undertaken. The orientation of the JKC

corneas was indicated on the plastic film.

5.2.3.2 Data acquisition.

Wide-angle synchrotron X-ray diffraction patterns for all experiments were
obtained at the UK Synchrotron Radiation Source (Daresbury, UK), station 14.1.

Each cormea was allowed to thaw between two sheets of Mylar and positioned
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and fixed in a sample holder to ensure the beam passed through the anterior
surface parallel to the cornea’s optical axis. From 6 mice corneas, X-ray
diffraction patterns were obtained using a focused monochromatic X-ray beam
with a wavelength of 0.1488 nm and dimensions of 200 um x 200 pm at the
cornea. A lead backstop was carefully positioned immediately behind the
specimen to block any undeviated X-ray beam. Starting from outside the left
edge of the cornea and moving to the right edge of the central cornea across the
horizontal meridians for the lower and then the upper zones, a series of x-ray
exposures of 45 seconds length were collected, and x-ray patterns were
recorded. A Newport stepper-motor interfaced with the beam shutters was used
to move the cornea in the X-ray beam in between exposures that were recorded
on a Quantum 4R charge-couple device (CCD) x-ray detector (ADSC, Poway,
CA) placed 150 mm behind the cornea. Data collection was completed when the
whole of the cornea had been mapped by 200 um x 200 pym raster scans
vertically and horizontally. Once recorded, all data were transferred to the
Biophysiés Department at the School of Optometry and Vision Sciences, Cardiff

University for analysis.
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5.2.3.3 Analysis.

Several parameters were used to analyse the distribution of normalised intensity
profiles and maps of X-ray patterns as follows:

1. UNIX based image analysis software-Fit2dnew (ESRF, France);

2. Windows based graphics package-Optimas (Media Cybernetics, UK);

3. Windows based spreadsheet software, Excel (Microsoft, UK);

4. Windows based statistics package (Starsoft Statistica).

Image normalisation in x-ray fibre diffraction studies such as these is usually
achieved using the average ion chamber reading. Normalisation in this way of
data form mice cornea was not possible, however, because ion chamber
readings were not successfully recorded. Therefore, normalisation was
performed using the intensity of X-ray scatter from the Mylar window of the
sample holder because the intermolecular spacing of Mylar is well defined and is
lower than that of collagen, thus it produces a narrow band of X-ray scatter which

occurs at a position well beyond X-ray scatter from corneal collagen.

Analysis begins with a wide angle X-ray scattering pattern (the example in figure
5.2.3A is an X-ray pattern from the edge of the cornea where the majority of
collagen runs vertically) where the white circle represents the shadow of the
backstop seen at the centre of the pattern, and two equally lobed maxima on

either side correspond to X-ray scattering from collagen molecules. These two
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lobed maxima indicated the spread of fibril axis orientations about the horizontal

direction.

Although collagen molecules do not run in perfect alignment with the fibril axis,
the tilt is small, therefore molecular orientation can be used as an indication of
the fibril alignment. As a result, the Fit2dnew program was used to convert X-ray
images usually captured in “IMG”, to “TIF” format because “IMG” imaging
generates files of excessive size for compatibility with the Optimas Software.
Using an approach similar to that used by Daxer and Fratzl, (1997) and Newton
and Meek (1998a), X-ray scatter distribution was divided into two components
using Optimas and Excel programs: (i) isotropic (shaded area) scatter arising
from collagen fibrils distributed evenly in all directions, and (ii) aligned (unshaded

area) scatter arising from preferentially aligned fibrils (figure 5.2.3B).
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Figure 5.2.3: Analysis steps of collagen alignment from wide angle X-ray scattering
data. A typical wide angle X-ray scattering reflection from wild type SPARC cornea (A).
To acquire the distribution of normalised X-ray scatter intensity around the
intermolecular collagen reflection (shown in B) a series of concentric circumferential
intensity distributions encompassing the width of the intermolecular reflection were taken
anticlockwise starting from the 3 O clock position. This distribution may be divided into
two components; (i) isotropic scatter from collagen fibrils distributed equally in all
directions, and (ij) scatter from preferentially aligned fibrils. Step B-to-C simply consists
of a subtraction of isotropic scatter. The next step is the conversion of the X-ray scatter
distribution (C) into polar coordinates (D). The radial extent of the polar plot (D) in any
direction is proportional to the number of fibrils preferentially aligned in that direction. A
90° phase shift is imported to account for the fact that collagen fibrils scatter X-rays in a

plane normal to their long axis.
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From these areas, it was possible to obtain the values of total, aligned, and
isotropic scatter from each point in the path of the X-ray beam. Total scatter from
each cornea was generated by integrating the area under each 0-360 degree
graph of scattering intensity versus rotation angle. A colour-coded contour plot
was then produced from the combined data series. A similar procedure was then
carried out, this time integrating only for preferentially aligned scatter. Thus
contour plots for (i) total collagen and (ii) preferentially aligned collagen were

obtained.

The isotropic scatter (background scatter) was subtracted, leaving the distribution
of X-ray intensity for the preferentially aligned fibrils only as illustrated in figure
5.2.3C. Because the reflections are at right angles to the fibril axis, the data was
shifted by 90° to produce a new plot showing the relative mass of aligned
collagen fibrils as a function of the actual angle at which they occur in the tissue.
This was then converted into polar plot using Excel and Statistica software. By
plotting this data as a 360° polar plot (figure 5.2.3D), the distance from the centre
of the polar plot in any given direction is representative of the amount of fibrils
preferentially oriented in that particular direction at that point in the tissue. The
overall size of the plot is related to the total mass of the aligned collagen,
whereas the asymmetry gives an indication of the preferential direction of
collagen fibrils at that point. After this, the polar plot was assembled as a

montage to display the preferred collagen orientation across the cornea. In
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addition, maps of total, aligned, and the ratio of total to aligned collagen fibril

distribution across the whole cornea were obtained using the Excel program.

5.2.4 Results.
5.2.4.1 SPARC-deficient corneas.

Maps of preferentially aligned collagen fibrils were produced for the entire cornea
and limbus of a normal mouse by recording diffraction patterns at intervals of 0.2
mm (vertically and horizontally). Preferential collagen alignment at each point is
indicated by a polar plot. Each plot in the map represents the distribution of
preferentially aligned collagen fibrils at that point in the cornea. The sizes of the
plots represent the amount of preferentially aligned collagen. This suggests that
lower amounts of preferentially aligned collagen are seen over the first 0.6 mm of
the central cornea, but that this increases towards the limbus through the
periphery of the cornea (figure 5.2.4). Further, the shape of each plot also
indicates the preferred meridian(s). Thus, at the central region of the normal
mouse cornea, the map shows a preferred orientation of collagen fibrils along the
vertical meridian. Thus, the preferred lamellar orientation in the central cornea of

the mouse is along the superior-inferior directions.

In the X-ray diffraction plots presented here a partial circum-corneal annulus
formed by a large amount of collagen fibrils running tangentially was discovered
1.2 mm from the centre of the cornea in each direction. The semi-annulus

representing the limbus of the normal cornea is indicated by the red/brown plots
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(marked “L” in figure 5.2.4) ranging between 0.2 -0.4 mm in width. The large
sizes of the plots at the limbus suggest that the collagen fibrils are highly oriented
here. Quantock et al. (2003) investigated the possibility of a limbal annulus of the
cornea in the SKC mouse strain and suggested that the semi-annulus might exist
in normal mouse based on vertical collagen directions at two edges of a single
horizontal meridian, however, that study was very preliminary with the current

data representing the first report of a limbal annulus in the mouse cornea.

The map of preferred collagen orientation in a SPARC-deficient mouse cornea is
similar in appearance to the normal corneal montage showing collagen fibrils
preferentially aligned along the vertical meridians and fibrils preferentially aligned
tangentially at the limbus (figure 5.2.5A). The upper left quadrant, however,

shows some distortion in the overall collagen arrangement.

Figure 5.2.5B shows the map of preferred fibrillar orientation in the second
SPARC-deficient mouse cornea. This map reveals that the collagen fibrils tend to
be preferentially aligned obliquely rather than vertically as they are in the normal
mouse cornea, suggestive of rearrangement of the lamellar orientation across

the centre of the cornea.
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Figure 5.2.4: Preferred collagen fibril orientation across right normal mouse cornea.
Each polar plot represents the relative number of fibrils preferentially aligned in the
direction at that point in the cornea. The polar plots are scaled-down to display unseen
plots at the center as a result of various corneal thicknesses. The superior of cornea is
indicated by (S), nasal by (N), inferior by (I) and the limbus by (L). Green and blue plots

are looked in the sclera. Scale is arbitrary with internal normalisation.
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Figure 5.2.5: Preferred collagen fibril orientation across SPARC-deficient mice
comeas. (A), and (B). Each polar plot represents the relative number of fibrils
preferentially aligned in that direction at that point in the cornea. All corneas represent
the right eye and (L) marks the position of the limbus. Scale is arbitrary with internal

normalisation.
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Contour plots of total and preferentially aligned fibrillar collagen from the normal
wild type and two SPARC-deficient mouse corneas from which the previous polar
plots were derived are displayed in figure 5.2.6. The corneas of most species so
far investigated are known to gradually increase in thickness from the centre
towards the limbus through the periphery of the cornea. This is indicated here in
mice by the normal plots of total scattering in which the intensity is very low at the
centre of the cornea (yellow contour). This gradually increases outward to reach
the highest intensity at the limbus. The limbus (marked “L” in figure 5.2.6) is
represented by a clear annulus of maximum scatter (red/brown plots), and a
rhombic shape is formed at the centre of the cornea. The superior aspect of the
cornea is marked with the V-shaped cut made for orientation during the

extraction of the cornea.

The contour plots of total and preferentially aligned fibrillar mass in the SPARC-
deficient mouse cornea reveal a slight reduction in the intensity of X-ray
scattering at the superior area of the central cornea figure (5.2.6b and e).
Otherwise patterning of the cornea is similar to that of the control cornea. A
second map of the other SPARC-deficient mouse cornea examined shows the
total scattering and the preferentially aligned collagen fibrils with clear thinning at
the centre of the cornea. Due to a lower amount of collagen here, the intensity is
scaled-down. Nevertheless, the superior limbus shows high intensity of X-ray
scatter both total and aligned which is more likely to be tissue from sclera. In

contrast, the total and aligned scatter of the limbus shows discontinuities and
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weakness of the annulus. This might suggest that the limbus is stretched

accidentally or it is vulnerable to disease.
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Figure 5.2.6: Contour maps of X-ray scatter from right normal and SPARC-deficient
mice corneas, (a), (b), and (c) are the total scattering and (d), (e), and (f) are aligned
scattering. The superior is identified by the ‘V-shaped’ cut during of extraction corneas.
The Inferior is identified by (l), the nasal identified by (N), and the limbus by (L). The high
intensity at superior in (c) and (f) is more likely to be tissue from sclera. Scale is arbitrary

with internal normalisation.
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5.2.4.2 JKC corneas.

In attempts to establish an animal model for human keratoconus, Japanese
keratoconus mice (JKC) were discovered one decade ago among Mishima
molosius mice (MSM) and maintained in a homozygous state (Tachibana et al.,

2002b).

JKC

Figure 5.2.7: Micrograph of KOR control and JKC mouse. Picture shows histological
appearance of JKC and KOR at different ages for male and female. Source: Mammalian

Genome J (Tachibana et al., 2002b).
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The hybrid mice were obtained by mating male JKC and female laboratory mice
(BALB/c or C57BL/6L), backcrossed with parental JKC mice. The corneal
phenotype of JKC strain mice resembled human keratoconus after 18
generations of inbreeding (Tachibana et al, 2002b). Although histological
examination showed inflammatory changes (i.e. capillaries, infiltration and
hematocytes), that are unlike human keratoconus, the authors suggested that the
pathogenesis of JKC mice might be relevant to that of human keratoconus (figure
5.2.7), in that keratoscope images often documented irregular mires indicative of

abnormal corneal topography (Tachibana et al., 2002b).

In this series of experiments on JKC tissue, | was not only able to map collagen
orientation in mouse corneas that are predisposed to corneal shape changes (as
was the case for the SPARC-null mice), but was able to obtain topographic

images of the corneas first from my collaborator (Prof. Tachibana) in Japan

As evident from figure 5.2.8 the normal (KOR strain) mouse cornea investigated
here has a regular topography. Also JKC corneas can either have normal or
abnormal topography as reported by Tachibana et al (2002), and here |
investigate JKC, one normally shaped JKC cornea (JKC 1) and one is a cornea

with gross topographic alterations (JKC 2) as seen in figure 5.2.8.
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Figure 5.2.8: Clinical keratoscopic images of the mouse cornea. Normal cornea (A),
unaffected JKC1 cornea (B), and the superior-nasal affected cornea of JKC 2 (C). From

Prof. Tachibana’s laboratory.

The map of preferentially aligned fibrillar collagen across only the left half of the
normal KOR (Kariyama strain of Japanese wild mouse) cornea is presented here
due to the accidental deformation of the other half during preparation. The polar
plots of preferentially aligned collagen fibril differ very little from those in the
normal mouse cornea in the SPARC investigation (figure 5.2.4), except for the
fact that the sizes of the polar plots in the central region seem to be larger. The
radial extent of each plot in any direction represents the number of preferentially
aligned fibrils oriented in that direction. In the central region of the normal KOR
cornea, the map reveals a preferred fibril orientation along the vertical meridians,
along with an abundance of fibrils that run tangentially to the cornea comprising a

non uniform circum-corneal annulus at the limbus.
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On the other hand, the map of preferentially aligned fibrils in the JKC 1 cornea
(figure 5.2.10) shows that it was relatively unaffected as regards collagen fibril
orientation. Also, as can be seen in figure 5.2.8B corneal topography is
approximately normal. However, ultrastructurally we do see somewhat smaller
polar plots at the centre of the cornea that suggest less aligned collagen (these
extend to the superior-temporal margin of the cornea (intermittent light line)).
Moreover, the orientation of collagen fibrils, particularly at the inferior-nasal
region of the central cornea (intermittent dark line) is manifestly different. The

peripheral cornea and limbus did not reveal any difference from a normal cornea.

The map of the affected cornea of the JKC 2 mouse shown in figure 5.2.10
shows preferentially aligned fibrils with no detectable changes in collagen
orientation, however, smaller polar plots point to thinning at the cornea’s centre.
In general, outside the defective area, the periphery of the cornea is similar to
that of the normal cornea. These data reasonably corresponded with the clinical
images of irregular mires at the superior-nasal cornea in (figure 5.2.8C). The
image mires were distorted in the central region but more severely at the

superior-nasal from the cornea’s centre.
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Figure 5.2.9; Preferred collagen fibril orientation across a normal KOR mouse cornea
of the right eye. Each polar plot represents the relative number of fibrils preferentially
aligned in that direction at that point in the cornea. The limbus is marked by (L), Superior

(S), nasal (N), and inferior (l). Scale is arbitrary with internal normalisation.
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Figure 5.2.10: Preferred collagen fibril orientation across right eye of JKC 1and JKC 2
corneas. Each polarplot represents the relative number of fibrils preferentially aligned in
that direction at that point in the cornea. The limbus is marked by (L), Superior (S), nasal

(N), and inferior (). Scale is arbitrary with internal normalisation.
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As can be seen in figure 5.2.11a, the contour map of total scatter in the normal
KOR mouse cornea shows a gradual increase in collagen from the centre
towards the limbus. This was expected, and is in line with data presented in
figure 5.2.4 for the normal comea from.the SPARC-deficient experiments,
because the thickness of any cornea gradually increases outwards from the
centre of the cornea and indicates that the mouse is no exception. Figure 5.2.11b
displays the contour plot of total scatter of misshapen mouse cornea from JKC 1.
There was a sharp decrease in thickness at the cornea’s centre (white/yeliow
contours) compared to the normal cornea. This supports the observation of
smaller polar plots in the map of fibril orientation of JKC 1 (figure 5.2.10). The
contour map of total scattering in JKC 2 shows thinning at the centre of the
cornea (figure 5.2.11c). This also corresponds with the smaller polar plots in the

map of fibril orientation in JKC 2 (figure 5.2.10).

An annulus of maximum aligned scatter can be clearly noted at the limbus in the
normal mouse cornea (figure 5.2.11d). Brown/red contours at the corneal
periphery are indicative of a proportionally greater alignment, and relatively low
proportions of aligned fibrils are represented by the white/yellow contours at the
central region of the cornea. This analysis also points to preferentially aligned
fibrils at the central defect area of misshapen corneas of JKC 1 and 2. The
thinnest region in the defect area is circumscribed by thick discontinuities, a non-

uniform annulus of the limbus, and appears more rhombic in shape.
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Figure 5.2.11: Contour maps of X-ray scattering from normal KOR and JKC mice
corneas. Total scattering intensity is shown in a, b, and c. Aligned scattering intensity is
shown in d e and f. Scale is arbitrary with internal normalisation.
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5.2.5 Discussion.

High-angle synchrotron X-ray diffraction has provided evidence that collagen
fibrils in the human cornea align preferentially in the vertical and horizontal
(orthogonal) meridians, over and above their alignment in other meridian (Meek
et al., 1987). Daxer and Fratzl (1997) later confirmed this finding in the normal
human cornea. Recent developments of this technique in our laboratory in Cardiff
enables conversion of X-ray data to polar plots, and enables us to map in detail
the gross orientation of collagen fibrils throughout the thickness of the human
cornea (Aghamohammadzadeh et al., 2004). The resultant polar plots from the
current investigation of normal mouse cornea show for the first time that
preferentially aligned collagen fibrils exist in superior-inferior meridians in the
central corneal region in the mouse. This structural organisation is unlike the
human cornea where the orthogonal orientation predominates. The central
portion of the marmoset cornea also shows a preferred alignment along the
vertical meridian (Boote et al., 2004). Thus, this study’s findings reveal that the
collagen content and orientation of lamellae at the central portion of the cornea in
mice are not consistent with the preferred orthogonal alignment of fibrils in thé

human cornea.

Meek et al. (1987) showed that the orthogonally preferred fibril organisation of
the human cornea is more pronounced in the posterior stroma. From data here |
cannot tell whether the preferred fibril arrangement in mouse cornea is from theé

anterior or posterior part of the stroma, but have shown that, although someé
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collagen fibrils undoubtedly cross at right angle as indicated by Haustein (1983)

the majority runs vertically.

Towards the corneal periphery, the data presented here show a commonality
with human data (Newton and Meek, 1998a; Meek and Newton, 1999). A non-
uniform annulus of collagen fibrils around the corneal circumference corresponds
to the limbus and forms a rhombic shape similar to that in the marmoset (Boote
et al., 2004). It is suggested that the aim of an annulus of highly ordered fibrils is
to provide reinforcement to withstand the increased tension at the limbus

(Maurice, 1969).

The proposed propensity of SPARC-deficient corneas to become abnormally
shaped suggests a role for SPARC in altered corneal structure, and in chapter
5.1 | indicated that perhaps a low fibril number density contributes to this. The
question remains as to what is the collagen fibril orientation in SPARC-null mice,

and might this have affected on corneal shape.

Daxer and Fratzl (1997) reported that collagen fibrils at the central cone in
keratoconus were rearranged obliquely (60 and 120 degrees) instead in the
vertical and horizontal directions as seen in normal corneas. Similarly, some
polar plots at the centre of SPARC-deficient cornea B are arranged obliquely
(figure 5.2.5B). The contour map of preferentially aligned collagen fibrils in figure

5.2.6f shows less intensity at the cornea’s centre due to thinning, and this
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coincides with the altered plots in figure 5.2.5B. It is possible therefore, that
collagen misalignment in the SPARC-null cornea B, accompanied by a lower
collagen fibril number density, might lead to a misshapen cornea. Lack of any
detailed topographic data on the specific SPARC-deficient corneas makes the
link between collagen misalignment and topographic changes speculative,
however, the development of new techniques to investigate the topography of the
mouse cornea that are currently under development in our laboratory hold
promise for future studies of the relationship between stromal organisation and

topographic changes in SPARC-null mice.

Regarding possible mechanisms of corneal topography change, however, the
present study would point out that transforming growth factor-R1 synthesised by
keratocytes regulates collagen synthesis and deposition (Abe et al., 2004), and
that the absence of SPARC cells leads to a diminishment of collagen type | and
TGF- B1 (Francki, 1999). It could be the case, therefore, that the SPARC protein
has an influence on TGF- 1 to induce the production of collagen type |

(Poncelet, 1998), thus leading to corneal slippage and ectasia.

In JKC mice, | was better able to compare corneal shape with stromal
ultrastructure because topographic data was available. Although, keratoscopic
images showed mires distortion only in JKC 2 (figure 5.2.8c), contour maps of
both JKC mice 1 and 2 corneas (figure 5.2.10) showed thinning with collagen

fibril redistribution. This was consistent with the lower intensity at the same sites
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of preferentially aligned fibrils seen in figures 5.2.11e and f. Recently, Meek et al
(2005) mapped the human keratoconus cornea and showed similar thinning and
redistribution of collagen fibril at the area of defect. It is possible that corneal
ectasia in JKC mice occurs as a result of a genetic mutation or existence of
genes that suppress the corneal topographic change because backcrossing of
JKC with BAL/c mice did not revealed any sign of keratoconus-like changes,
whereas backcrossing JKC with C57BLB/6L mice did revealed keratoconus-like

changes (Tachibana et al., 2002b).

Although the misshapen JKC cornea experiences inflammation (keratitis),
several events similar to those noted in human keratoconus are observed. It was
also suggested that mutation of cathepsin J or R on mouse chromosome 13 may
cause keratitis and a misshapen corneas in JKC mice (Tachibana et al., 2002b).
Similarly, Heaven et al (2000) reported that an abnormality of chromosome 13
has been associated with human keratoconus. Cathepsin B and G within
keratocytes of human keratoconus were found at high levels compared to the

normal cornea (Sherwin et al., 2002).

Linkage between keratoconus and chromosome 21 has also been reported
(Zadnik et al., 1984). There are clinical distinctions between misshapen JKC
corneas and human keratoconus corneas. These include the thickness of the
cornea at its centre in the very early stage of the disease, vascular infiltration,

and inflammation. In human keratoconus, patients may be exposed to
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inflammation at the time the disease attacks because vascular infiltration in the
keratoconus patient with a mutation of the VSX1 gene has been reported (Heon,

2002).

In conclusion, this is the first study that maps the collagen fibril orientation of the
mouse cornea. Structurally, it has been shown that a preferred orthogonal
arrangement of aligned collagen fibrils that is seen in the human cornea is not a
feature of the mice corneas; rather, the corneal collagen fibrils of mice are
arranged mainly in vertical meridians. The work has also, for the first time,
demonstrated the presence of a limbal annulus of circumferential collagen fibrils
at the edge of the cornea in the mouse. Further, the study has shed light on
collagen fibril orientation in misshapen mice corneas and while no current mouse
model for keratoconus exists, the data suggest that structural abnormalities in the

stromal fibrillar matrix might accompany topographic changes.
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Concluding Remarks.

The overarching aim of this thesis was to investigate the progressive disease of
keratoconus, and seek representative animal models with keratoconus-like
changes for further study of possible disease processes and structure-function
relationships. It was decided to incorporate a wide range of techniques, from
clinical epidemiological studies through clinical management issues, to structural
biophysics studies of the human keratoconus condition to give an overall
appreciation of the disease on a number of levels. Subsequently, biophysical
investigations of mouse strains that had demonstrated a propensity for corneal

shape changes were investigated.

Epidemiological data gathered here (Chapter 3.1) shows that the influence of
ethnic origin on the incidence rate and severity of keratoconus is significantly
higher than in Caucasian populations. Furthermore, the study revealed that the
deterioration of keratoconus to the severe stage at an earlier age in Asir
Province, Saudi Arabia was obviously faster than in Caucasians. Whether this is
due to genetic or environmental factors is not absolutely clear, but | contend that
a combination of the two is likely. This information will have clear implications for
health planning in Saudi Arabia, to improve the earlier detection and

management of this condition.
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From a clinical management standpoint, the selection of lens design and back
optic zone radius to reshape the cornea and correct the refractive error in
keratoconic patients are big challenges for practitioners and patients alike. This is
particularly true because anticipating the development of the disease is difficult.
This thesis (Chapter 3.2) has shown the importance of using different types of
rigid contact lens designs in the clinic. Moreover, it is suggested that the
selection of the Tricurve lens design with 9 mm diameter is the best option to use
at first, irrespective the disease stage. The Regular and Steep McGuire lens
designs represent the second options with the multicurve McGuire Steep lens
design best for the advanced stage of the disease rather than Regular McGuire

or Tricurve lens designs, at least in patients in the Saudi Arabia population.

With a high sensitivity to detect shape anomalies in the cornea, topographical
systems can provide useful information about the corneal surface irregularities.
These techniques however, failed to detect fully the extent of the progress of
keratoconus over the comea to include peripheral regions. Using scanning
electron microscopy to investigate the anterior corneal surface after chemical
removal of corneal epithelial cells and epithelial basement membrane has
allowed me to study the extent of the disruption of Bowman’s layer (Chapter 4).
This proved that ruptures were found at the apical cone, but that the severity of
the rupture does not correlate with disease severity clinically. Also surface breaks
were found beyond the central apex in more peripheral areas within the optical

zone (8 mm). This was especially true in advanced stages of the disease.
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Utilising environmental scanning electron microscopy did not yield many
informative results on the human cornea due to limited resolution. | feel however,
as though this approach warrants further study to optimize the machine’s settings
to improve resolution in studies of human cornea so that a more hydrated tissue

can be studied.

There is currently no animal model for keratoconus. However, to study possible
links between corneal instability and stromal matrix architecture, the corneas of
SPARC-null and JKC mice strains were investigated by light and transmission
electron microscopes and high angle X-ray diffraction (Chapter 5). A sharp
decrease in collagen fibril number density that was less prominent between the
anterior and mid-stroma, but particularly evident in the posterior stroma in
SPARC-null might, causes wide spacing of the collagen fibril and subsequently
might lead to weakening of cornea and altered shape. However, this is unlike
keratoconus in human cornea where collagen spacing is normal (Fullwood et al.,

1992).

Applying wide-angle X-ray diffraction (Chapter 5.2) to the corneas of SPARC
deficient and JKC mice strains to clarify the organisation of collagen fibril in the
corneal stromas provided some useful information. Here, | demonstrated for the
first time that an orthogonal preferred alignment of collagen fibrils that is seen in
the human cornea is not a feature of the normal mouse cornea. Rather collagen

fibrils of mice are arranged mainly in vertical directions in the cornea. There is,
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however, an annulus of collagen fibrils at the limbus in mice as there is with
humans. Knowledge such as this is crucial if the mouse cornea is to be used for
research and related to the human situation. This approach also illustrated that
the arrangement and distribution of collagen mass was altered at the centre of
corneas in the majority of both SPARC deficient and JKC mice corneas. The
results from the SPARC deficient mice support a hypothesis proposed by Polack
(1976) and Meek et al. (2005) that corneal thinning and ectasia of cornea could

occur as a result of collagen lamellae slippage.
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Appendix 1

1.1 Specifications of different lenses designs

1.1.1 McGuire lenses specifications.

1.

2.

The overall size was 8.6 mm.

The optic zone diameter was 6 mm.

For McGuire Steep, from most central to most peripheral, the curves were
flatter than the BOZR by 0.5 mm (3 D), 1.2 mm (7 D), 2 mm (12 D) and
3.2 mm (19 D), respectively.

For McGuire Regular, from most central to most peripheral, the curves
were flatter than the BOZR by 0.5 mm (3 D), 1.5 mm (9 D), 3 mm (17 D)
and 5 mm (27 D), respectively, i.e. the McGuire Regular BOZR differences
are larger than McGuire steep base curve radii differences.

The three inner curves had a width of 0.3 mm and the peripheral curve
wés 0.4 mm wide.

The base curve range was 6.75 mm (50 D) — 4.52 mm (71 D).

The axial edge left (AEL) was constant (0.105 mm).

The power was variable, as the lens steepened the power increase.
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Table 1 McGuire Steep Multicurve rigid contact lens.

BOZRmm _ Total diameter Power 1 peripheral ZnPeripheraI 30 peripheral 4‘rPeripheraI

(D) / BOZD (mm) (D) Curve radius/ Curve radius/ Curve radius/ Curve radius/

Width D (mm) Width D (mm) Width D (mm) Width D (mm)
6.75 (50.0) 8.6/6.0 -9.00 47.0/0.30 43.0/0.30 38.0/0.30 31.0/04
6.62 (51.0) 8.6/6.0 -10.0 48.0/0.30 44.0/0.30 39.0/0.30 32.0/0.4
6.49 (52.0) 8.6/6.0 -10.0 49.0/0.30 45.0/0.30 40.0/0.30 33.0/04
6.37 (53.0) 8.6/6.0 -11.0 50.0/0.30 46.0/0.30 41.0/0.30 34.0/04
6.25 (54.0) 8.6/6.0 -11.0 51.0/0.30 47.0/0.30 42.0/0.30 35.0/04
6.14 (55.0) 8.6/6.0 -12.0 52.0/0.30 48.0/0.30 43.0/0.30 36.0/0.4
6.03 (56.0) 86/6.0 -13.0 53.0/0.30 49.0/0.30 44.0/0.30 37.0/04
5.92 (57.0) 8.6/6.0 -140 54.0/0.30 50.0/0.30 45.0/0.30 38.0/0.4
5.82 (58.0) 8.6/6.0 -15.0 55.0/0.30 51.0/0.30 46.0/0.30 39.0/0.4
5.73 (59.0) 8.6/6.0 -15.0 56.0/0.30 52.0/0.30 47.0/0.30 40.0/0.4
5.63 (60.0) 8.6/6.0 -15.0 57.0/0.30 53.0/0.30 48.0/0.30 41.0/0.4
5.54 (61.0) 8.6/6.0 -16.0 58.0/0.30 54.0/0.30 49.0/0.30 42.0/04
5.44 (62.0) 8.6/6.0 -17.0 59.0/0.30 55.0/0.30 50.0/0.30 43.0/0.4
5.35 (63.0) 8.6/6.0 -18.0 60.0/0.30 56.0/0.30 51.0/0.30 440/04
5.26 (64.0) 8.6/6.0 -18.0 61.0/0.30 57.0/0.30 52.0/0.30 45.0/04
5.17 (65.0) 8.6/6.0 -19.0 62.0/0.30 58.0/0.30 53.0/0.30 46.0/0.4
5.07 (66.0) 86/6.0 -20.0 63.0/0.30 59.0/0.30 54.0/0.30 47.0/0.4
4.98 (67.0) 8.6/6.0 -21.0 64.0/0.30 60.0/0.30 55.0/0.30 48.0/0.4
4.70 (69.0) 8.6/6.0 -21.0 66.0/0.30 62.0/0.30 57.0/0.30 50.0/0.4
4.52 (71.0) 8.6/6.0 -220 68.0/0.30 64.0/0.30 59.0/0.30 52.0/0.4
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Table 2 McGuire Regular Multicurve rigid contact lens.

BOZRmm  Total diameter Power 15 Peripheral 2™ Peripheral 3" Peripheral T“Peripheral

(D) / BOZD (mm) (D) Curve radius/ Curve radius/ Curve radius/ Curve radius/

Width (mm) Width (mm) Width (mm) Width (mm)
6.75 (50.0) 8.6/6.0 -9.00 47.0/0.30 41.0/0.30 33.0/0.30 23.0/0.4
6.62 (51.0) 8.6/6.0 -10.0 48.0/0.30 42.0/0.30 34.0/0.30 24.0/04
6.49 (52.0) 8.6/6.0 -10.0 49.0/0.30 43.0/0.30 35.0/0.30 25.0/04
6.37 (53.0) 8.6/6.0 -11.0 50.0/0.30 44.0/0.30 36.0/0.30 26.0/04
6.25 (54.0) 8.6/6.0 -11.0 51.0/0.30 45.0/0.30 37.0/0.30 27.0/04
6.14 (55.0) 8.6/6.0 -12.0 52.0/0.30 46.0/0.30 38.0/0.30 28.0/0.4
6.03 (56.0) 8.6/6.0 -13.0 53.0/0.30 47.0/0.30 39.0/0.30 29.0/04
5.92 (57.0) 8.6/6.0 -14.0 54.0/0.30 48.0/0.30 40.0/0.30 30.0/04
5.82 (58.0) 8.6/6.0 -15.0 55.0/0.30 49.0/0.30 41.0/0.30 31.0/04
5.72 (59.0) 8.6/6.0 -15.0 56.0/0.30 50.0/0.30 42.0/0.30 32.0/04
5.63 (60.0) 861/6.0 -15.0 57.0/0.30 51.0/0.30 43.0/0.30 33.0/04
5.54 (61.0) 8.6/6.0 -16.0 58.0/0.30 52.0/0.30 44.0/0.30 440/0.4
5.44 (62.0) 8.6/6.0 -17.0 59.0/0.30 53.0/0.30 45.0/0.30 35.0/04
5.35 (63.0) 8.6/6.0 -18.0 60.0/0.30 54.0/0.30 46.0/0.30 36.0/0.4
5.26 (64.0) 8.6/6.0 -18.0 61.0/0.30 55.0/0.30 47.0/0.30 37.0/04
5.17 (65.0) 8.6/6.0 -19.0 62.0/0.30 56.0/0.30 48.0/0.30 38.0/0.4
5.07 (66.0) 8.6/6.0 -20.0 63.0/0.30 57.0/0.30 49.0/0.30 39.0/04
4.98 (67.0) 8.6/6.0 -21.0 64.0/0.30 58.0/0.30 50.0/0.30 40.0/0.4
4.70 (69.0) 8.6/6.0 -21.0 66.0/0.30 60.0/0.30 52.0/0.30 42.0/0.4
4.52 (71.0) 8.6/6.0 -220 68.0/0.30 62.0/0.30 54.0/0.30 44.0/04

1.1.2 Tricurve lens specifications.

1. The overall size of lens was 9 mm.

2. The optic zone diameter was 7.5 mm.

3. The second base curve radius was 2 mm (12 D) flatter than the central

base curve radius with a width of 0.2 mm.
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4. The third base curve radius was constant 10.5 mm (57 D) with a width of
0.2 mm. However, the changes were in the central and second base curve
radii, which were stepped-down by 0.2 mm increments.

5. The base curve radius range was 7.2 mm (46.87 D) — 5.4 mm (60.78 D).

6. The axial edge left was 0.1 mm.

7. The power was constant - 5 D

Table 3 Tricurve rigid contact lens.

BOZR mm Total diameter / Power Second Peripheral  Third Peripheral

(D) BOZD (mm) (D) Curve radius / Curve radius /
Width (mm) Width (mm)
7.20 (46.87) 9.00/6.50 -5.00 9.20/0.20 10.50/0.20
7.00 (48.25) 9.00/6.50 -5.00 9.00/0.20 10.50/0.20
6.80 (49.62) 9.00/6.50 -5.00 8.80/0.20 10.50/0.20
6.60 (51.12) 9.00/6.50 - 5.00 8.60/0.20 10.50/0.20
6.40 (52.75) 9.00/6.50 -5.00 8.40/0.20 10.50/0.20
6.20 (54.43) 9.00/6.50 -5.00 8.20/0.20 10.50/0.20
6.00 (50.62) 9.00/6.50 -5.00 8.00/0.20 10.50/0.20
5.80 (58.19) 9.00/6.50 -5.00 7.80/0.20 10.50/0.20
5.60 (60.39) 9.00/6.50 -5.00 7.60/0.20 10.50/0.20
5.40-(60.78) 9.00/6.50 -5.00 7.40/0.20 10.50/0.20

1.1.3 Percon lens specifications.

1. The overall size was 9.4 mm.

2. The optic zone diameter was 7.5 mm with a central thickness of 0.03 mm.

3. The power was constant - 5 D.
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4. The base curve range was 7.05 mm (47.87 D) — 8.17 mm (41.25 D), with
a 0.07 mm (0.5 D) interval.

5. The axial edge lift was 0.12 mm.

Table 4 Percon rigid contact lens.

BOZR mm (D) Total diameter / BOZD Power (D)
(mm)
7.05 (47.87) 9.40/7.20 - 5.00
7.12 (47.37) 9.40/7.20 - 5.00
7.20 (46.87) 9.40/7.20 -5.00
7.27 (46.37) 9.40/7.20 -5.00
7.35 (45.87) 9.40/7.20 - 5.00
7.42 (45.50) 9.40/7.20 - 5.00
7.50 (45.00) 9.40/7.20 -5.00
7.57 (44.50) 9.40/7.20 -5.00
7.65 (44.12) 9.40/7.20 -5.00
7.72 (43.75) 9.40/7.20 - 5.00
7.80 (43.25) 9.40/7.20 -5.00
7.87 (42.87) 9.40/7.20 -5.00
7.95 (42.50) 9.40/7.20 -5.00
8.02 (42.12) 9.40/7.20 -5.00
8.10 (41.62) 9.40/7.20 - 5.00
8.17 (41.25) 9.40/7.20 - 5.00
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Appendix 2
Form of ocular studies in keratoconus
Patient’s Name: Ref. No. Date:
Age: years  Sex: Mo / F o Occupation:
Case History
History of the disease:
Age of incidence: Age of screening:
Ocular history: Rubbing o Trauma o Redness © Allergy ©
Ocular disease:

Systemic disease:
Ophthalmic correction history:

VA: OD: With o Without o
Os: With o Without o

Keratometry: OD: @ @ Mires quality:
0OsS: @ @ Mires quality:

Slit Lamp Examination

lids Lashes: Conjunctiva:

Cormea: Oedema o Striae o© Fleisher's ring o
Scarring o Munson'’s sign o Other signs

Eye Signs: Unilateral o© Bilateral o

Tear film quality: OD: 0s:

Anterior chamber angle assessment:  OD: OS:

Stage of Keratoconus OD: OS:
Ophthalmoscopy finding (Media and Fundi)

Refraction: Retinoscopy reflex: VA: Tonometry:

0D: OD: OD: OD:

0S: OS: OS: 0Ss:

Contact Lens Fitting

fitting type: Divided support o  Steep o Flat o©
lens type: OoD: 0s:

80ZD. OD: OS:

Power: OD: 0s:

Over-refraction: OD: Os:

VA: OD: 0s:

Contact lens fitting assessment:

Movement: OD: 0s:

Coverage: OD: Os:

Auorescein pattern: OD: 0s:
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Incidence and severity of keratoconus in Asir province,

Saudi Arabia

A A Assiri, B 1 Yousuf, A J Quantock, P J Murphy

Aim: To assess the incidence and associated signs and
symptoms of patients with keratoconus in Asir Province,
Saudi Arabia.

Methods: 125 new keratoconus patients (51 male, 74
female; mean age 18.5 (SD 3.8) years; range 8-28 years)
were recruited from referrals to the department of ophthal-
mology, Asir Central Hospital, over a 1 year period. Age,
visual acuity, and keratometry were recorded along with
dinical signs and symptoms.

Results: The incidence of keratoconus in Asir Province is 20
cases per 100000 population. Also, the disease severity is
high, as indicated by an early mean age (17.7 (3.6) years)
with advanced stage keratoconus. Visual acuity, with either
spectacles or rigid contact lenses, was 6/12 or better in 98%
of eyes measured. Just over half (56%) of patients had atopic
ocular disease. 16% of patients had a positive family history
of the disease and 16% had atopic dermatitis (eczema and/
or vitiligo).

Conclusion: The incidence and severity of keratoconus in
Asir Province, Saudi Arabia, is high with an early onset and
more rapid progress to the severe disease stage at a young
age. This might reflect the influence of genetic and/or
environmental factorfs) in the aetiology of keratoconus.

causes progressive, changeable, myopic astigmatism.
ostly it occurs bilaterally but develops asymmetri-
cally." with an onset at puberty and progression over a period
of 7-20 years.25Incidence ranges from 1.4 to 600 cases per
year per 100000 population.4* Most reports have considered
white populations, with some studies suggesting an influence
of ethnic origin on the incidence and age at onset. 0"
Previous studies on keratoconus in Saudi Arabia are very
limited. 2™ This paper repons a prospective study that
assesses the incidence rate and associated signs and
symptoms of patients with keratoconus in Asir Province,
Saudi Arabia.

K:'atoconus is a non-inflammatory, acquired ectasia that

METHODS

All patients attending the department of ophthalmology, Asir
Central Hospital Saudi Arabia, between May 2001 and April
2002, who were suspected of having keratoconus, were
recruited, as were patients newly diagnosed with keratoconus
but attending other tertiary hospitals in Asir Province. In
total, 125 patients (240 eyes) were recruited, comprising 51
males and 74 females (mean age 18.5 (SD 3.9) years; range
8-28 years). All subjects were examined for case history,
visual acuity, keratometry, refraction, and ocular signs.
Diagnosis was made on the basis of changes in best corrected
visual acuity, familial keratoconus, an irregular surface
evidenced by distoned corneal curvature, keratometry.

B J Qohthalnd 2005;89:1403-1406. doi: 10.1136/bjo.2005.074955

scissoring of the retinoscopic reflex, or irregularity in the
red reflex on direct ophthalmoscopy. Clinical signs included
at least one of the following: central comeal thinning, apical
stromal scaring, Vogt's striae, Fleischer's ring, and Munson's
sign. Unusual cases for which a diagnosis could not be
established with confidence were excluded. All data were
analysed using the statistical software package SPSS 12
(SPSS Inc, USA).

RESULTS

The incidence of keratoconus in Asir Province was calculated
using the area population for those aged between 5 and
29 years (654 163),# because the disease usually develops
within this age range, and because the study's age range was
also of this order (8-28 years). With this calculation, the
incidence was 20 cases per 100000. Mean age at diagnosis
was 17.7 (3.6) years for males (range 8-24 years) and 19.0
(3.8) years for females (range 12-28 years) (fig 1).

Visual acuity measurements indicated that uncorrected
vision decreased with increasing disease severity and was
classified on the basis of average keratometry reading
(table 1). As comeal astigmatism and curvature increased
vision decreased. However, visual acuity (VA) values were
variable even for patients at the same disease stage. The data
also show that the overall steepening of the cornea produces
a greater change in VA than does any increase in astigmatism
(fig 2).

Depending on the stage of the disease, VA was improvable
for 108 eyes with spectacles, and 132 eyes with rigid contact
lenses (table 2). With spectacles, 33% of eyes achieved a
corrected VA of 6/6 or better, with 100% achieving 6/12 or

20
18

16

mnn n
8 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 28
Age at time of diagnosis

Figure 1 Age distribution of the patients enrolled in the study at the
time of ophthalmological diagnosis.
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Table 1
astigmatism and myopia

Average K reading

Visual acuity <48 D
<6/24 57
>6/24 <6/60 34
> 6/60 3
Overall 94

better. With rigid contact lenses, 93% of eyes achieved 6/6 or
better, and 97% 6/12 or better.

The severity of keratoconus was assessed from keratometry
reading, in the worse affected eye, and patients’ age at
diagnosis.1 " Based on the keratometry results, the kerato-
conus population was divided into three groups: early <48D,
moderate 48-54D, and advanced >54D (fig 3).

Twenty of 125 (16%) patients had eczema, asthma, and/or
vitiligo. Another 20 patients had a family history of
keratoconus. There was no evidence of tapeto-retinal
degeneration or Reiger's anomaly. Further, we encountered
no systemic diseases such as Down's, Marfan’s or Ehlers-
Danlos syndromes. Seventy of 125 (56%) patients had a
positive ocular history for one or more of the following
keratoconus associated factors: eye rubbing, ocular allergy,
tearing, ocular redness, or vernal keratoconjunctivitis (fig 4).
Five patients between the ages of 6 and 12 years reported all
five symptoms, and three of these also had a family history of
keratoconus.
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Vision varies with severity of keratoconus, but is influenced by the degree of

> 48-54 D > 54D
21 2

68 18

13 24
102 44
DISCUSSION

The ability to describe the incidence of a disease is important
for predicting current and future clinical needs, and for
establishing disease characteristics in a particular population.
This study found an incidence of keratoconus in Asir
Province, Saudi Arabia, to be 20 per 100000 based on
referrals to the provincial, tertiary level specialist clinic. This
compares with 1 per 100000 in the United Kingdom,7 2 per
100 000 in Minnesota (USA)/ 2.2 per 100000 in Finland,52.5
per 100000 in Holland/ and 50 per 100000 in New Zealand/

The incidence of keratoconus in our cohort is comparable
to that of 20-25 per 100 000 in Asian populations living in the
United Kingdom but higher than for British white people.101
Environmental influences for these groups will presumably
be similar and the higher number of consanguineous
marriages among Muslims has been proposed as a cause of
the increased incidence.®" Previous reported incidences for a
family history of keratoconus in white populations are 6%,
8.8%/" and 23.5%,D compared to 16% in this study. In one

Figure 2 Scatter plot illustrating vision
against keratometry measurements. (A,
B) Vision decreases with increasing
corneal curvature (IQ -0.28). (C, D)
Vision decreases with increasing
corneal astigmatism, although with only
a weak relation: right eye (r2 - 0.04)
left eye (r2 - 0.05).

50.00 60.00 70.00

Average K reading of left eye (D)

R2 linear 0.047

O 00 o0

0.00 2.00 4.00 6.00 8.00 10.0012.0014.00
Difference K of left eye (D)
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Table 2 Distribution of corrected visual acuity with spectacles and rigid contact lenses

With spectacle correction

Visual acuity No

level (eyes) Cumulative
6/4.5 - 0%
6/5 - 0%
6/6 36 33.3%
6/7.5 8 40.7%
6/9 22 61.1%
6/12 42 100%
6/15 - 0%
6/18 - 0%
Total 108 eyes 100%

family reported here, of seven children, four had keratoconus
in at least one eye.

We should consider the possibility that environmental or
geographical factors may have contributed to the incidence
and severity of keratoconus found in this study. Asir Province
is a mountainous region and the majority of patients in our
study (95%) live at an altitude of 3000 metres on average.
Here, people are likely have a greater exposure to ultraviolet,
given that levels increase with altitude by approximately 10%
for every 1000 metres of elevation.2 Ultraviolet light has
previously been linked to keratoconus. Some investigators
have proposed that keratoconic corneas have underlying
defects in their ability to process accumulated reactive oxygen
species, and that this might have a role in the disease
pathogenesis.112 The effect of ultraviolet light has also been
used to explain the high incidence of keratoconus in New
Zealand, which has a white population similar to the United
Kingdom, but, because the ozone layer is thinner, a greater
ultraviolet background.t This link, however, could not be
proved definitively since it was not possible to assess actual
ultraviolet dosage. Thus, the role of ultraviolet requires
further study before it can be determined as a risk factor
for keratoconus in patients from Asir Province, Saudi Arabia.

An early age of onset was recorded in this study
(18.5 years) with approximately three quarters of our
patients (74.4%) presenting before the age of 20 years (in
the Collaborative Longitudinal Evaluation of Keratoconus
(CLEK) study only 4% presented by this time'7).
Investigations in white populations have reported a higher
age at the time of study (mean 27years) suggesting a later
disease onset.410M**#¥ Our results arc comparable to the
mean presentation age in Asian keratoconus patients of

30 ~~
I 20
n- 30
n-59 n- 36
§ io
Up to 48 >48-54 >54

Stages of disease

Figure 3 Age at the time of ophthalmological diagnosis for each
keratometry group. Error bars show mean (£1.0 SD).

With rigid contact lenses

No

(eyes) Cumulative
7 5.3%
6 9.85%
110 93.18%
- 0%

- 0%

5 96.97%
3 99.24%
1 100%
132 100%

20.2 years,” 21.5 years,Dand 22.5 years." Increased disease
severity in our subjects is revealed by average keratometry
readings, with 94 eyes (39.2%) in the early stage, 102 eyes
(42.5%) in the moderate stage, and 44 eyes (18.3%) in the
advanced stage. Moreover, 37 eyes in the advanced stage
(84%) belonged to subjects 20 years or under, more than the
67% reported elsewhere.”

VA decreases as comeal curvature and astigmatism
increase (fig 2). However, the correlations are not strong
because of the variable influence of the amount, regularity,
and obliqueness of the astigmatism, the level of progressive
myopia, the scar type, morphology of the cone, and extent of
any atopic disease. This indicates that the VA of a
keratoconus patient does not present an accurate picture of
the progress of the disease. Clinically this is seen when a
keratoconic patient presents with an equal bilateral stage of
the disease, with a VA in each eye that is manifestly different.
Contact lenses generally provided the best means of improv-
ing vision, with 93% of eyes achieving 6/6 or better. Only one
third of spectacle wearers achieved this level.

Atopic diseases (asthma and atopic dermatitis) have been
suggested as aetiological components of keratoconus. Here,
we did not find a strong pattern of association with only 16%
of our patients reporting any form of atopy. This compares
with an average of 35% reported by others.” Z A link between
allergy and eye rubbing has been reported,” with atopic
patients thought to develop keratoconus as a result of eye
rubbing.2 Karsersas and Ruben,’0 for example, found a
history of eye rubbing in 66% of their keratoconus patients,
while Weed and McGhee" indicated that 48% of keratoconus
patients rubbed their eyes. In the current study, 49 (39.2%)
and 56 (44.8%) patients complained of allergy and rubbing.

60
55
qr 50
*r 45 44.8
J 40 39.2

| 35 34.4

29.6

¥R

W 15
£ 10

o

UJL A

Rubbing Allergy Tearing Redness VKC Eczema Asthma Vitiligo
Atopic disease

Figure 4 Percentage of patients with ocular signs and symptoms
accompanying keratoconus.
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respectively. In addition, 15 of 30 (50%) patients in the early
stage, 32 of 59 (54%) patients in the moderate stage, and 23
of 36 (63.8%) patients in the advanced stage complained of
both allergy and rubbing.

In conclusion, an early onset and increased severity of
keratoconus was found in Asir Province, Saudi Arabia. This
may be related to a combination of genetic and/or environ-
mental factors. Clinically, contact lens correction should be
considered earlier to maximise visual performance. The
results have implications for keratoconus screcning in
Saudi Arabia, to improve early detection and treatment.

The work was done in accordance with the ethical rules of
the Saudi Ministry of Health and Asir Central Hospital.
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