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Abstract

Glaucoma is a leading cause of irreversible blindness and visual impailmehe clinic,
glaucomatous damage can be characterized by structural changes in the optic nerve head (ONH)
and retinal nerve fibre layer (RNFL) that can be evaluated by various retinal-imaging techniques
such as scanning laser polarimetry and optical coherence tomography (OCT). Theabtruc
damage can lead to functional damage in the visual field (VF), normally assagsethndard
automated perimetry, which assesses the differential light sensitivihe field of view. The
clinical measurements of retinal structure and visual function play an impoolaninrthe
detection and management of glaucoma, but the data generated is often complex and highly
variable, thus making it hard to clinically interpret. The purpose oflibsg was to investigate
knowledge miningprocedures for extracting clinically useful information from these
measurement&nowledge mininglescribes iterative divide-and-conquer type analyses of large-
scale questions: solutions to individual smaller problems are used to generatelositer
knowledge, which in the case of work reported in this thesis can be transiatedinically

useful analysis tools. This thesis describes fiv®wledge miningprocedures specifically
developed and applied to structural and functional measurements in glaucoma: (1) probabilistic
inference to aid image acquisition of OCT images; (2) a robust and effgggmentation
algorithm to extract features of retina tissue layer structures in $aeje-3-dimensional image
volumes acquired by OCT; (3) a predictive structure-function relationship rroteidge the

retinal structure and visual function measurements in glaucoma; (4) quantificatd
visualization of structure-function discordance using the model about strushatésh
relationship; (5) integration of structural and functional measurements pooven the
reproducibility of the measurements. In conclusionkihewledge miningpproaches improved

the acquisition and/or accuracy of the measurements and provide new clinical analysis too
detect and manage glaucoma.
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List of Abbreviations PDM pattern discordance map
POAG Primary Open-Angle Glaucoma
PSD Pattern Dtandard Deviation
ANN Artificial Neural Networks
TD-OCT Time Domain Optical Coherence Tomography
BBS Broadband Source
VF Visual Field
BRBF Bayesian Radial Basis Function
RANSAC Random Sample Consensus
CAG Closed-Angle Glaucoma
RBF Radial Basis Functions
c-SLO Confocal Scanning Laser Ophthalmoscope
RGCs Retinal Ganglion Cells
CcvVv Coefficient of Variation
RPE Retinal Pigment Epithelium
ECC Enhanced Corneal Compensation
RNFL Retinal Nerve Fibre Layer
EM Expectation-Maximization
RNFLT Retinal Nerve Fibre Layer Thickness
GHT Glaucoma Hemifield Test
SAP Standard Automated Perimetry
GP Gaussian Process
SD Standard Deviation
HFA Humphrey Field Analyzer
SD-OCT Spectral Domain Optical Coherence Tomography
HRT Heidelberg Retina Tomograph
SFDI Structure-Function Discordance Index
I0P Intraocular Pressure
SITA Swedish Interactive Threshold Algorithm
KDD Knowledge Discovery in Databases
SLP Scanning Laser Polarimetry
MAD Mean Absolute Difference
VCC Variable Corneal Compensator
MAAD Mean Absolute Angular Difference
VFI Visual field Index
MD Mean Deviation
MLP Multilayer Perceptron
NFI Nerve Fibre Indicator
NTG Normal Tension Glaucoma
NRR Neuroretinal Rim
OAG Open-Angle Glaucoma
OCT Optical Coherence Tomography
OHT Ocular Hypertension
ONH Optic Nerve Head
PCA Principal Component Analysis
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Chapter 1: Introduction

1.1. A brief introduction to glaucoma

Glaucoma is a leading cause of irreversible blindness in the worldefdty et al., 1995,
Quigley and Broman, 2006). This condition is defined as a group of irreeersibnic,
progressive diseases of the optic nerve head characterized by the degenéragidmalo
ganglion cells and their axons (Quigley et al., 1982). In the clinic, glaatcosidamage can be
characterized by structural change in the optic nerve head and retinal neneyg&brguigley

et al., 1982). This structural damage can lead to functional damage, which manifests as partial to
full loss of the visual field, which is the portion of space where objects aretaimolsly

visible in a steadily fixating eye (Harrington, 1976). Visual field lcss be asymptomatic in

the early stages of glaucoma and the patient is not aware of this loss. Howlefteunifreated,

visual field damage can worsen and lead to complete loss of vision.

1.1.1. Risk factors and classification of glaucoma

The cause of glaucomatous damage is closely associated with aqueous humour, thieich is
clear watery fluid circulating through the anterior chamber. Simply destragueous humour
‘nourishes the area around the iris and the cornea, and it maintains the shape of the ey
exerting appropriate amount of pressure, which is known as the intraocular pre3syré@P

is maintained under a dynamic equilibrium of the aqueous humour flow: the fluid is
continuously produced, while this inflow is offset by an outflow via thendge between the

iris and cornea. About 80 to 90% of the outflow is through a sponge-like substance dsown
the trabecular meshwork, and the remaining fluid drains independently through thdarakosc
pathway (Hitchings, 2000).

Elevated IOP has been evidenced as a key risk factor for glaucomatous damage, (Pohjanpelto
and Palva, 1974, Leske, 1983) although the underlying mechanisms have not yet been fully
elucidated. A complete causality between raised IOP and glaucoma has not yebupeken f
Although an increased prevalence of glaucoma should be expected in eyes with elevated IOP,
only 10% of patients with ocular hypertension (OHT; K¥AmmHg) develop glaucomatous

visual field damage, and glaucoma can also occur in eyes with normal |GR2AGMHg;

normal tension glaucoma (NTG)) (Sommer et al., 1991). This finding could berelay the
variability in susceptibility to IOP of different eyes: some may negaimuch higher I0OP level

to develop damage, while others are more vulnerable to IOP variation andrihetevelop

significant damage at a much lower |OP level.
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Glaucoma can be classified as primary open-angle glaucoma (POAG), closed-angimalauc
(CAG) or congenital glaucoma. It can also be differentiated into primary aswhday
glaucoma, where the glaucomatous damage results from other conditions such as other ocula
orbital diseases. Normal tension glaucoma (NTG: IOP<21mmHg) is a subdividRiDAgs. In

CAG, the iris is pushed against the trabecular meshwork, which then closée diffatnage

angle and increases the IOP. CAG is more common in Asian populations, and accounts for up to
50% of glaucoma worldwide (Thylefors et al., 1995, Quigley and Broman, 2006). Cahgenit
glaucoma is relatively rare and is characterized by malformation of the aquamagé route.

POAG is the most common type of glaucoma, especially in European and North American
populations. The measurements of glaucomatous damage used in this thesis were all conducted
in patients with POAG.

Other important risk factors for POAG include age (Tielsch et al., 1991n Kteal., 1992,

Coffey et al., 1993, Dielemans et al., 1994, Leske et al., 1994, Mitchell, t986), race

(Tielsch et al., 1991, Klein et al., 1992, Coffey et al., 1993, Dielemans 084, Leske et al.,
1994, Mitchell et al., 1996), genes (Libby et al., 2005), diabetes (Leske, 1983)ematbe!

blood pressure (Tielsch et al., 1995). In addition to these risk factors, those forlSdG
include being of Japanese descent (Shiose et al., 1991), and those for CAG w@dsosiexland

being of Asian or African descent (Foster and Johnson, 2000). All the cisksdor glaucoma
have been comprehensively reviewed elsewhere (Hitchings, 2000).

1.1.2. Structural changes relevant to glaucoma

In order to understand glaucoma, it is worthwhile briefly considering how the eyéofigct
especially within the retina. A photograph of a glaucomatous retinayeftand an illustration
of retinal histology are given in Figure 1-1. For ease of description, the retinadsddiato

nasal and temporal regions horizontally, and into superior and inferior regions vertically.

Upon entering the eye, light travels through the anterior parts of the dyé vetches the
retina. The retina consists of several layers (Figure 1-1b), and light passes themgglayers
(from top to bottom; Figure 1-1b) until it reaches the photoreceptor layer dogta#ils called
cones and rods. Rods become active at low levels, while cones are active a&véighadf
luminance. At the photoreceptor layer, light elicits a chemical transfiomatediating a
propagation of signal upwards, back to the retinal ganglion cells (RGCsh wiimately
produce action potentials on their axons. These axons form the retinal nerve fibre laye); (RN
bundles of retinal nerve fibres can be seen at the top of Figure 1-1a. Neevieuindles spread
across the retina and exit the eye to enter the brain via the optic nervgONd)y] also called

the optic disc. They carry signals from different locations of the retina Spatiotemporal
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pattern. The ONH is usually known as the 'blind spot' because it doesomain any
photoreceptor. Central vision resolution is high in the macula, which is the céribe retina
(Figure 1-1a) and has a high concentration of RGCs (Bennett and Rabbetts, 1998).

——— Nerve fibre layer

Optic nerve head Retinal nerve fibre

Ganglion cell layer

— Inner plexiform layer

= Inner nuclear layer

= Outer plexiform layer

$ — Outer nuclear layer

— Photoreceptor layer

Retinal nerve fibre damage Macula

Figure 1-1. (a) Photograph of a retina with glaucomatous damage; (b) iltration of retinal
histology. Retina histology figure was reproduced from
http://en.wikipedia.org/wiki/File:Fig_retine.png (accessed 17 December 2010).

In general, the retinal nerve fibres coming from RGCs located closer ta\Hdi©underneath
those from RGCs located more peripherally (Minckler, 1980). Therefore, RNiekness
(RNFLT) increases from the periphery of the retina to the area betweeBNHeand the
macula. In healthy eyes, the RNFL is relatively thicker and more visibleréFigda) in the
superior and inferior areas compared with nasal and temporal areas. Moreoverjhresve f
converge at the ONH with regional variation: those coming from the nasal, sugretimferior
retina have a relatively straight path towards the ONH, while nerve fibremgdrom the
temporal regions of the retina describe an arcuate path around the macula (Radius esahAnde
1979). As shown later, this bundle of nerve fibres across the retina becopwtairh when
attempts are made to correlate the visual function at a particular location efitizewith the
RNFL defect.

RNFLT is currently a key parameter in the clinical examination of glaucomej@ss This is
because retinal nerve fibres carry the information from the eye tordivg and any damage to
the RNFL due to glaucoma will cause a loss of this information. leyhewith glaucoma, the
RNFL becomes thinner and this thinning can be focal or diffuse (Tuuloreriaaksinen,

1991). Focal defects appear as dark bands, which are broader towards the periphezy (Figur
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1-1a), and are usually associated with localized visual field damage. Diffuseds dafec
characterized by a general thinning of the RNFL, which occurs in a wider ocingginas.
RNFL defects can be quantified by imaging techniques that measure certaigats of
RNFLT (see later). An initial glaucomatous abnormality can be focal adidfased RNFL

thinning. As RNFL loss progresses, the defects become wider and deeper.

All the nerve fibre bundles exit the eye at the ONH, which is usuagiathfitilted so that the
temporal nerve fibres follow an obtuse angle, and the nasal ones turn acutely into thHEn@NH.
nerve fibre bundles only occupy the outer portion of the ONH, which forms the e@sbrim
(NRR). The centre of the ONH does not contain nerve fibres, and is occupied dsnthed
retinal vessels and their connective tissues. This central part of tHe<OiWnically defined as
‘optic disc cup’(Weinreb and Khaw, 2004). Because of the topography of RNFLT, the rim area
is usually the widest in the inferior (I) areas, followed by the superiorngal (N) and
temporal (7 areas. This is also referred as the ‘ISNT rule’. Generally, thel @ area is
directly influenced by the size of the ONH: a larger ONH gives risarget cup (Jonas et al.,
1988).

Because the NRR is mainly composed of retinal nerve fibres, the rim ared bleoal good
indicator of the number of nerve fibres and the level of the damage. Nerve fibre damage i
glaucoma may affect both the shape and the area of the rim. The ISNF ciiécally helpful
because any deviation from this rule may indicate the suspicion of glaucomatouse.damag

Moreover, rim loss is usually accompanied by cup size increase. There are varions pétter

rim shape changes caused by glaucoma and these have been reviewed elsewhere (Tuulonen and

Airaksinen, 1991).

1.1.3. Visual field in glaucoma

Structural damage of the retina is usually associated with visual field deéfecal field is
defined as the area from which light can enter the eye and reach theHetnsar{, 2000, Tate
and Lynn, 1977, Werner, 1991). The central visual field corresponds to the maculiisasd t
the point where people look directly during fixation. With a bright stimulus, #hlyegsual
field can extend to 60° superior, 75° inferior, 100° temporal and 60° nasaiteoline of sight
(central vision) (Henson, 2000). Visual field damage is described as the redunededistent
vision in a certain direction when the patient's central visiorxatefd on a given point (fixation
point). With a damaged visual field, the patient is not able to see an otgeenied in the

direction of damage.
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Visual field assessment has been used for a long time as a clinical toglatmoma
management. Visual fields are typically measured by perimetry (Lachenmayr aild 1993),

which will be introduced in detail in the next section.

1.1.4 Clinical management of glaucoma

Glaucoma is characterized by a chronic, progressive degeneration of the optic neche, whi
means that the disease typically continues to progress without treatmerthautveidequate
treatment. Structural assessment of ONH changes and visual function enesssr (see next

section), are clinically useful tools for glaucoma diagnosis and management.

In addition to detecting and confirming glaucomatous damage, it is essentiabnmidetthe
rate at which the damage is worsening so that decisions on clinical managembatmade
and the effectiveness of treatment can be determined. Clinical evidence anolomized
clinical trials in this area, however, has been scarce. For ethical reasons, apéirdiogs in
patients at very early stages of glaucoma (Heijl et al., 2002, Hyman et al., 2010)those
with NTG (McNaught et al., 1995), only limited data are available on theaidtistory of
glaucoma. The best evidence to date for the beneficial effect of medRdbwering treatment
in open-angle glaucoma (OAG) with established VF loss comes from the Marlifest
Glaucoma Trial (EMGT) (Heijl et al., 2002, Leske et al.,, 2003, Hyman et al., 2010): a
randomised, controlled clinical trial designed to evaluate the efficacy ofo@éting treatment
on the progression of OAG. Results indicated that on average, treatmentdréO&cédy
5.1mmHg or 25%. Furthermore, progression was less frequent in the treatogntign in
controls; 45% and 62% respectively, and occurred significantly later iredrgzdtients.
Interestingly, in the context of the aim of this thesis, although both struetodafunctional
measurements were frequently taken throughout the trial, little was done twineothe
evidence from this data. It is important to note that no universally recogniséddoieigy

exists for monitoring glaucoma progression over time.

Clinical observations suggest that change due to glaucoma is typically a slowspwhih
happens over several years (Hitchings, 2000). On the whole, treatment is effeatieméging
the majority of patients; a discussion of different forms of medical andcalitgeatment is
beyond the scope of this work and is described elsewhere (Hitchings, 2000). Yet in the case of a
fast-progressing eye, more intensified treatment needs to be prescribednipt db arrest
deterioraion to preserve the patients’ visual function and quality of life. It alghinbe that a
patient requires less treatment in cases where measurable stability odrfaintdss can be
established. Therefore, a real challenge, and the motivation underpinning thés ihdsi

provide clinicians with tools that allow them to confirm true progressiostatility under
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treatment. These tools should be both sensitive and specific, to avoid ovegtpedignts due

to false-positive diagnosis, or under-treating patients due to false-negatimesisag=nergy
devoted to the development of new tools for measuring the structural and funictipaet of
glaucoma in an individual is also worthwhile because the measurements are mandatory for

clinical trials as outcome measures and evidence for effectiveness of treatment.

1.2. Structural and functional measurements of glaucoma

This section provides an introduction to some of the techniques that are usedctoratand
functional measurements in the clinical management of glaucoma. The studies repdried in t

thesis uses data acquired from these techniques.

1.2.1. Optical coherence tomography (OCT)

Optical coherence tomography (OCT) (Huang et al., 1991, Sampson and Hillman, 2004) is an
imaging technique that can acquire high-resolution cross-sectional retinal images oftve® or
dimensions (Bouma and Tearney, 2001). It combines lateral-point beam-scannintewith
depth-sectioning ability of low-coherence interferometry. Because the resolution in deplfh (axi
depends almost entirely on the optical bandwidth of the light source (insteacpérmre of

the optical system), OCT can combine the benefits of high axial resolution andaiéae
depths. Because of this advantage, the primary applications of OCT wénevfeo imaging
through thick layers of biological tissues. It was not until the early 1990sQ@dt with
micrometre-resolution was used for the first time in the biomediedd to examine the

structure of the retina cross-sectionally (Huang et al., 1991).

Figure 1-2 shows a typical setup of a time-domain OCT (TD-OCT) systemaihe of which
will be explained when the spectral-domain OCT is introduced later. The systesists of a
low-coherence, broadband (large range of optical wavelengths) light source and Bdviiche
interferometer (Bouma and Tearney, 2001). The broadband source (BBS) is typically
characterized by the coherence length and is usually linked to a series sfimerjght pulses
defined by this coherence length. The Michelson interferometer splits the lightHeoBBIS
into two arms: the reference arm implemented by a mirror that trantksand forth and the
sample arm where the light is weakly focussed into the sample to be iniageeflected light
from both arms is re-combined at the interferometer where constructivesiiatex® occurs
between the reflected reference light and the backscattered sample lighttbalpjiical path
lengths of them differ by less than the coherence length of the BBS. Ancafial/s-scan; scan

in depth) is acquired by moving the reference mirror while detecting theeirece signal, and

a transverse scan (B-scan) on the sample is achieved via the rotatorsashple arm

galvanometer mirror. The B-scans can then be used to compose two- or treesialial
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images. More comprehensive details about OCT system can be found in Bouma et al (Bouma
and Tearney, 2001).
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Figure 1-2. Schematic representation of an OCT system setup. The figure was reprodddeom
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http://obel.ee.uwa.edu.au/research/oct/intro(accessed 10th August 2009)

When used in retinal imaging, OCT forms an intensity map of light backszhtberreflected
from the retina at different locations and depths. The retinal layers in the tomogragjeydamn
be differentiated because different tissues in the layers of the retina ligfiecetith different
intensities. A widely used TD-OCT system for retinal imaging in cdihiapplications is the
StratusOCT (Figure 1-3; Carl Zeiss Meditec Inc., Dublin, CA, USA). The axial resoluttbe of
StratusOCT has been reported tofH80 m, and the theoretically highest available lateral

resolution is abou20 m determined by the imaging beam size at the retina. It can acquire 400

A-scans per second.

n

Figure 1-3. The  StratusOCT system. The figure was reproduced from
http://www.meditec.zeiss.com/C125679E0051C774/Contents-
Frame/2BF7095D5578B41D882572430063F9ABccessed 30th Nov 2010).

For image acquisition, the StratusOCT uses various scan patterns (protocblsf, which has

been optimized for the detection of certain diseases. Among them, a circulangganotdcol

referred to as 'RNFLT (3.4)" is the most widely used protocol for glaaiccBach RNFLT (3.4)

circular scan is carried out under a scan circle that is 3.4mm in dianmetas, eentred on the

ONH. It images the peripapillary retina with 512 consecutive A-scanmdrthe ONH. This
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process is repeated three times and the three images are averaged in odideetagise and
other possible variability. Because each circular scan takes more than 1 see@pééd of the
StratusOCT is 400 A-scans per second), the three scans have to be taken sepaliateljoro
blinks between two scans. A slight variation of RNFLT (3.4) is Fast RNBL4),(for which
each circular scan requires 256 A-scans around the ONH, and is thus twice as faBt@s RN
(3.4) therefore allowing the three scans to be repeated successively withsedo®2ls. Each
Fast RNFLT (3.4)/RNFLT (3.4) scan provides an image on a cylinder surface aroithe
To visualize and analyse thimage, the ‘cylinder’ surface igut at the mid-temporal location

and is straightened into a 2D image as shown in Figure 1-4.

Retinal nerve fibre layer utreonsbody

Refinal pigment epithelium

300,

200

100 -

RNFLT(micron)

0 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

A-scans

Figure 1-4. A tomography image obtained with StratusOCT from a subjectsge chapter 2). (a)
intensity map acquired with the RNFLT (3.4) protocol (the RNFL anterior and posterior
boundaries segmented by the StratusOCT software are indicated by two white lines); (b)e

corresponding RNFLT in (a).

In Figure 1-4a, the image starts from the middle point of the temporal (T) arefaoamdeft to
right, extends to the superior (S), nasal (N), inferior (I) and lower temporalt€ay. ThisT -S-
N-I-T" type of image acquisition is adopted by many types of instruments used in glaucoma, and
the measurement results (e.g. RNFLT) are usuefigrred as ‘TSNIT profile’ The reflection

intensity is plotted as logarithmic values on a false colour-coded scale: dwtter (more red
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and orange) means higher reflection intensity; colder colour (more blue el gndicates
lower reflection intensity. There are two sections with significant reflecRNFL on the top of
the retina, and retinal pigment epithelium (RPE) at the back of the retina. THle &N be
segmented by algorithms separating the highly reflective area on the top of théroatine
area with weak reflection. The segmentation result (anterior and posteuiodaries of RNFL)
from the StratusOCT software is shown by the two white lines in Figure 1-4a. TRETRNS
the target measured variable, is calculated as the distance between the two boahtizies
RNFL and is shown in Figure 1-4b. Note that the TSNIT profile of RNFLT featar'double-
hump' shape (relatively thicker RNFLT in the superior and inferior areasjdaug to the ISNT
rule. However, because OCT only measures the intensity surrogate of the tRBIRNFLT
measurement from it depends on various factors including optical propertiesuektigmage
resolution, pre-retinal factors such as media opacities, and other festorg €t al., 2010).
Therefore, in short, RNFLT measurements from OCT may not be an exact meaguéthe
RNFL.

Before the acquisition of the OCT image, the scan circle is manually edijiesbe centred on

the ONH as guided by a ‘live’ image of the retinal fundus. The locatioheoftan circle,
however, is unknown during the image acquisition. Displacement of the scan circle position
may happen du® the operator’'s subjective placement or because of eye movement after th
manual adjustment. The inevitable displacement between tests means that the iRMBL
necessarily sampled at the same location and thus contributes to the variabiéityoand the
measurement of RNFLT (Gabriele et al., 2008), restricting the use of the techniquallgspeci
determining the deterioration of the RNFLT in the longitudinal assessmeotl@r-up of
glaucoma. Therefore a method for identifying and aligning the location of the sderocirthe

retina would be clinically useful. Anowledge miningolution for this problem is described in

chapter 2.

As already described, TD-OCT acquires an A-scan at different depths by muwirgfe¢rence
arm. The mechanical movement of the reference mirror slows down the imaging spked, an
only a few hundred A-scans can be taken within an acceptable period of time to avoid the

patient’s blink or fixation loss during the image acquisition process.

In contrast, another recently developed OCT technique, spectral domain OCT (§D-OC

(Fercher et al., 1995, Wojtkowski et al., 2002, Schuman et al., 2007), does not involve
mechanical movement for A-scan acquisition. In SD-OCT, the broadband interfesence i
acquired by a group of spectrally separated detectors (e.g. a grating with déteetor array).

An A-scan can, therefore, be immediately calculated by a Fourier-transformhecatquired

spectra, without moving the reference arm. The imaging speed is dramaigathyed (Nassif
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et al., 2004) by this feature: ~26000 A-scans per second compared with 400 A-scaTOper

with TD-OCT. Moreover, compared with SD-OCT, in which light is generated and detected as a
‘function' of spectra, light in TD-OCT is a 'function' of time and, therefduis, type of
technique is referred to as time 'domain’. More details about SD-OChectound elsewhere
(Fercher et al., 1995, Wojtkowski et al., 2002, Schuman et al., 2007).

The improved speed in SD-OCT makes it possible to acquire a large numibescahs in a
short period of time. These A-scans form circular scans with significaigther sample rate.
They can also cover a large area on the retina, and can be used to build aRN&bBf For
example, a SD-OCT system for clinical use, the RTVue-100 system (Figure 1-5u@ptov
Fremont, CA, USA), can acquire a three-dimensional volume of the retina with SHREDY-
scans (axial resolution & m ) around the ONH and each A-scan has 768 axial sample points.
This results in high 513-by-101-by-768 volumetric data with abundant informaliout ONH

and RNFL. However, the large quantity data from SD-OCT poses great challenges on t
computing power and image processing algorithms to quantify useful informatiore in th

volumetric data.

Figure 1-5. The RTVue-100 system. The figure was reproduced from
http://www.optiboard.com/forums/showthread.php/35591-OptoVue-RTVue-Fourier-Domain-

Optical-Coherence-Tomography-Systenfaccessed 30th Nov 2010).

An extensive study of SD-OCT images is reported in chapterkbotvledge miningpproach
is used to provide a robust and efficient segmentation algorithm to process theag® im
volumes in a novel fashion, providing clinically useful and reproducible mesasuts of the
RNFLT with this technology.
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1.2.2. Scanning laser polarimetry (SLP)

The nerve fibre bundles appear as closely spaced cylindrical 'tubes' (Zhou anthiKn§97).
RNFL exhibits substantial linear birefringence with its slow axis parallel talitteetion of
these tubes (Weinreb et al., 1990, Dreher et al., 1992, Zhou and Knighton, 199g@htthewie
propagates more ‘slowly’ if its polaation direction is the same as the direction of these tubular
structures (Figure 1-6). This forms the basic principle of scanning lasarinfRaty (SLP),
which is a technique used to evaluate RNFLT by measuring the total phase wetardagjht
reflected from the retina (Weinreb et al., 1990, Dreher et al., 1992). Thisateiards
proportional to RNFLT, which can be calculated from it. The SLP models used on hursan eye
were described in detail elsewhere (Knighton and Huang, 2002a, Zhou et al., 2003).

Polarized Light e

’ Birefringent structure
(RNFL)

Figure 1-6. lllustration of birefringence of nerve fibre bundles (GDxVCC InstrumentManual 2004).
The light with polarization direction parallel (red) to the nerve fibre tubes has a slower phase spete
than the light polarized in perpendicular direction (yellow) to the tubes. The phase retardation in
the reflected light is detected and is proportional to RNFLT.

Figure 1-7. The GDxVCC system. The figure  was reproduced from
http://www.adlereyeassociates.com/pages/services/optometric-instruments.shii@tcessed 30th Nov
2010).
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A widely used clinical SLP system is the GDxVCC (Figure 1-7; Carl Zeiss Meditec Inc. Dublin,
CA, USA), which is a confocal scanning laser ophthalmoscope integrated potaraneter. It
acquires an ocular fundus image by raster-scanning the retina with a naedinéser beam
(wavelength of 780nm). The image from GDxVCC covers 40 degree horizcamallf0 degree
vertically, and this area includes both peripapillary RNFL around the ONkhanaiacular. In

the GDxVCC system, a variable corneal compensator (VCC) (Zhou et al., 2008)s@ch$o
reduce and compensate the anterior segment birefringence (mainly corneal birefringence)
(Knighton and Huang, 2002b), which is a confounder causing an overestimaRNFof by

SLP. After the VCC compensation, an additional SLP anomaly, which is likelated to
corneal compensation, appears in a small proportion of scanned individuals (Baggz0esal.,
This artefact significantly overestimates the RNFLT and became known as analatypi

birefringence pattern, which is quantified with a typical scan score (TSS) iWGDsoftware.

A newer compensation scheme, called enhanced corneal compensation (ECC), was recently
developed to eliminate the artefacts that are associated with the atypical gereferpattern

(Téth and Holl6, 2005). The GDxVCC technique is, however, still being used in botloglauc
clinics and research studies and data from this device is used in thés Thesiupdating’ of
instrumentation and technology reflects a common limitation of newer imagingidees that

ought to be noted at this point: the data collected using old techniques arellgemat
transferable to the new technique, causing the lack of consistent longitleti@al his problem

is particularly significant when instituting longitudinal research studieprogression because

instruments, or elements with them, might change during the follow-up.

o
S

(b)

g
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Figure 1-8. RNFLT measured by GDxVCC from a patient described in chapter 4. (a) RNFLThap
(128-by-128 pixels) acquired by GDxVCC. The image is shown in the right eye directioreifiporal
area facing left). The hotter (more red and orange) colour denotes a thicker RNFL(b)
Peripapillary RNFLT around the ONH in a similar way as TD-OCT using the RNFLT (3.4) scan
protocol. The GDxVCC RNFLT profile has 64 sectors.

An example of RNFLT measured by GDxVCC is shown in Figure 1-8. The ONH csaeheat
the centre of the image. In Figure 1-8(a), warmer (more red and orange) colalg fstan
thicker RNFLT. GDxVCC summarises peripapillary RNFLT in a similar @&y D-OCT using
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the RNFLT (3.4) protocol: a calculation annulus (inner diameter 2.4mm and oateetdr
3.2mm) is placed at the centre of the ONH which is identified manuallythdtinelp of the
GDxVCC software; the annulus is then divided into 64 sectors from tti¢éemiporal area to
the superior, nasal, inferior and lower temporal areas; the RNFLT in eachiseztioulated as
the mean of pixel values within this sector. The 64-sector TSNIT profile dfLRNs

straightened to a 2D plot (Figure 1-8b) to form a similar output as OCT sighdicantly

higher RNFLT in the superior and inferior areas (ISNT rule) is comsistéth RNFL

topography.

Compared with OCT technique, GDxVCC can take a retinal image in about 0.8 seconds, and no
complex post-processing (e.g. segmentation in OCT) is required to form the RNFLT map.
However, RNFL boundaries are not visible with GDxVCC, and this 'black fracedure
sometimes causes difficulties in understanding the images. Two quality scorewitioreach

image from GDxVCC system: image quality score (between 0 and 10) antb&®®&en 0 and

100). The images with either score lower than certain threshold should be considelietlenr

Thresholds can be determined according to the purpose and the method of the study.

More detail on GDxVCC imaging is reported in the studies linking structure @amatidn
measurement in glaucoma as presented in chapters 4, 5 and 6. In pakiicwiéedge mining
techniques are developed with the aim of providing an analysis tool that usesutherestr
information gleaned from SLP tomprove’ the measurement of a patient’s vistualction. It
also provides a clinically useful method for highlighting poor structural amdtibnal

measurements.

1.2.3. Confocal scanning laser ophthalmoscope (c-SLO)

Confocal scanning laser ophthalmoscope (c-SLO), as indicated by its namecimigue to
acquire images of target sample using a raster-scanning laser. Data fromwHEbGt be
reported in the later chapters, although most of the subjects whose data wenethisetthesis

were examined using c-SLO, together with other techniques. For this reason, c-SL§ is onl
described briefly here. More details on this technique and its quantification methotle can

found elsewhere (Strouthidis and Garway-Heath, 2008).

The Heidelberg Retina Tomograph (HRT; Heidelberg Engineering, Heidelberma®@y) has

been the most successful commercial realisation of c-SLO technology. Thev&tRdesigned

to acquire three-dimensional images of the retina. In short, a c-SLO system, uses a foaused lase
beam to scan the retina at different locations and depths, and the amount of ligtetdr&ften

each scanned point is recorded. A confocal pinhole, which is a diaphragm sitiagtiof the
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light detector, ensures that only light from the corresponding focal plackesethe detector

and thus contributes to the image.

In the clinic, the HRT is widely used as an instrument for the quantitative anafythie ONH.
A topography surface of the retina around the ONH is derived from the-tiimensional HRT
image. This surface contains the height measurement of the retina and is theitmatiron
which most post-analytical methods are based. The topography surface contains important
information about the three-dimensional structure of the ONH and has been successtlitly

evaluate the cup and rim area (Strouthidis and Garway-Heath, 2008).

1.2.4. Perimetry

Although the imaging techniques described have become popular clinical tools, \étdial fi
measurement remains as the cornerstone of clinical management of glaucoma becatibe it
the only way of estimating patient’s visual function. In turn, the visual field is most relet@n
visual impairment, visual disability and quality of life. This makesh& tmost important
outcome, for example, in clinical trials where a standard is required to determareefample,

a certain treatment is working in establishing disease stability. Viseldl fineasurement is
performed by perimetry (Lachenmayr and Vivell, 1993), which is a technique mealgining
difference sensitivity in the visual field. During a static perimégst, only one eye is typically
tested while another eye occluded. The patient is instructed to look direetyrdoat a pre-
determined fixation point. A stimulus is presented at a location in the visldalat one time,

and the patient is asked to indicate whether the stimulus is observed.

Perimetry tests can be conducted manually or by an automated computer program. Manual
perimetry (Haley, 1987) was used before the advent of computers. Because it isneery ti
consuming and requires attendance of well-trained doctors or technicians, this &dhmiow

rarely used. It is established that computerised automated perimetry has improved the evaluation
of visual fields in glaucoma patients (Katz et al., 199&tomated perimetry is ‘instructed’ by
computer algorithms, requiring less supervision from technicians and can autdynalteal

stimuli properties such as duration, size and intensity. The efficiency of aatbpatmetry

makes itself a widely used clinical tool in glaucoma diagnosis and follow-up.

Automated perimetry can be further divided into different categories accaedihg properties
of the stimuli and background. This includes white-on-white perimetry (wtiteuli on white
background) and, for example, blue-on-yellow perimetry (blue stimuli on yellowgtmakd)
(Wild et al., 1995), kinetic perimetry (moving stimuli) and frequency-dogbli perimetry
(Johnson and Samuels, 1997). Of these, white-on-white perimetry is the mogt wsielélone

in glaucoma management, and is referred to as ‘standard automated perimetry’ (SAB). In
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thesis, only SAP is considered and will be described in detail below. Comprehengives of
various types of perimetry are provided elsewhere (Lachenmayr and Vivell, 1993, Henson,
2000).

The SAP data used in the studies described in this thesis were acquired by theelyl irrgdtir
Analyzer (HFA, Figure 1-9; Carl Zeiss Meditec Inc, Dublin, CA, USHaley, 1987, Werner,
1991). It is the most commonly used instrument for perimetric tests. Itedhisique, a white
background with a luminance of 31.5 apostilAjlgminance is used and the testing distance is
33 cm. Stimuli are presented against this background at varied intensity from 0.08 toAL0,000
The differential threshold is recorded in decibel (dB) and is inverselteckto the intensity of
the stimulus (dB =10log, (10000 /A . The aim of the test is to determine theeakest

stimulus intensity that one can detect at all test locations in itualvfield. The weakest
intensity is also known as ‘contrast sensitivity threshold’ or ‘sensitivitiyus, for the brightest
stimulus, a sensitivity of 0dB is recorded, and for the weakest stimulusitivéy of 40dB is

recorded.

Figure 1-9. The HFA system. The figure was reproduced from
http://www.baycollege.ca/services.htm(accessed 30th Nov 2010).

Within the range from 0dB to 40dB, the sensitivity for healthy visual field fiscefd by
multiple factors such as eccentricity and age. Sensitivity in healthy eyesasesrwith
eccentricity, which results in the well-knovimill of vision’ (Traquair, 1931). Sensitivity also
declines, albeit very slowly (reported to be about 0.1dB/year (Heijl,t%81)), over time as a

result of aging.

SAP tests in HFA are carried out at static predefined locations gig@do test patterns. The

most commonly used test patterns in glaucoma management are 24-2 and 30-2 (Figure 1-10).

The 30-2 test pattern covers 30° of the visual field from the central vision. Thectsbis are
6° apart both horizontally and vertically. No test point falls on the twt@ or vertical
3l|Page

meridians. The 30-2 test pattern contains 74 test locations excluding thitw® under the
blind spot (Figure 1-10). The 24-2 test pattern is formed by a subset of teginséa 30-2
pattern by excluding some peripheral ones (Figure 1-10). It includes 52 test locatiodggxc
the two corresponding to the area of the blind spot. The 24-2 test patteidelg used for
glaucoma management because the measurements in the peripheral locations iar8@is
more variable than more central located points (Heijl et al., 1989) atitefeimple reason that
the test is shorter in duration. SAP tests reported in this thesis were carriesingu24-2 test
pattern.

Superior
L B

Blind spot
-

Figure 1-10. Standard 30-2 and 24-2 HFA visual field test patterns in the fiig eye. The black dots
indicate the test locations. The 24-2 pattern contains a subset of test locations30-2 and is
indicated by the black box. The cross point between the two dashed lines indicates centriion
that corresponds to the macular on the retina. There are 74 and 52 test points in-20and 24-2

patterns respectively, excluding the two locations corresponding to the area of thénd spot.

In the HFA test, the patient is instructed to look at the fixation pointadtomated program
instructed by a test strategy flashes one stimulus with certain brightnesstasblocation at a
time. The patient operates a button to indicate whether the stimulus is observed Tdriso

procedure is repeated until the sensitivity thresholds at all test locations are found.

A test strategy computes the time and location to display a stimulus at given intensity io order t
search the sensitivity thresholds quickly and reliably. Several test strategiewailable in
HFA. The full threshold test and Swedish interactive threshold algorithr\{§Bengtsson et
al., 1997) are the most widely used ones in glaucoma testing. The visual fielédedpottie

thesis were all tested by either of these two test strategies.

The full threshold test was the previous standard and is still the benchmaticto ather
strategies are compared. In short, the full threshold algorithm measures theitsetisiishold
at each test location by a “repetitive staircase” procedure. At the point beasyirad, an initial
stimulus that is brighter than the expected sensitivity is presented. ffithdus is seen, the

stimulus intensity at the same test location will be 4dB higher (dimmer).isThrepeated until
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the stimulus is not observed. The stimulus intensity is then increased by 2dheaantil it is
observed again. On the other hand, if the initial stimulus is not seen, tesprans in reverse.
The stimulus intensity decreases first in steps of 4dB (brighter) untiyj Iseien, and then it is
increased by 2dB a time until not visible. The full threshold algorithm randsertti@ order of
stimuli presentation instead of testing one location constantly. Spatially,reghtbid algorithm
begins with four initial locations, one in each quadrant of the visual fieldi@ig-10). Each
initial point is thresholded twice. The algorithm then subsequently tdsts lcations. To
achieve reliable measurement of sensitivity, some points (e.g. locations wherevigensiti
thresholds differ from the expectation by more than 4dB according to the sgasitdfi the

neighbouring points) are thresholded twice.

The principle of full threshold test is relatively well understood, but #petitive staircase
slows down the test procedure. SITA (Bengtsson et al., 1997) was designed to proNéde si
measurement reliability as full threshold test but with a lower afoitne. This is achieved, in
part, by using the prior knowledge of the neighbouring test locations and the dgnsitivi
distribution from other patients under a Bayesian framework. On average a teS$ITgingan

be performed in about half the time it takes to perform a full threshold tegjtéBen and Heijl,
1998, Shirato et al., 1999); this is achieved with no real increase in eeasurvariability
compared with the full threshold test, although this has been debated by sonse(&ipmto et

al., 1999, Wild et al., 1999, Bengtsson and Heijl, 1999a, Sharma et al., 2000, Artes et al., 2002).

As a perimetry test depends on the subjective input from the patiemeitéssary to evaluate
the reliability of the responses. Three quality parameters are examined duringetryeiest:
false positive rate, false negative rate and fixation loss rate: 1) Tharkshold test randomly
‘cheats' the patient by making the noise as if it is presenting a stimitiegit presenting a
stimulus. A false positive response is recorded if the patient indicates exnvaiide stimulus
when HFA 'cheats' the patient (catch trial). 2) A stimulus that is mucitérighan the
sensitivity is randomly presented at a location where the threshold is abtetynined. A
false negative response is recorded if the patient fails to respond to this spreskrstation. 3)
Stimuli are presented at the location of the physiological blind spoka#idn loss is recorded
if the patient responds to the stimuli in blind spot. SITA estimatese theiability ‘measures’
differently and this contributes to the saving in test time. For example, faldev@aate is
estimated using response time to the presentation of a stimulus (Bengtssori®373l and,
therefore, the method does not require any additional catch trials. Perimetry tests hwittiskeig
positive rate, false negative rate or fixation loss rate should be considdredinreliable. The

cut-off criteria of these three quality parameters depend on the requirement of the study.
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Figure 1-11. Gray scale sensitivity of a healthy (a) and glaucomatous (bywal field measured by

HFA with 24-2 pattern. Darker grey scale represents lower sensitivity.

SAP results are normally represented as a grey scale image (Figure 1-11) &wedHPAt
results are further presented via analysis software (Statpac) providéé mstrument. This
software has been developed and improved over many years (Heijl, 1991, Bengtsseijland
1999b). It computes maps of the total deviation, pattern deviation and globakisdide as
mean deviation. The total deviation map presents decibel deviation from age-correstad no
threshold sensitivity (Heijl et al., 1987). The pattern deviation is derivédteiname manner but

is adjusted to take account of overall elevation or depression of the field, sheh @smmonly
caused by cataract. Each deviation map is evaluated by a probability map thatsdisplay
significance of numerical deviation relative to the range of values found in a nardatabase

of age related healthy people. The probability significance is displayed at vanels k5%,
<2%, <1%, <0.5%. So called global indices, expressed as single statistics, such as mean
deviation (MD), pattern standard deviation (PSD), and more recently the Visidalnfiex
(VFI) summarise departure of the measured visual field from a referenceroative database.
The Glaucoma Hemifield Test (GHT) is another useful summary measure ofl@ @l
field for the presence of a glaucomatous defect (Asman and Heijl 1982} Hevised to detect
field loss that is asymmetric about the horizontal meridian. Analysis ferped in five
corresponding pairs of sectors that are based on the normal anatomy ointlenestve fibre
layer. Fields are essentially classified as outside or within normal limits, borderline, oires hav
a general reduction in retinal sensitivity. All these measures providistdtevidence about a
visual field defect and are widely used in the clinical analysis of glaucoheastfengths and
weaknesses of these approaches have been debated over the years (Shaarawy et al.,12009), but i

is fair to conclude that none of the methods represent perfect clinical analysis tools.
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1.3 Difficulties in understanding measurements in glaucoma

The measurements of retinal structure and visual function introduced briefly alousear
widely in the detection and follow up of glaucoma. However, these measuremerd are
surrogates of the target variable of real interest: retinal ganglimare their axons. These
techniques are affected by multiple factors and thus produce measurertientoise and
variability that introduce uncertainty into the decision making procedorgglaucoma

management. Moreover, because these techniques measure the difflergmectivesof the

same process, it is expected that these measurements are correlated with each other.

Nevertheless, these measurements are currently taken independently and arBciewitlguf
combined for better diagnosis and follow-up of glaucoma, beyond the way in which an

experienced clinician might attempt to view the measurements in tandem.

1.3.1 Measurement variability

Variability is the tendency of the measurement process to produce diffieeastirements on
the same test item. It affects the precision of the instrument: evgnpregise instruments
exhibit changes caused by random errors.

Despite advances in SAP the subjective nature of the test remalfter all, it is completely
reliant on a subject reliably answering questions and pressing a button (Shaaaang089).
The variability in response or measurement noise is overwhelmingly atdtilal (Henson et
al., 2000, Artes et al., 2002). These factors includeled)ning effects whereby a patient
‘learns’ to perform better over time after the first few perimetrystestusing improved
sensitivity after the first few tests (Wood et al., 1987);fafigue effectswhereby patients tire
and lose concentration during the test, and thus fail to respond to stimuli g\&l| 2001,
Hudson et al., 1994); J)xation loss whereby patients may lose their fixation due to eye or
head movement during a perimetry test, so the visual stimuli are presenteideowtong part

of the visual field (Henson et al., 1995, Henson et al., 1996)adable reaction whereby
patients may be ‘trigger happy’ to stimuli or be reluctémtrespond to stimuli, causing
overestimation and underestimation of the sensitivity thresholds;usar media opacities: the
presence of cataract causes a general diffuse loss of sensitivity in visuaCfiefdgnd Budenz,
1998, Smith et al.,, 1997). Some causes of variability are more controllable and more
quantifiable than others, but not all variability can be explained by thesesfgBlumenthal et
al., 2003). Extensive discussion about variability in perimetry is giveawlere (Henson, 2000,
Lachenmayr and Vivell, 1993, Spry et al., 2002).
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Figure 1-12. Retest limits of SAP tests using SITA standard algorithm (Artes et al.0@2). Thin
vertical lines indicate the 90% retest intervals (5th and 95th percentiles of retest valuesjertical
bars indicate the interquartile ranges. The 90% retest limits of the full threshold strategy (solid

lines) are shown for comparison.

Measurement variability for SAP can be estimated by so-called test-raidstsstwhere
repeated tests are taken within a short period of time, under the assumption tretrayeythat
occurs between them cannot be due to the disease process itself. Figure 1-12 reproduces the test-
retest limits of SAP tests using the SITA standard algorithm (Artek,e2002). In this figure
the retest sensitivity is plotted against the baseline sensitivitgvienry test location and for
every patient in the sample studied. This type of plot is a useful graphical desofiphe
variability: if there were no measurement variability, then the graph would sigipdy a
diagonal line of unity with no spread on either side of the line. Notealdmmingly large
variability between the 5th and ®ercentiles of the retest limits. For instance, in Figure 1-12,
if the sensitivity is estimated to be 15dB in a baseline test, a repeatedateststimate the
sensitivity to be almost anywhere across the whole range of the measuremeuotzéviorisual
field test variability increases when the sensitivity decreases. IneFigli2, distance between
5% and 95% retest limits is narrower when the baseline sensitivity iasre@hkis is also
reported in previous studies (Heijl et al., 1989, Henson et al., 2000, Artes et al., 28DI0&, &.,
1991). For example, Henson et al (Henson et al., 2000) indicated that this relpthtsigen
sensitivity and  variability can be described by a log-linear  model:
In(variability) =-0.081 sensitivity 3.27, where sensitivity is between 10dB and 39dB
(Henson et al., 2000).
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Variability of retinal structure measurement depends on the imaging technique used. Fo
example, variability of measurements from the OCT may be caused by optical medig opac
(Velthoven et al., 2006), fixation stability (Campbell et al., 2007), placewfestan circle
(Gabriele et al., 2008), stages of disease (Budenz et al., 2005), operatqvib&ih and
Greenfield, 2003), pupil dilation (Paunescu et al., 2004), magnificatioal (ergth of eye and
refractive error) (Wang et al., 2007), and post processing method (Patel 808).HD et al.,
2009). As with SAP, variability of retinal structure measurement can be &chloya collecting
multiple measurements in a short period of time. The results from such a studyasse $sed

by using, for example, the test-retest variability (two times standardtidev (SD)). Typical
variability in RNFLT measured by StratusOCT using RNFLT (3.4) protocol has been evaluated
(Budenz et al., 2005). Three repeated measurements were taken in this stueytebest
variability in total RNFLT ranged from 3.5um to 4.7um in healthy eyes and 5t2p#6um in
glaucomatous eyes. Moreover, it was reported that measurements from RNFLT (3.4) has
consistently less variability than those made with Fast RNFLT (3.4) (Bwdaiz 2005). This

may be caused by the lower sample rate in Fast RNFLT (3.4).

In particular, scan circle displacement was suggested to be a source of vwariabilite
measurement taken with circular scan protocols in TD-OCT and SD-OCT, and this was
confirmed by other studies (Gabriele et al., 2008). This will be further destusschapter 2.
Moreover, post processing methods also impact on the quality of measurement takeh. by OC
For instance, the OCT can be quite misleading if the segmentation algorithriws daéntify

the tissue layers correctly (Patel et al., 2009). Even if SD-OCT demonstesistbchnical
specification (Kim et al., 2009, Forooghian et al., 2008), the technology ridyesimited by

the segmentation method employed to delineate the important retinal layers and clinically
relevant features. Indeed, it has been reported that better segmentation rasthoelsded to
improve the measurement from SD-OCT (Ho et al., 2009). This formsaimetapic of chapter

3.

Variability of retinal structure and visual function measurements ineyitamroduces
uncertainty to the diagnosis and follow-up of the defect caused by glaucoma. Teherefor
reduction of variability, or quantification of this variability, is a cahtask of the post-analysis

of these measurements and is the motivation for much of the work in this thesis.

1.3.2 Structure-function relationship

It is assumed that visual function loss should follow from, and correlatstrtastural loss
caused by glaucoma (Garway-Heath et al., 2002, Bartz-Schmidt et al., 1999, &vab, 1990,
Jonas and Grundler, 1997, Garway-Heath et al., 2000, Johnson et al., 2003, Capriolieand Mi
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1988). It would therefore be clinically useful to know the magnitude anddacat structural
loss that will result in visually important functional loss. Moreover, sesirof variability in
structural and functional measuremeants different, so correlating and combining them should

help to reduce the overall variability.

There has been no lack of interest in the relationship between structure and fimd¢ktien
glaucomatous process. This was, in part, precipitated by the initial epokted by Quigley et
al (Quigley et al., 1982). The exhaustive scientific debate that has ensued on ttevéglitje
discussed in chapter 4. In order to establish a relationship between functional measure
currently availablen-vivo measures of retinal and ONH structure, it is essential to first isktabl
a proper topographic relationship between them. That is to establish a relatletsrépn the
locations tested in clinical perimetry and the corresponding areas of RNFL MNiHd tBus
providing a plausible way of combining the measurements to provide bettealiiriormation.
This is the subject of much of the work in this thesis (chapters 4-6).

Figure 1-13. A 24-2 test pattern superimposed on a RNFL photograph. Each niber indicates the
angle (in degrees) at which the corresponding nerve fibre bundle enters the optic nerve head (ONH).
The temporal (9-0’clock position, right eye) is designated 0°, and degrees are counted in a clockwise
direction (Garway-Heath et al., 2000).

An important step in identifying the topographic relationship between glaucomatou$oBGC
damage to the RNFL and NRR and visual field damage was first reported by Gaeaidyetl

al (Garway-Heath et al., 2000). In this study, a grid of the 24-2 VF tegtripavas
superimposed on RNFL photographs (Figure 1-13). The relationship between a visual field test
point and the ONH was determined by identifying points adjacent to the edge of a REEL def

or prominent bundle and manually tracing the defect or bundle back to the ONidp Avas
established to correlate the points in SAP test and the corresponding anghécshahe nerve

fibre bundles enter the ONH (Figure 1-13). The structure-function relationship fromuthsst
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generally referred as an 'anatomical' map, because the relationship wasl desing the
anatomical defect observed in RNFL photographs instead of any surrogate ineagimigue.
This map will be used as a benchmark to evaluate the structure-function relatiowstdp

derived in chapter 4.

In Figure 1-14, the anatomical map divides the ONH into 6 sectors, each of whiched telat
corresponding region in the visual field. This division is fundamental to many wbent

studies about structure-function relationship that will be reviewed in detall itectap

Figure 1-14. Division of (a) visual field and (b) optic nerve head (ONH). The caltated sectors in
visual field and ONH are denoted in the same grey scale (Garway-Heath et al., 2000)

The anatomical map describes a topographic and qualitative relationship between retinal
structure and visual function. However, this structuretion relationship is in a ‘low
resolution’ format: each visual field location is only related to one desaragle on the ONH. It

is expected that, by using measurements with more information, a quantitativenséliatican

be derived in a ‘higher resolution’. For example, with the -Bg828-pixel RNFLT
measurement acquired by GDxVCC, the relationship between each visual field point and
individual RNFLT pixels can form a map at a 128-by-128 resolution for emttalvfield
location. This forms another aim of the work reported in chapter 4.

However, quantifying the structure-function relationship using the surrogate emasis is

not trivial. For instance, according to the anatomical map in Figure 1-13, the seaond ploe

first row (3° on horizontal and 21° on vertical) of 24-2 visual field should be related to the nerve
fibre bundle at 262°. To illustrate this, Figure 1-15 shows a ploséhsitivity at this visual

field location against the corresponding RNFLT (measured by GDxVCC) at 26:@° 464
healthy and glaucomatous eyes (this data is for illustration but will beiltBsén more detail

in chapter 4). The relationship between visual field sensitivity and RNFlifiis example is
clearly ambiguous, with no clear relationship about how visual function chantfesetinal
structure.
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Figure 1-15. Plot of visual field sensitivity at the second point in the firgbw (3° on horizontal and
21° on vertical) of 24-2 test pattern against the corresponding GDxVCC RNFLat 262°. The plot
includes 464 healthy and glaucomatous eyes.

Confounders abound when attempting to evaluate the structure-function relatiorstapiliy

in both structural and functional measurements may mask the true correlati@avbtorthe
structure-function relationship may change at different stages of the disBasealez-
Hernandez et al., 2009), which makes it unwise to plot the measurements with difééeent d
severities on the same graph. Furthermore, artefacts in measurement may misleacttine-str
function relationship. For instance, atypical scan in GDxVCC overestimaté8NRET and
moves the points towards the right in Figure 1-15. The floor effect ¢fLRNmeasured by
GDxVCC (Blumenthal et al., 2006) also limits the range of RNFLT measursmaétite low
end and skews the relationship in Figure 1-15. Other factors may include the pdistatent
structure-function relationship between the central and peripheral visionatchehft the
spacing of 24-2 visual field test does not accurately reflect the phyisallatjstribution of
RGCs, and the structural and functional measurements may interact as groupssahptEad
of individual points in a scatter plot. A quantitative structure-functiceticgiship may be used
to 'cross-validate' the structural and functional measurements. It may also help ify toant
agreement between the structural and functional measurements from the samarnzhédotv
clinicians to consider the two types of measurements in tandem. These topbzs didcussed

in chapter 4 and 5.
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