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Abstract

Eyesight is arguably the most important of our senses with the eye absorbing 80% of exter-
nal information from our surroundings. The field of ophthalmology studying the anatomy,
physiology and diseases of the eye, is of extreme importance. Many methods exist to measure
vision and the eye, creating a large range of interesting datasets. We developed methods to
analyse three datasets from subjects with glaucoma, the second leading cause of blindness

worldwide.

Visual field testing using standard automated perimetry, is the most common method for
monitoring glaucoma progression. A numerical matrix representing the dimmest intensity
seen by a particular locus on the eye is outputted. This can be thought of as a map, and dis-
ease mapping techniques applied. We employed conditional autoregressive priors to account
for the spatial correlation structure in the visual field results, in a way that respects the
physiological and optical properties of the eye. Model diagnostics showed our model superior

to the currently used point-wise linear regression methods.

Visual field mean deviation, the mean light intensity across all loci adjusted for age matched
controls, provides a global estimate of glaucoma progression. We investigated the shape of the
relationship between mean deviation and time over long series of visual fields using splines.
We considered imposing a monotonic non-increasing constraint. When a curve deviated from
being linear or monotonic non-increasing, this was an indication of physiological or treatment

change in the eye.

We developed methods to extract and analyse data from video sequences of retinal venous
pulsation, observed as change in blood flow, varying with the cardiac cycle. Video sequences
were divided into individual frames, and the mean pixel intensity was calculated separately

for three vessel segments representing the artery, lower vein and upper vein. Simple harmonic



terms modelled the periodic component of the trend. The non-periodic trend, caused by
patient movement, was modelled by linear splines. An autoregressive process modelled error
correlation. Retinal blood flow has been linked to many diseases, so the characteristics of

these curves have clinical importance.



Publications arising from this thesis

Betz-Stablein, B., Morgan, W.H., House, P.H., Hazelton, M.L. (2013). Spatial modeling
of visual field data for assessing glaucoma progression. Investigative Ophthalmology € Visual

Science 54(2), 1544-1553.






Acknowledgements

Foremost, I would like to thank my primary supervisor Prof. Martin Hazelton. Martin has
gone above and beyond the duties of a supervisor. I am very thankful for his unending pa-
tience, enthusiasm and broad knowledge. Martin has supported me through every stage in
my thesis, including those unexpected, and provided me with guidance I could not have done

without. Thanks Martin, I could not have hoped for a better supervisor.

In addition I would like to thank my secondary supervisor Prof. William Morgan. Without
Bill we would have had no data and no interesting statistical problems to solve. Bill has
had enthusiasm for this thesis from the start. I am thankful to him for all his expertise in
ophthalmology and the support he has provided me throughout my journey. I would also like
to acknowledge the support of Dr. Philip House who also was involved with data collection

and provided feedback on the visual field work.

I would like to thank my family for their lifelong support. In particular I am thankful to my
parents Prof. Ralph Stablein and Dr. Joy Panoho for the love and time they have invested
in me. They have provided an example of achieving excellence which motivated and led me
to pursue my PhD. Through the ups and downs of my thesis, and life, they have always been
there with encouragement, advice and if required tissues and mallow puffs. I love you both

very much.

My thanks also go to the other postgraduate students, especially Kate Richards, with whom
I have been able to talk when I needed to talk and share silence when silence was required.
Thanks for making my various offices a place I wanted to come to everyday and joining me
on the required post-graduate pursuit of free food. I am thankful to my friends at VCC who
have walked this journey with me, in particular my flatmates who have helped me through

the final push of these last few months.



My thanks goes to Massey University and the Institute of Fundamental Sciences for their
financial support. I would also like to acknowledge the support of the secretarial and com-

puting staff, particularly Colleen Blair and Peter Lewis.

Finally I would like to thank God who had bought me immense strength, joy, hope and
wisdom. I am thankful for the challenges He has used through this period of my life to draw
me closer to Him, and show me that ‘I can do all things through Christ who strengthens me’

(Phillipians 4:13).



List of Abbreviations

AGIS Advanced Glaucoma Intervention Study

AIC Akaike information criterion

asb Apostilbs

AUC Area under the curve

BLUP Best linear unbiased predictor

BYM Besag, York and Mollie model (disease mapping)

CAR Conditional autoregressive
CIGTS Collaborative Initial Glaucoma Treatment Study
dB Decibels

DIC Deviance information criterion
DLS Differential light sensitivity
EMGT Early Manifest Glaucoma Trial
GPA Glaucoma progression analysis
10P Intraocular pressure

ICP Intracranial pressure

LTF Long term fluctuation
MCMC Markov chain Monte Carlo
MD Mean Deviation

OAG Open-angle glaucoma

ODF Ophthalmodynamic force

PLR Point-wise linear regression

POAG  Primary open-angle glaucoma

POBF  Pulsatile ocular blood flow

REML  Residual maximum likelihood estimation
RGB Red-green-blue colour model

ROC Receiver operating characteristic

SAP Standard automated perimetry

SITA Swedish interactive threshold algorithm (SAP method)
SMR Standard mortality ratio

SPROG Our model in Chapter 4 (Spatial Progression)
STF Short term fluctuation

SVP Spontaneous vein pulsation

VPSG  Vein Pulsation Study Trial in Glaucoma

VF Visual Field



List of Figures

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

Diagram of the eye showing how light is absorbed through the rods and cones
and transferred to the optic nerve via the ganglion cells. Reprinted with per-

mission from Springer (Benosman 2010). Licence number: 3235670334509. . .

A shows a normal optic disc. In B cupping can be seen by the lighter region

indicated by the arrow. Reprint permission requested from FEP. (Kwon et al.

Diagram of aqueous humor pathway in the anterior and posterior chambers
of the eye. A disruption in this pathway leads to changes in IOP, the only
treatable risk factor in glaucoma. Reprinted from Yoko & Walter (2013), open

SOUTCE. . . . . v v vt v v v v vt h e e e e e e e e e e e e e e e e e e e e e e e e

IOP distribution curves for patients with and without glaucoma. The flatter
curve with a higher range is represents glaucoma patients, while the curve
centered on 15 reflects the normal population. Reprinted with permission from

Glaucoma, 2nd edition, by Josef Flammer, ISBN 0-88937-269-1, p.81.. . . . .

Fluctuations in IOP over a 24 hour period for a normal patient (left) and a
patient with glaucoma (right). Reprinted with permission from Glaucoma, 2nd
edition, by Josef Flammer, ISBN 0-88937-269-1, p.34. . . . .. ... ... ..
Prior, likelihood and posterior distribution from a normal/normal model with

one observation. . . . . . ... .. e e

Trace plots for converging and non-converging chains. . . . . .. .. ... ..

26

27

29

30

31

31

36

41



3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Frequency of seeing curve. As the intensity of the stimulus increases, the
probability of seeing it also increases. Therefore the threshold is defined as the
lowest intensity seen 50 % of the times presented. False + and false — refer to
the rates of viewing stimuli. Reprinted with permission from BMJ Publishing
Group Ltd. Licensee number:3235680130943. Walsh (2011), pg 93. . . . . . .
Initial loci (circled) and loci used to test STF (circled and squared). Loci
retested due to a substantial difference from the age matched values are in
brackets. Reprinted with permission from BMJ Publishing Group Ltd. Licence
number:3235680130943. Walsh (2011), pg 96. . . . . . . . .. ... ... ...
‘Normal central regions with high threshold intensity tend to have steep FOS
curves. Abnormal or peripheral regions with reduced sensitivity demonstrate
a broadened curve with greater threshold uncertainty. Reprinted with permis-
sion from BMJ Publishing Group Ltd. Licence number:3235680130943. Walsh
(2011), P 93. . . .
Visual field locations (a) mapped to the sectors of the optic disc (b) as by
Garway-Heath et al. (2000). Dotted line shows non-adjacent cells, white cells
show the 2 loci closet to the blind spot. Thick black lines separate the sectors
I (A). .
Layers of nerve fibres across the optic disc. Reprinted with permission from

BMJ Publishing Group Ltd. License number:3235680130943. Walsh (2011),

Visual field output for anormaleye. . . . . . ... ... ... 0oL,
95% Confidence intervals of subsequent threshold sensitivity against initial
threshold sensitivities for single test locations. Reprinted with permission from

BMJ Publishing Group Ltd. Liscenece number:3235680130943. Walsh (2011),

Histogram of the distribution of VF threshold intensities for all subjects (ex-
cluding the blind-spot). . . . . . . . . ...

Mean VF sensitivity (dB) for all 194 eyes by VF location . . ... ... ...

48

49

49

50

51

52

o7



3.10

3.11

3.12

3.13

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Average trend of VF thresholds (sensitivity) plotted for each eye. . . . . .. 76

Line graphs showing observed VF sensitivities in dB over time separated by
sector. Each line represents one of the 52 non-blind spots on the visual field. 7
Heat map of mean standard deviations for individual loci for glaucomatous eyes. 78

Plots show correlation between the magnitude measurement error (log(variance
+ 0.5)) and visual field attributes. R? values for univariate models are as

follows; (a) 0.1754, (b) <0.0001, (c) 0.0040, (d) 0.0152, (e) 0.0924, (f) 0.0007. 80

Trace plots of model parameters for a progressing (left column) and stable eye

(right column). Excludes burn in of 12,000 iterations. . . .. ... . ... .. 97

Autocorrelation plots (after thinning) for model parameters for a progressing

(left column) and stable eye (right column). Excludes burn in of 12,000 iterations. 98

Observed versus predicted sensitivities of the 52 analysed loci by sector of
the visual field for a progressing eye. Observed and predicted lines are colour
matched for each locus within each sector. Solid lines depict observed data and

dashed lines represent fitted values from the SPROG model. . . . . . . .. .. 100

Observed versus predicted sensitivities of the 52 analysed loci by sector of the
visual field for a stable eye. Observed and predicted lines are colour matched
for each locus within each sector. Solid lines depict observed data and dashed

lines represent fitted values from the SPROG model. . . . . . . . .. ... .. 101

Heat maps of trends in a progressing eye (a) and an eye showing progression

in one sector (b). Rates are in dB/year. . . . ... ... ... ... ... 103

Receiver operating characteristic (ROC) curve for CAR spatial correlation

weighting schemes compared to the clinical reference. . . . . . . . .. ... .. 104

A ranking comparing PLR methods and SPROG (our Bayesian CAR approach)

to determine visual field progression. . . . . . . . ... ... 106



4.8

4.9

4.10

5.1

5.2

9.3

5.4

9.5

Heat maps showing slope parameters for a single progressing eye over the 52
evaluated loci of the visual field. Slopes show rates of sensitivity change in
dB/year. Black lines separate the sectors and loci nearest the blind spot are
shaded gray. A common colour scheme is applied in (a) and (b). (a) highlights
the smoothed results of the SPROG method, while (b) shows the variation of

modelling loci individually by the PLR method. . . . . . . .. ... ... ...

Heat maps showing slope parameters for a single eye with stable disease over
the 52 evaluated loci of the visual field. Slopes show rates of sensitivity change
in dB/year. Black lines separate the sectors and loci nearest the blind spot are
shaded gray. A common colour scheme is applied in (a) and (b). (a) highlights
the smoothed results of the SPROG method, while (b) shows the variation of
modelling loci individually by the PLR method. Note that this figure has a

different colour scale from Figure 4.8.. . . . . . . .. .. ... ...

Receiver operating characteristic (ROC) curve for PLR methods and SPROG.

Note that slope conditions have been excluded in producing these curves.

Linear spline with three knots. . . . . . . . .. .. ... ... ... ...
Monotonic non-decreasing linear spline with three knots. . . . . . . . .. . ..
Trace plots for the 9 parameters for a constrained model of an example eye. .

Examples of mean deviation over time which are best modelled by (a) linear
regression, (b) monotonic spline and (c¢) unconstrained spline fits. Each figure
shows the fits of all 3 models with the 95% Bayesian credible interval for the
constrained model shown in grey. DICs for the models are given in the legend

and the p-value for monotonicity shown in the left corner of the plot. . . . . .

Plots show linear regression, monotonic and unconstrained spline curves of
mean deviation over time for an eye with a potential learning effect. 95%
Bayesian credible interval for the constrained model shown in grey. DICs for
the models are given in the legend and the p-value for monotonicity shown in

the left corner of the plot. . . . . . . . . . . . . .. . ... ...

107

108

110

119

124

130

131

133



5.6

5.7

5.8

5.9

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

Spline curves for subject 1. The vertical green line indicates a clinical inter-

vention. . . . . . o . 134

Spline curves for subject 2. The vertical green line in (a) indicates a clinical

intervention. . . . . . . . L. L L L L 136
Spline curves for subject 3. . . . . .. .. 137

Spline curves for subject 4. The subject had an accident at the time point

indicated by the vertical green line. . . . . . . .. .. ... ... ... 138

Schematic diagram showing the how the experimental data were recorded (Mor-

gan et al. 2012). . . . L. 148

Image frame showing templates for the sections lower vein, upper vein and

artery removed for further analysis. . . . . . . . . .. ... ... ... ..... 149
Sequence of video frames of the artery. . . . . . . .. ... ... 150

Raw data for example sequence from the artery. (a) and (b) show a cyclical

trend, while (¢) appears to show mostly noise. . . . . . ... ... ... .... 153
Green channel for subject sequence with movement during cardiac cycles. . . 157

Fourier Series with linear adjustments for example sequence. Different coloured

points differentiate between the three cardiac cycles. . . . . . ... ... ... 160
Marginal and orthogonal residual plots for example artery model. . . . . . . . 161

Fitted periodic component of trend for the example sequence showing compu-
tation of curve parameters. Amplitude is shown by the vertical arrow in light

blue. Maximum slope can be seen in orange and minimum slope in pink. . . . 162

Plots showing the periodic function of the model for 3 sequences; Upper vein,

lower vein and artery from one exampleeye. . . . . . . . ... ... ... 163
Scatter plots of the relationship between curve characteristics and ODF. . . . 164
Box plots showing the relationship between vessel type and curve characteristics.165

Example sequence showing Fourier Series from first to sixth order where pre-

ferred order is 2. . . . . . . e 166



6.13 Example sequence showing Fourier Series from first to sixth order where pre-

ferred order is 6. . . . . . . . e

A.1 Trace plots for §;’s for a typical progressing eye. . . . . . . .. ... ... ...



List of Tables

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.1
4.2

4.3

4.4

Relationship between apostilbs (asb) and decibels (dB). . . . . ... ... .. 47
Minimal Criteria for Grading Abnormality (Central 30°). Reproduced from
Caprioli (1991). . . . . . . . . . 54

Minimal Criteria for Diagnosing Acquired Glaucomatous Damage. Reproduced

from Walsh (2011). . . . . . . .. .. 54
Inter-test variation of normal eyes by location (Heijl et al. 1987). . . . . . .. 56
Guidelines for Recognizing Progression. Reproduced from Anderson (1992). . 60

Guidelines for Evaluating Change From One Test to Another in Single Test
Location and in Adjacent Pair of Test Locations. Reproduced from Zulauf &

Caprioli (1992). . . . . . . . . . 60

Summary of PLR methods progression criteria where p is the p-value associated

with the slope and locus refers to each tested loci (i) on the visual field. . . . 63
Mean standard deviations for individual loci for intra-test glaucomatous. . . . 78
Parameters for final model. . . . . . . .. ... oo 94
Parameter summary for a typical progressing and stable eye. . . . . ... .. 99

Area under the curve for CAR spatial correlation weighting schemes compared
to the clinical reference. . . . . . . . .. ..o 105
Sensitivity and specificity of our method compared with PLR methods against
the clinical reference. Methods are as described in Table 3.7 and Section 4.4.5.
For the SPROG model we have also looked at the effect of changing the p-value,

as well as introducing a limit on the slope. . . . . . . .. .. ... ... ... 109

14



4.5

6.1
6.2

6.3

6.4

6.5
6.6

6.7

B.1
B.2

C.1
C.2
C.3

Area under the curve for SPROG and PLR methods P1-P4 compared to the

clinical reference. . . . . . . . . .. 109

Video sequences obtained for an example subject at varying ODF levels. . . . 148
Numeric data extracted from the sequence of JPEG artery images. Mean RGB
values for each frame. . . . . . . ..o 152
Results for Fourier Series model (Equation 6.8) with AR(1) error structure for
example sequence. . . . ... Lo L Lo 159
Amplitude, maximum and minimum slopes for an example eye. Time as a
fraction of the cardiac cycle. . . . . . . . . . . ... ... ... 161
Mean amplitude, maximum and minimum slopes for all sequences. . . . . . . 162
Frequency of optimal Fourier series order for individual sequences classified by
minimum AIC. . . . . . . . 166

Frequency of optimal Fourier series order for individual sequences notably dif-

ferent from order two (difference in AIC>2).. . . . ... ... ... ... ... 168
Slope parameters (5 + ;) for a typical stable eye. . . . . . . . ... ... ... 195
Loci mean (a + 9;) for a typical stableeye. . . . . ... ... ... ...... 196
Slope parameters (3 + n;) for a typical progressing eye. . . . . . . . ... ... 198
Loci Mean (a + 6;) for a typical progressing eye. . . . . . ... ... ..... 199

Overall mean and slope parameters for all 194 eyes.. . . . . . . . . ... ... 200



Contents

List of Abbreviations
List of Figures

List of Tables

1 Introduction

2 Background
2.1 Ophthalmology
2.1.1 The Eye

2.2 Glaucoma . . .

2.2.1 Pathophysiology . . . . . . . . . . . . ...

2.2.2  Diagnosis

2.2.3 Riskfactors . . . . . . ..
2.24 Treatment . . . . . . . .
2.2.5 Classification of Glaucoma . . . . . . . .. .. .. ... L.
2.2.6  Retinal Venous Pulsation . . .. ... ... ... ... ... ... ...
2.3 Modelling Background . . . . . . ... ...
2.3.1 A Brief History of Bayesian Statistics . . . . ... ... ... .....
2.3.2 Basics of Bayesian Statistics . . . . . . ... ... L.
2.4 Markov Chain Monte Carlo Methods . . . . . . . .. .. ... ... ... ..
2.4.1 Markov Chains . . . . . . .. ..

14

21

25



2.4.2 MCMC algorithms . . . . . .. ... . 38

2.4.3 Assessing Convergence . . . . . . . . ... 40
2.4.4 Model Selection . . . . . . ... 41
2.5 Statistics in Ophthalmology . . . . . . .. . ... .. .. 0L 42
2.6 Chapter Summary . . . . . . . . ... . 44
Visual Field Analysis 45
3.1 Introduction . . . . . . . . .o 45
3.2 Testing a Single Visual Field . . ... ... ... ... ... .......... 46
3.2.1 Visual Field Output . . . .. ... ... ... ... ... ... .. ... 48
3.2.2 Diagnosing Glaucoma and monitoring progression with SAP . . . . . 53
3.3 Variation in the Visual Field . . . .. ... .. ... ... 0oL 53
3.3.1 Types of VF variation . . . . ... ... ... ... ... ... .. ... 55
3.3.2 Causes of variation . . . . .. .. ... 55
3.3.3 Reducing variation by changing standard SAP . . . .. ... ... .. 58
3.4 Serial Visual Fields and Testing Progression . . . . . . ... ... ... .... 59
3.5 Current Analysis of Visual Field Data . . . . .. ... ... ... ....... 60
3.5.1 Event based analysis . . . . . ... ... ... . 61
3.5.2 Point-Wise Linear Regression . . . . . . .. ... ... ... ...... 62
3.5.3 Machine Learning Classifiers . . . . .. ... ... ... .. ...... 63
3.5.4 Spatial Filters. . . . . . . . . . . 65
3.5.5 Methods combining SAP thresholds and Structural data . . . . . . .. 67
3.5.6 Comparison of analysis methods . . . . .. ... ... ... ...... 70
3.6 Data . . . . . e 72
3.6.1 Participants . . . . . . ... 72
3.6.2 Standard Automated Perimetry . . . . . . . ... ... 74
3.6.3 Spatial Correlation . . . . . . .. ... 74
3.6.4 VF Trend . . . . . . . . 75
3.7 Modelling Measurement Error . . . . . . .. .. .. L0000 75



3.8 Chapter Summary . . . . . . . ... L 81

Spatial-Temporal analysis of Visual Field Data 82
4.1 Introduction . . . . . . . . . oL 82
4.2 Disease Mapping Background . . . . . . .. ..o oo oo 83
4.2.1 Disease Mapping Methods for Count Data . . . . . .. ... ... ... 84
4.3 Developing the Model . . . . . . . . .. . o 88
4.3.1 Modelling Observed Visual Field Thresholds . . . . .. ... ... .. 89
4.3.2 Modelling Measurement Error. . . . . . . . ... ... ... ... 90
4.3.3 Specification of the Mean . . . . . . .. .. .. ... 0. 91
4.3.4 Specification of the Trend . . . . . . . . . .. ... ... ... ..... 91
4.3.5 Modelling the Spatial Correlation . . . . . . ... ... ... .. .... 91
4.3.6 The Final Model . . . . . .. .. . . L 92
4.3.7 Model Implementation . . . . . . .. ... ... L. 94
44 Results. . . . . . o e 96
4.4.1 Convergence Diagnostics . . . . . . . .. .. ..o 96
4.4.2 Posterior Summaries for Model Parameters . . . . .. ... ... ... 96
4.4.3 Predicted versus Observed . . . . . . . . ... ... 99
444 Heat Maps . . . . . . . . . . e 102
4.4.5 Clinical Judgement of Progression . . . . ... ... .. .. ...... 102
4.4.6 Alternative Weighting Scheme . . . . . . . .. ... ... ... .... 102
4.4.7 Comparison to Current PLR methods . . . . . .. ... ... .. ... 105
4.5 Discussions and Conclusions . . . . . . . . .. ... 111
4.6 Chapter Summary . . . . . . . . . ..o 114
Spline Modelling of the Progression of Visual Field Mean Deviation 116
5.1 Imtroduction . . . . . . . . .. 116
5.2 Modelling Background . . . . . . .. ..o 117
5.2.1 Splines in Ophthalmology . . . . . . ... .. ... ... .. ...... 117

5.2.2 Imtroduction to Splines. . . . . . . . . .. ... ... 118



5.2.3 Spline Regressions as Mixed Models . . . . . .. ... .. ... .... 121

5.2.4 Monotonicity . . . .. .. L e 123
5.3 Application of Splines to VF Mean Deviation . . . . .. ... ... ... ... 125
5.3.1 Data . . . . . . . e 125
5.3.2 Developing the Model . . . . . ... ... ... ... . 126
5.3.3 Bayesian Implementation . . .. .. ... ... ... L. 127
5.3.4 Testing for Monotonicity . . . . . . .. . ... .. oL 129
5.4 Results and Discussion . . . . . . .. .. L 129
5.4.1 Post-hoc Analysis . . . . . . . .. 132
5.5 Conclusions . . . . . . . . . e 135
5.6 Chapter SUMIMATY . . . .« vt v v v e e e e e e e e 139
Modelling Video Data: Retinal Vein Pulsation 140
6.1 Introduction . . . . . . . . . ... 140
6.2 Retinal Blood Flow through the Cardiac Cycle . . . . .. .. .. ... .... 141
6.2.1 Summary . . . ... 143
6.3 Statistical Modelling of Video Data . . . . . .. .. .. .. ... . 143
6.3.1 Definition . . . . . . ... 144
6.3.2 Image Differencing . . . . . . . .. .. o 144
6.3.3 Modelling RGBdata . . . ... ... ... ... .. ... ... 145
6.4 Data . . . . . . e 146
6.4.1 Subjects . . . . . 147
6.4.2 Video Collection . . . . . .. .. ... ... 147
6.4.3 Video Characteristics . . . . . . . . . . . ... 147
6.4.4 Converting Video Data to Numeric Data . . . . . .. ... ... ... 149
6.5 Modelling Retinal Venous Pulsation . . .. .. .. ... ... .. .. ..... 154
6.5.1 Cyclical Trend . . . . . . .. .. . 155
6.5.2 Non-cyclical Trend . . . . . . .. .. ... .o 156

6.5.3 Residual Variation . . . . . . . . . . . ... 157



6.5.4 Model Fitting . . . . . .. ...
6.6 Model Implementation and Analysis . . . . ... ... ... ... ......
6.6.1 Analysis of One Sequence . . . . . .. . ... ... ... ... ...,
6.6.2 Analysis of All Sequences . . . . . . . . . ...
6.7 Higher Order Fourier Series . . . . . . . .. .. .. ... .

6.8 DISCUSSION . . . . . . . e e e e

6.9 Chapter Summary . . . . . . . ...

7 Summary and Suggestions for Further Research

7.1 Conclusions . . . . . . . . o

Bibliography

A SPROG Convergence Plots

B Parameters for Stable Eye

C Parameters for progressing eye

D Convergence Plots for Mean Deviation Spline Model

E Statement of Contribution to Doctoral Thesis Containing Publications

171
174

174

191

194

197

204

211



