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Abstract

Statistical Methods for the Analysis of Visual Fied Data in Glaucoma
Stuart K Gardiner (Nottingham Trent University)

Glaucoma is a leading cause of visual disabilitytofnated static perimetry determines the minimum
contrast that a subject can perceive (called thsitbéty) at individual locations within their vigl field.
This instrumentation currently offers the mostable strategy for the clinical follow-up of the eése.
The accurate detection of glaucomatous changesémies of visual field results is important in the
clinical management of a patient, and in the evainaf which treatments are most effective in stirey
progression. The slow, often equivocal rate of igieity loss, and the variability that exists bewvefield

results, makes this a difficult task.

The purpose of this thesis is to improve the staismethods used for determining true visuakfiel

defects and progression in suspected glaucomanfsatie

Pointwise linear regression models for identifyinge change in the sensitivity at a point are exaahi
By simulating visual field data, it is shown thateating frequency of three tests per year is ogtfor a
given rate of sensitivity loss. Next, the use afifaonation fields to verify suspected progressisn i
examined, and the comparative specificity and seitgiof different confirmation techniques assefse

novel technique where the penultimate field is tediis found to be the most specific.

A novel spatial filter is developed, based on pée covariances between different points in te&l§ of
patients at a tertiary glaucoma clinic. The fiiefound to closely reflect the anatomical struetaf the
retinal nerve fibre layer. This filter appears ¢éduce the noise present in visual field testsyatenced
by an improved fit to pointwise linear regressifawer false positives and fewer false negativesnwhe
looking for progression. It has been programmed @omputer software used to identify progressing
defects.

The effect of applying the filter to patient dasgproposed as a measure of the amount of noisentres
This noise is modeled statistically to determire shitability of assuming that the noise is norgnall
distributed. The assumption is found to be not asweable but inaccurate; an improved model is
developed which fits the empirical data better aner a wider range of sensitivities.

These new quantitative methods, in particular g spatial filter, may prove clinically useful inet

analysis of visual function deterioration in glaon
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Outline

Chapter 1 discusses the background behind this thesistritdoces glaucoma as a severe and
irreversible cause of damage to visual functiomtipaarly prevalent in the older population. lethgoes
on to discuss the testing methods for glaucompaiticular the use of perimetry to produce a magnef
sensitivity to light of different parts of the nesi. The Full Threshold algorithm for determining th
sensitivity of each point in the visual field issg¢eibed. The amount of variability in sensitivitstienates
from perimetry is discussed, as are the reasorthifovariability. Next, different methods for

determining whether or not a field is progressirgdescribed, including pointwise linear regression

Chapter 2 describes a Virtual Eye simulation developed tidresis questions about the progression of
visual fields. The chapter starts by summarisirggrémsons for using a simulation approach to visual
fields, and discusses previously published simurati It then goes on to describe the Virtual Eye

simulation in detail, giving examples of the resuftproduces.

Chapter 3describes an experiment which uses the VirtualtBytetermine the ideal number of field
tests per year which should be carried out to dpérthe specificity and sensitivity of pointwisedar
regression. It concludes that performing threestpst year provides a significant improvement in
sensitivity when compared with using fewer testsyear; yet increasing the frequency of testingomely

this level leads to unacceptable levels of falsstjves.

Chapter 4 discusses the use of confirmation fields when msgjon is suspected. Seven different
methods for using confirmation fields are examirEtkoretical comparisons and an experiment using
the Virtual Eye both showed that for maximum sgeitif, methods introduced in this chapter which bmi

the penultimate point when carrying out the conéition test should be used.

Chapter 5describes the derivation of a new spatial filteiokiaims to reduce the noise in visual fields,
by comparing the sensitivities at each point wlith $ensitivities at points which are anatomicahated
to it in the retinal nerve fibre layer. The filisrbased on the pair-wise covariances betweensiirthe
field, as derived from a large retrospective patiatabase, which is described in detail. The sloiee

filter is found to resemble the pattern of nervestee retina.

Chapter 6 describes two methods for determining the efficafcthe filter. First, series of visual fields
from 303 eyes are examined, and it is found ttitatriing improves the fit of pointwise linear regses,
indicating a reduction in the amount of noise. Néx¢ Virtual Eye is used to simulate stable and
defective eyes. Itis found that filtering redutles proportion of false positives amongst stabksey
whilst increasing the detection rate of points Wihéce truly progressing in realistic glaucomatoefedts,
as derived from an anatomical structural map oféli@a. Further, it is found that non-glaucomatous

localised defects become less likely to be flagaggegrogressing after filtering. This indicates that

filtering significantly improves the process oftiliguishing between healthy or stable eyes and

progressing glaucomatous eyes.

Chapter 7 describes and justifies a novel way of estimathggrioise present in visual fields by
comparing the filtered sensitivity with the raw siivity at each point. Empirical estimates of tiwse at
each sensitivity level are then modelled by a Realg/pe IV distribution, and examples of the fittbé
model are given. The model is found to fit the emspl data significantly better than a normal

distribution.

Chapter 8 sums up the work in the thesis, noting the novatrioutions to the field of work; and gives

suggestions for future work.
This is an applied thesis, written primarily wittetstatistically literate researcher in visualdgein mind.

It is also to be hoped that a clinical reader sthgalin useful information from it; and further thiae

thesis provides a useful example of the applicatioa selection of applied statistical methods.
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1. Background

This chapter gives an introduction to glaucoma\dsdal fields, and the background behind the curren
work. It also sets out the aims of this study. Raokind to the more specialised work underlyingedéht
elements of the study is included in later chapidren they become relevant.

1.1 Glaucoma

Glaucoma is estimated to be the second commonese cd blindness in the world. Although there is no
universally accepted definition, it can be considieas an eye disease characterised by damage to the
optic nerve head. This can result in partial orlfags of vision from the eye in question in cemtai
directions, determined by the part of the optiozeeread which has been damaged. If untreated, the
disease will normally progress, resulting in theiam loss in affected areas worsening and/or sprgad
other areas; eventually this may result in comglede of the vision in that eye. Once vision loas h
occurred, it is irreversible; although the decloaa be slowed or even halted by appropriate tra#tine
most cases. Since adequate therapy significamyssprogression of the disease (Hitchings et ab199
Bhandari et al 1997; Koseki 1997; AGIS 2000; Womi2003), the early identification of individuals at
risk is considered important.

The commonest form of glaucoma is primary open-@gtducoma (POAG); this is when the disease is
unrelated to other underlying ocular conditions] tre aqueous drainage route is not closed by some
known other normal or pathological structure. Feagly, glaucoma is associated with a higher than
normal pressure inside the eyeball (the intraoquiassure or IOP) (Coleman 1999; Henson 2000, p.92)
in which case the lowering of IOP, by either incieg the rate of outflow from the eye or reducing t

rate of production, is an important clinical tobjwever there is a subset of patients whose 0P is
considered normal, known as Normal Tension GlaucT45) patients. Patients whose IOP is abnormal
but who do not, as yet, show other symptoms of@lena are described as having Ocular Hypertension
(OHT), and are considered as glaucoma suspectaltR&®sm recent clinical trials have confirmed the
long-held belief that reducing IOP reduces the oiglaucoma developing and progressing (Kass et al
2002; Heijl et al 2002; Wormald 2003).

Glaucoma initially results in partial or full los$ vision in small areas of the visual field. Theseas
(called localised defects) follow the shape ofrikeves along the retina (the retinal nerve fibyeiaor
RNFL) which conduct messages from the light seresitells (called rods and cones) spread across the
retina into the optic nerve, and hence to the bitaiffigure 1.1, the optic nerve enters the retimeards
the left of the picture; at this point (and onlytlsis point) there are no light-sensitive cellgjsiag the
phenomenon known as the physiological blind sphis Bccurs just above the horizontal meridian,
approximately 10 to 15 degrees from the centre tdsvthe nose; resulting in a blind spot in vision a

similar distance temporal of the centre just belbesmeridian. The nerves in the RNFL then spread ou
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from the optic nerve head in an arcuate pattersgas in the photograph; the nerve fibres (whigieap
as light grey lines on the darker background) leaeeoptic nerve head in all directions, but temtéénd
to the right as they get further away, eventuadigding back towards the horizontal meridian towénds
right hand side of the photograph. Therefore agimatous localised defect will normally also follaw

arcuate pattern mimicking the shape of the RNFL.

Figure 1.1: A photograph of the retina of a heatig.

The literature on the underlying mechanisms of gbava is both extensive and subject to ongoing
discussion; some papers have failed to find sigaifi correlation between IOP and loss of visuattion
(Holmin & Krakau 1982; O'Brien et al 1991; Chauh@arbrance 1992). Since this discussion is
tangential to the work described in this documiersthall not be considered in detail; a comprehensi

review is given by Hayreh (1994).

Prevalence is higher amongst people of Afro-Cardibbarigin and other black populations (Tielschlet a
1991; Leske et al 1994; Buhrmann et al 2000). Whie population, the prevalence of glaucomatous
visual field defects has been reported to be 1\A4lfs et al 2000). Family history of the disease is
amongst the other risk factors associated witmereased susceptibility to POAG (Leske 1983; Tlelsc
et al 1994; Wolfs et al 1998). Work on identifyiggne loci associated with an increased risk of
glaucoma is continuing (Stoilova et al 1996; Stehal 1997; Wirtz et al 1997; Trifan et al 1998;
Sarfarazi et al 1998; Wirtz et al 1999; Aung e2@02a; Aung et al 2002b; Pang et al 2002; Aung et a
2003).

Coffey et al (1993) suggested that at the timéefstudy there were approximately 250,000 known
sufferers in the UK alone, with probably an equahber of undiagnosed cases; since glaucoma is an
age-related condition, this number would be exgktdeise in line with the country's aging poputati

It has been estimated that approximately 5.2 milheople worldwide are bilaterally blind from
glaucoma, representing 15% of the total numbetinéiipeople (Thylefors & Negrel 1994). Although
exact definitions of POAG differ from one studyatoother (most importantly the cut-off point at whic
the eye is said to be either normal or diseasbd)ptevalence of POAG has been estimated to badrou
2% of the middle-aged and old-aged population (€oét al 1993; Tielsch et al 1991; Klien et al 1992

-12 -



This has been reported to range from 0.9% for stbfeom 43 to 54 years of age, up to 4.7% forquas
aged 75 or over (Klein et al 1992). Whilst glaucdmaa a lower prevalence than cataract, the fatittha
is irreversible (unlike cataracts which can be reetbwith surgery) contributes to its economic barde

being of the same magnitude (Guzman et al 1992).

A thorough review of the definition of glaucoma andthods its treatment, and their side-effects, is
given by Coleman (1999).

1.2 Visual Fields and Perimetry

The visual field is defined as being the area franich light can enter the eye and reach the retines
stimulating the light-sensitive cells on the ret{palled rods and cones) into sending messagégto t
brain (Tate & Lynn 1977; Werner 1991; Henson 2Q0@). The ganglion cells in the inner retina praces
the signals from these rods and cones prior tyiregethem to the brain via their axons, which pass
across the inner layer of the retina and exit gfee\éa the optic nerve head. For a bright stimullie,
normal extent of the visual field is 60! up, 75do, 100! temporal and 60! nasal from the line aftsi
(Henson 2000, p.2). The visual field is said talemaged if the patient has reduced or non-existent
vision in a certain direction with the eye in quest that is, if the patient looks directly at agn point
with that eye (called the point of fixation), thejll not be able to see an object presented intarot
direction. The centre of the retina in a healthg bgs a higher concentration of ganglions tharsarea
further away from fixation, and so the resolutienyipically better there.

Traditionally, the visual field has been measurggérimetry (Lachenmayr & Vivell 1993). This is a
technique which measures the light-difference sieitgiacross the visual field. To do this, a visua
stimulus is presented at one or more points, aagétient indicates whether or not the stimulushiesn
seen. Naturally, this must be carried out for oyeea a time (with the other eye being coveredasetl),

with the patient looking directly forward at a ptetermined point of fixation.

Recently, new technology has enabled imaging tectasi to be developed, whereby the retina is
“photographed' so that damage can be looked foaardssed. While this is a promising (and verydjroa
area of research, perimetry is still far more wjtead. Further, the relationship between structural
damage (as shown by imaging techniques) and furaltitamage (as evidenced by perimetry) is far from
straightforward (Shareef et al 2002); the two typetesting do not necessarily produce diagnoses
concurrently. It is possible that in the futureaigimg techniques will overtake perimetry and bectimee
accepted diagnostic tool for glaucoma; howevet, tthe has not yet come, and so perimetric research
still as relevant now as at any time in the pass $till the only way of determining what a patiean

actually see, and so addressing such importarggsssi quality-of-life and fithess-to-drive.

Several different types of perimetry have been u€eiginally, manual perimeters were used. Manual
static perimetry was considered to be a highlyifeesand exact, but very time-consuming, technjque

and so was mainly used in research rather thamsodlinical settings (Haley 1997, p.1-4). It recpal
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the full attention of either a doctor or well-trathand experienced technician. Since the advent of
computers, automated perimetry has become availapl®llowing set rules and algorithms,
standardised repeatable testing can be carriedbase tests do not have to be administered by a
specialised technician. Further, visual stimuli naw be presented in random order, with their domat
and intensity strictly controlled. These advantaugeee led to automated perimetry becoming the

accepted tool in a clinical setting.

Most automated perimeters are based on white-otewplrimetry; that is, the patient looks at a white
screen (actually normally a bowl) with one eye &tre, fixating on a point in the centre, and théite
visual stimuli of varying brightness are preserdedet points in the screen, designed to ascettain
patient's visual sensitivity at the correspondimgnp in their visual field. Alternative development
include blue-on-yellow perimetry (where blue stiirare presented on a yellow screen) and kinetic
perimetry (where the stimuli are in motion), bugyhare less widespread. Short-Wavelength Automated
Perimetry (SWAP), based on blue-on-yellow perimetigs been of much interest recently, even though
it has been shown to have a higher variability twaite-on-white perimetry (Sample et al 1993; Wéld

al 1995; Kwon et al 1998; Wild et al 1998). Freque®oubling (FDT) Perimetry is designed primarily
for the screening of possible glaucoma patientsr(gon & Samuels 1997). This study will be concerned
solely with white-on-white perimetry; comprehensiegiews of the principles of perimetry, and the
different instruments used, are given by Lachenngayivell (1993) and Henson (2000, p.23-49).

The most widely used automated perimeters in biatical (especially in secondary or tertiary caaejl
research settings are the Octopus perimeter (kagrAG, Schlieren-Zurich, Switzerland) and the
Humphrey Field Analyzer (or HFA) (Carl Zeiss MediteG, Germany). This study is based on results
from the HFA, which is the more commonly used imstent in the UK. The methods developed could
easily be transferred to data from other typesevihpeter if desired. For full information on the AFsee
Haley (1987) or Werner (1991, p.67-89). Each stimwan be presented at varying brightness, fro@ 0.0
to 10,000 apostilbs luminance; the lowest brighgnelich can be seen at the point in question isvkno
as the sensitivity threshold of that point, repdrv@ a decibel (dB) scale which is based on the log
luminance. If the stimulus intensity is measuretlamberts (where one Lambert = 10,000 apostilbs),
then 1dB = 10 * log (1/L). A sensitivity of 30-40dB considered as normal (depending on, for example
the age of the patient); a sensitivity of 0dB metias the patient could not detect the brightestidus
presented by the machine at that point. It hasitecbeen suggested that switching to a Lambeiesca
rather than a decibel scale could improve diagodsthniques (Garway-Heath et al 2000a), but this i

not yet proven (Racette et al 2003).

Different testing strategies have been proposelti TRreshold testing (described below) was the ciad
for many years, and is still the benchmark to whittrer strategies are compared; the data used in
Chapters 5-7 was obtained using the Full Thressiiitegy. More recently, the Swedish interactive
threshold algorithm (SITA) (Bengtsson et al 199&3 been gaining acceptance; it is designed to gigovi
sensitivity values of an equal reliability in a steo testing time. It does this by estimating iBayesian
manner the expected threshold value at each puzised on prior knowledge of the point's neighbours

and the distribution of threshold values from othatients. Whether the variability of SITA resu#sn
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fact the same as those from the Full Thresholdegiyais currently subject to much debate (Bengtsson
Heijl 1999; Shirato et al 1999; Wild et al 1999&a8na et al 2000; Artes et al 2002); whilst itdhe
hoped that the results presented in this study dvbalequally applicable to SITA data (as they wdéd
if the variability was truly the same, both in mégde and in other distributional characteristi¢sjs has
not yet been tested. SITA Fast is a similar alparitvith an even further reduced testing time, alto

with an associated higher test-retest variabiltgr{gtsson & Heijl 1998).

In the Full Threshold algorithm, the HFA measutesthreshold sensitivity at each point by a scedall
3repetitive staircase® procedure. An initial stimsllis presented slightly brighter than the pat&ent’
expected sensitivity at the point being measuradeth on neighbouring points. Every time a stimidus
seen, the patient presses a button. Each timenalss is seen, the next stimulus presented by the
machine at that point will be 4dB dimmer (i.e. 4diBher on the decibel scale for sensitivity); tisis
repeated until the stimulus is too dim to be séehis point, the intensity is increased agaiisteps of
2dB until it is seen again. This then gives the sneement of the threshold at this point. If théiahi
stimulus is not seen, the process runs in revstseuli are presented in steps 4dB brighter (4dieig
until one is seen, at which point the intensityeiduced by 2dB at a time until it is no longer visi For
example, if the sensitivity of a point was 16dBaftfs, stimuli of 16dB or below will be seen) then
typical sequence of stimuli could be 30dB, 26dBj2218dB, 14dB, 16dB, 18dB, where only the 14dB
and 16dB stimuli were seen. The strategy begirtsvige thresholding four initial points, one in each
quarter of the visual field; it subsequently moweso the other locations in the field. Some poares
thresholded twice, partly to gain an estimate efréiability and variability of the test, and also
confirm the threshold at any locations whose egtnsamore than 4dB away from the expected value
(based on neighbouring values). The stimuli fofedént points are presented in random order, rattzar

determining each threshold individually one atnaeti

The locations tested are normally determined Hyeeithe 30-2 or 24-2 patterns. The 30-2 field gives
threshold estimates of locations in a grid covetirgcentral 30E of the visual field; the locatiares6E
apart, with none falling on the horizontal or veatimeridians. This gives a total of 76 test lamadi as

shown in Figure 1.2.

Figure 1.2: The subset of points in the 30-2 fighdch comprise the 24-2 visual field. The dashezydines show the horizontal
and vertical meridians. The nose is on the rightt the large grey area towards the left shows ppecaimate position of the
physiological blind spot (note that two of the tiestations coincide with this area).
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The 24-2 field consists of the subset of the 36eations which fall within the central 24E of tigual
field, plus the two most peripheral locations (esathe nose, and hence furthest from the physazbg
blind spot caused by the optic nerve entering ¢tiea; one immediately either side of the horizbnta

meridian); giving a total of 54 test locations h@wn in Figure 1.2.

Although defects further from the centre of thédfigurther from fixation) do occur in glaucoma and
retinal disease, they are relatively rare, and Imawveh less effect on visual function (and henceoirtgmt
factors such as quality-of-life); this, coupledwihe increased variability further from fixatioA€ijl et
al 1989), and the reduced testing time requiresl Jédto the 24-2 field becoming the standard @emnée

years.

Additionally, the HFA at certain times during thest will move as if to present a stimulus (causirey
noise associated with the machine's movement)nbtipresent the stimulus; if the patient presses th
button at this point, a False Positive is recor@nhilarly, stimuli will be presented at intensgieell
above the patient's threshold at certain pointthéf patient fails to respond, a False Negativedsrded.
Thirdly, stimuli are presented at the physiologisid spot; if these are seen by the patiens, it i
evidence that they are failing to fixate properigc@ll that the patient is looking directly forwaatl the

time the test is happening; a fixation loss oceuhen their eye "wanders'). Tests with high levdls o
False Positives, False Negatives or Fixation Loasesiutomatically labelled as unreliable fieldse T
SITA algorithm (Bengtsson et al 1997) uses an rétive method for estimating the prevalence ofefals
positives based on the number of responses whinlr defore the minimum possible reaction time after

a stimulus has been presented.

Perimetry results in a grid of sensitivity values,the decibel scale as described earlier. Thigleambe
represented as a greyscale, to give a visual irsjoresf the state of the visual field; this is threoch
easier to understand and interpret, both for timécéhn and for the patient. The standard outputfthe
HFA, including the Statpac2 analysis program (Hetijal 1991a), is a printout as shown in Figure 1.3
(although it can be stored electronically as wehjch includes:

The patient's name and date of birth

Details of the test carried out (including theitegstrategy and the current date)

The grid of the raw sensitivity values

A greyscale representing the sensitivities

The numbers of False Positives, False NegativeFadion Losses

The testing time, and the total number of stimudigented

Probability maps of the total deviation (comparihg sensitivity of each point with the HFA

normal database) and pattern deviation (the sateerafithematically adjusting to take account

of a possible overall reduction in sensitivity ashe field, making localised defects more

evident)

Global indices giving a measure of whether theali$ield has a lower sensitivity than normal

globally and/or in the form of a localised defect.

The probability maps and global indices are addeti¢ output by the Statpac2 program.
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Figure 1.3: A sample printout from a Humphrey Fiafthlyser incorporating Statpac 2.
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This study considers only the actual sensitivitjuea and the accompanying greyscale. Two examples
are given in Figure 1.4, along with the key showliogv the sensitivity values are converted into the

greyscale.

Figure 1.4: Two sample visual fields, from a HFAeTtop field is from a healthy left eye; the bottfield shows a right eye with

an advanced defect. The grid on the left in eask shows the raw sensitivities at each point, a@ibeds; where a second number is
shown underneath the number, it is the secondhblgestimate at that point (where applicable). Réeat the bottom shows how

the greyscales are generated from the sensitivititee decibel scale (bottom row) or the equivilaminances (middle row). Note

that both of these eyes were tested using theadu2l field algorithm.

In a healthy eye, contrast sensitivity decreaseghdufrom the fixation. This results in the soledl!"hill
of vision' (Traquair 1931), whereby sensitivity deases as eccentricity increases. The height diithe
represents the sensitivity at that point; stimgliigalent to a sensitivity which would put them abahis hill
cannot be seen. Beyond the extent of the hill artpat which no stimuli can be seen, no matter baght;

this corresponds with points outside of the extétite visual field (e.g. behind the patient's head

Sensitivities in a perfectly healthy eye will stiecline over time as a result of aging. This désajow, and
would not in itself cause significant loss of visitiowever it should still be taken into accounewh
considering progression of visual fields, as inti®acl.3. This effect has been estimated as eofoss

0.1dB/year (Heijl et al 1991b).
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1.2.1 Variability in Perimetry

The major limitation of perimetry is that the thnekd estimates fluctuate, due to both measurement e
and other factors such as the nature of the psywisigal test, whereby the results depend on amiatie
response. The sensitivity of each test locationwzam physiologically and become more or less sivesi
over time. The variability between tests is comrgdaiown as long-term fluctuation, and becomes an
issue when examining a series of visual fieldseefstly when looking for evidence of progressios, a
discussed in Section 1.3 (Hutchings et al 20009o0Adroblematic is variability caused by measurement
errors; repeated measurements at the same poingdhe same test will often produce different
sensitivities. Reducing this variability, commongferred to as short-term fluctuation (Flammerlet a
1984; Lachenmayr & Vivell 1993), is a key aim ofnkan this field.

Over a short time, such as the duration of a tiestthreshold above which a stimulus will be detéds

in fact probabilistic, not deterministic. Brightsimuli merely have a higher probability of being
detected. By presenting many stimuli of the sanghbmess, known as the method of constant stimuli
(Schwartz 1999), a graph can be produced plottingutus intensity versus the percentage of
presentations seen; this is known as a frequensgeing curve (Henson 2000, p.19-21). The point on
this curve at which a stimulus has a 50% chandivfg seen provides the best estimate for the
threshold. With a steep slope, there is littleetiéhce in stimulus intensity between an always-seera
never-seen response; this indicates a low shart-lesctuation. If the slope is flatter, there isgter
variability. In a normal, healthy individual, theter-quartile range of the frequency-of-seeing ewmwll
usually be 1.5-2dB for standard automated perim@hauhan et al 1993).

Many factors contribute towards the variabilityclurding:
Learning effects: the first time (and possibly maeatient has been tested, they will respond
less well, typically causing artificially low thresld estimates (Wood et al 1987).
Fatigue: tests can frequently last for more thamirtutes per eye for the Full Threshold
algorithm. Patients may well lose concentrationirythe test, and so fail to respond to stimuli
(Hudson et al 1994; Wall et al 2001).
Alertness: similarly, concentration may be lowethi& patient is for example more tired that
usual on the day in question.
Button pushing: the patient responds to a seerukisrby pressing a button. This is open to
errors due to the button being pushed too slowlyoo fully depressed, or pushed accidentally.
Fixation losses: during the test, the patient kedgo look directly forward at a set point. Ifthe
eye wanders, the visual stimuli will be presented the wrong part of the retina. Similar effects
can be caused by the head tilting during testisgally the chin is rested on a stand to reduce
head movements, but this system is not perfect.eitew this is now thought to be unlikely to
be a major cause of variability (Henson et al 199&nson et al 1996).
Ocular media opacities: the presence of catarattses a general diffuse loss of sensitivity in
the visual field (Smith et al 1997; Chen & Bude®98).
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Some of these factors are more controllable thherst furthermore, some are more quantifiable than
others. More in depth discussions of each of these other, factors are given by Lachenmayr & \livel
(1993) and Henson (2000, p. 50-64). Not all valightan be explained by these factors; the catfise o
much of the noise is unknown (Blumenthal et al 208@me patients will produce very reliable results
with little variation over time; others will prodeasery different threshold estimates at the saniet po
during the same test, and also from one test toeékeé A point whose threshold is estimated at 26d8
day could be repeated the following day, and thienese be anywhere from 0dB to 30dB (Heijl et al
1989; Chauhan & Johnson 1999b). Figure 1.5, remexifrom Artes et al (2003), shows tHedhd 9%’
percentiles of the distribution of the sensitivdlya second test for each value of the sensitatign
initial test, showing the alarmingly large testesdtvariability of full-threshold perimetry. Thisévitably
makes identification of defects, and their follow-over time, very difficult.
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Figure 1.5: Pointwise 90% test-retest intervalsfdidirthreshold perimetry, reproduced from Artesabf2003). For each threshold
level of the initial test, the circles represeng #i and 9%' percentiles of the distribution of retest valuaséd on patient data. The

solid lines indicate the percentiles establishethfsimulations of the testing algorithm.

It is widely agreed that variability increases lzes $ensitivity of the point in question decreastsj( et al
1989; Heijl et al 1991b; Chauhan & Johnson 199%mddn et al 2000; Artes et al 2002). This mearts tha
the variability will naturally increase when a atf has a glaucomatous defect, and with age, ahd wi

eccentricity.

A more in-depth discussion of the causes of vditgltin visual fields, and methods for testingi#,given
by Spry & Johnson (2002).

1.3 Progression

As yet, there is no accepted mathematical modehiversally recognised quantitative technique for
following how glaucomatous visual fields changertime. Because of ethical considerations, no tata

available on how glaucomatous eyes would chanigétitintreated, except in special cases such as the
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subset of patients who exhibit normal tension ghaue (McNaught et al 1995), or in very early stagfes
the disease (Heijl et al 2002). It seems reasortatdesume that defects occurring in treated eyes
probably exhibit the same patterns of change a=aited eyes, although at lower rates (Spry & Jahnso
2002). However there are still few longitudinaldigs providing information about the evolution of
progressive glaucomatous visual field loss. Mikegb& Drance (1984) studied loss in 42 glaucomatous
eyes with progressive defects, over a mean follpyperiod of 8.2 years; they found that defects treca
deeper in 79% of the eyes, larger in 52% of theseged new defects occurred in 50% of the eyes.
However, this was a small study based on manuahpgty, which (as explained in Section 1.2) is less

reliable than automated perimetry.

What is known from clinical observations is thatobe is very slow, measured over several yearsirath
than weeks. This means that it is necessary tovigllatients over a period of several years to antvee

two key questions: does the eye have a glaucomadtfest, and if so is it getting worse? If the deis
worsening + called a progressing defect + thetntrerat can be applied to slow or halt this detetiora
(Hitchings et al 1995; Bhandari et al 1997; Kosstkal 1997; AGIS 2000). If the defect is stablerth
unnecessary treatment can be both painful andycosény treatments for glaucoma have associated
side-effects (Coleman 1999). Furthermore, treatrhastrecently been shown to increase the risk of
nuclear cataract (Heijl et al 2002; Leske et al200ormald 2003). Also, in clinical trials it is jmortant

to have some means of determining whether one grbgfaucomatous eyes are deteriorating faster than

another group. This raises the question of howest Hetect true change in visual fields over time.

Clinical judgment, consisting of a simple subjeetabservation of sequential visual field test ressul
(normally in greyscale form), and other informatimmthe perimeter output, is probably the typical
method for identification of progressing defectsq @ still commonly used in glaucoma clinicsslt i
quicker, since it involves no computer use; itasyeto perform; and it is highly flexible, since an
experienced clinician can take account of othetofacsuch as the appearance of the optic discotred
clinical and non-clinical factors. However, thisectivity is also the method's downfall; the sasegies

of fields can be interpreted differently by diffatgpeople, and agreement between even experienced
clinicians has been shown to be very poor (Werhal £988; Viswanathan et al 1997b; Viswanathan et
al 2003). Table 1.1, reproduced from Viswanathaal €003), shows how poor the agreement between

two experienced clinicians is, even when basednhoexaeptionally long series of sixteen fields.

Observer B
vanr | Oy | Fobay| ey | ooy
Definitely Stable 5 4 1 0
Probably Stable 4 1 2 1
Probably Progressing 0 3 1 3
Definitely Progressing| 0 1 0 1
Table 1.1: The differing clinical opinions of twapeerienced observers on the status of 27 seri&6 visual fields.

Early attempts at more formal trend analysis weldargely subjective; based on either an estinaft
the area of the field where the perimetric stimwlas seen (Smith 1972; Sponsel et al 1983; Smith
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1986), or on classification into (essentially awniy) stages based on the size and depth of tleetdday
& Allan 1989), all based on manual perimetry. Molgective analysis became possible with the advent
of repeatable automated perimetry. Initially, tremdlyses were carried out on global indices
summarizing the field. The first version of thetBe analysis package (Heijl et al 1987), develdped
the HFA, tests whether the mean deviation (i.entkean difference between the sensitivities of each
point and the age-corrected normal values for tipagets) is increasing over time, using a simphedir
regression (subject to there being enough fieldsérseries). In Statpac2 (Heijl et al 1991a), ihis
adjusted so that the first test result is discaitigdieviates substantially from the trend, tkgaaccount
of learning effects. Other global indices (suchhaspattern standard deviation) have been usedasiyni
However, clinical opinion (Hitchings 1993; Johns®93; Wild et al 1993) and research findings
(Chauhan et al 1989; Chauhan et al 1990; Katz E9%¥) suggested that following global indices over
time was insufficiently sensitive to glaucomatoass; the reduction of the data to just one measure
removes much useful information on the distributibtioss through the field, ignoring the important

spatial nature of visual field loss in progressile@ucoma.

A similar technique used is to give each visudtfeescore, giving an objective indication of tmecaunt
of glaucomatous loss. One example of this is théSAs&oring system (AGIS 1994), where the field is
given a score based on the depth and size of defeetch of three areas + the upper and lower
hemifields, and the six most nasal points, in the&Zield + as shown by the total deviation mayten
HFA printout. This results in a score from 0 to @ere a score of 20 indicates that all test sites
deeply depressed. The Collaborative Initial Glauadmreatment Study (Musch et al 1999) produces a
similar score from 0 to 20, this time based ontttial deviation probability plot provided by Statp2
(Heijl et al 1991a), described below. While thisttrique is attractive for producing objective résiibr
clinical trials such as these, it is of less ugecfmically examining a patient, since it give imalication of
the spatial profile of any defect. It also exhilzitkarge variability between tests; the AGIS inigators
found that the scores of 16% of the 756 eyes irsthay varied by four or more points when retested

after a short interval (median follow-up time oneek).

This led to the consideration of so called poinéwisethods for identifying progression. In a “pure'
pointwise method, each point in the field is exasdiseparately to determine whether the sensitatity
that point appears to be deteriorating over tinfmiclly, it is common to look for clusters of tway

more neighbouring points in expected locations &dgacent along one of the arcs which localised
glaucomatous defects follow, as described in Sedtih) which all appear to be progressing. Whilehsu
methods are not technically “pointwise' in the Uslefinition of the term, the methods for determini
which individual points are progressing are shi# same as if a pure pointwise technique was heiad;
and so these too are referred to as pointwise risthibhas been shown that such methods identify
progressive field loss which would have been maskeldoking at changes in global indices (Wild ket a
1994; Nouri-Mahdavi 1997).

One commonly used package for analysing pointwhissges in glaucomatous visual field series is the
Statpac 2 program (Heijl et al 1991). The "Glaucaimange probability analysis' evaluates the amafint

change with respect to empirical results of repgktgsts, from a population of patients with stable
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glaucomatous field loss. Two of the first threddiein the series are selected and averaged taagive
merged baseline field. The change from this basglimdecibels, is calculated and displayed foheast
location; this is to highlight locations where gensitivity has changed by more than would typjclaé
observed were the field stable, based on the tati the point in question, the initial sensitvibss
and the mean deviation of the field as a wholeedtilts in a map of symbols; for example a solahtle
at a point indicates a deterioration which wouldduend less than 5% of the time in a stable fiskl the
principle is similar to, although not identical tostatistical p-value). Additionally, the prograwveluates

change in the mean deviation of the whole fieldhi®nsame manner.

One limitation of the Statpac2 program is thatétsults are based solely on comparing the field thie

baseline field(s); intermediate tests are ignolted.really an event analysis rather than a trenalysis.

One result of this is that changes detected alwagsl to be confirmed by another test; anothertrésul
that the test is highly dependent on the accurédlyeobaseline field. Further, the normal datahaisieh

the probability values are based on is taken sdtety patients with stable, medically treated POAG;
results from patients whose circumstances arerdiffeneed to be treated with caution (Morgan et al
1991).

To use all the available data, regression analysiscessary. Here, each point is considered egaaate
time series, and a line found which predicts tHaesat each point in time, whilst minimising threoes

at the times when the sensitivity was measuredidusly, curve-fitting software has been used to
identify a best-fit model for glaucomatous sengiideterioration (McNaught et al 1995). Complex
polynomials produced the best fit, but it was sisgeg that these polynomials were in fact modeliirey
noise more than the actual deterioration. The ptiz@i power for the next test in the series was sede
much better using a simpler linear model; thatvisen the line of best fit was calculated basedrmy o
the first five sensitivity measurements, and thengensitivities at future time points estimatesioeon
this line, the linear model produced the smallestrs. Thus the investigation concluded that linear
modelling was the best (out of those tested) feerdeining progression. Linear approaches have been
used in other longitudinal visual field models (Wt al 1993; O'Brien & Schwartz 1993; Spry 2000);
and while there is no way of saying that such aehidoptimal, it has gained pre-eminence as thstmo

accepted model of those examined so far.

Pointwise Linear Regression (PLR) has been implégdeinto a computer program called Progressor
(Institute of Ophthalmology & Moorfields Eye HosglitLondon, UK). This accepts data from a
computer disc or directly from the perimeter, aattglates the relationship between threshold seitgit
and test date, displaying the degree of changei(asthtistical significance) in a grid form satlthe
important spatial relationships are not lost (Fétek al 1996); an example output is shown in FigLée

It has been shown that the use of this progranifgigntly improves the agreement between experignce
clinicians on the matter of whether a field is pesging or not (Viswanathan 1997b; Viswanathan 2003
and that the results obtained compare favouraltly thbse from the Statpac 2 program (Birch et al
1995b; McNaught et al 1996; Viswanathan et al 1997a

-23-
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Figure 1.6: Sample output from the Progressor jmgiVisual fields can be displayed individuallygireyscale form (as with the
right eye here); alternatively, colour-coded bams be displayed for each point (as with the leé legre), with the size of each bar
representing the deviation from normal sensitifdtythat point at that test, and the colour repnéiag the statistical significance of
the regression slope up to and including that feseries of bars is shown at each point, showiegieviation and significance at
that point for each test in the series up to anhiifing the currently selected field. This enalpiesgressing points to be easily
identified. Such points can also be automaticalbelled on the greyscale diagram; the exact aiferislope and significance level
are adjustable by the user.

Pointwise Linear Regression (PLR) is not univeysaticepted. In its pure form, it makes the possibly
unwarranted assumption that different locationgpss independently; it takes account of localised
defects deepening over time, but not of defectsagfing into neighbouring locations. It implicitly
assumes that test locations are independent, whiat strictly true (Hoffman et al 2003). This plem
is lessened, though not eliminated, by methods lwaick for clusters of adjacent individually
progressing points, or by methods utilising spdiitring (of which more in Chapter 5). Specificis
also sacrificed (O'Brien & Schwartz 1992); pointdl e falsely labelled as progressing even inadlst
eye because of the random nature of the noisenAthas effect is reduced when clusters of progness
points are sought, or when further confirmatoryst@se performed. It is non-contentious to say Fid&R
detects more cases of progression than globaléadguggesting that it has a higher level of seitgit
with an accompanying lower level of specificity (i#met al 1996; Katz et al 1997). Because ther®is
gold standard definition of glaucomatous field |asss currently impossible to say which has tle¢tér
discriminatory power. The choice will inevitablyryaaccording to the purpose of the testing; somesim
it is better to be conservative with diagnosestlagr times (for example when examining a patiémse

other eye already has partially or completely redudsion) any change, no matter how small, isietuc

An additional difficulty associated with using théchnique is that the amount of deterioration iregu
before a point is flagged as progressing dependseoaxact criteria used. Some studies have defined
progressive loss as any statistically significaggative slope, irrespective of gradient, which &as
p-value of below 0.001 (Smith et al 1996; Katz|et397). Other common criteria are for slopes to be
steeper than +1dB/year accompanied by a p-valseHeas either 0.05 or 0.1 (Wild et al 1997; Birttale
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1995a; Viswanathan et al 1997a; Viswanathan e9@¥&; Membrey et al 2000; Membrey et al 2001). In
the Progressor program, the criteria can be alteyatie user; the default is a slope of steeper tha
+1dBlyear with a p-value less than 0.1 for inneén{sp and a slope of steeper than +2dB/year with a
p-value less than 0.1 for edge points (points e@piriphery of the Humphrey 30-2 field, i.e. thpsénts
appearing in the 30-2 field but not in the 24-2djeStricter criteria will inevitably improve the

specificity whilst reducing the sensitivity.

There is also no universally accepted criterionhfmiv many points in the field must be flagged as
progressing in order for the eye to be said torbgnessing, or whether those points should be adfac
Nor is there any agreement on how often visuall§iesould be tested (Viswanathan 1997c; Gardiner &
Crabb 2002a), which will inevitably have an effeotthe significance levels of slopes; this question
forms the motivation for the work done in ChapteFGrther, there is disagreement over whether an
apparently progressing point must be confirmed hyrther test or tests; different criteria haverbesed

in different studies (Hitchings et al 1994; Birdhag1995a; McNaught et al 1996; Smith et al 1906z

et al 1997; Nouri-Mahdavi et al 1997; Viswanathaalel997a; Viswanathan et al 1997c; Wild et al
1997; Kamal & Hitchings 1998; Leske et al 1999;Wasathan et al 1999; Membrey et al 2000; Spry et
al 2000; Hofmann et al 2001; Membrey et al 2001stsett et al 2001; Gardiner & Crabb 2002b; Heijl et
al 2002; Kim et al 2003). This question forms thetirration for the work done in Chapter 4.

Other methods for identifying progression have heestulated. These include using neural networks,
which do not rely on the assumption of independdrete/een different points (Goldbaum et al 1994;
Spenceley et al 1994; Lietman et al 1999); mixgagwaphical and longitudinal models (Wild et al
1993); and pointwiseultivariate regression analysis with fixed effestspanel data (Nouri-Mahdavi et
al 1997). Although some of these techniques alteustier investigation, they have addressed many of
the drawbacks of the current progression algorittpotentially leading to a better understanding of
glaucoma progression. However, to date no cona@uswdence has been presented showing these
methods to be definitively better than PLR.

1.4 Aims of Study

This study aims to improve the analysis of vistgltifresults from HFA perimetry. Given a seriegext
results over time, how is it possible to distinguitter between progressing and stable eyes? In
particular, the study sets out:

To evaluate the current PLR criteria and methodekg

To suggest improvements for those criteria and ougtlogies, where possible.

To reduce the variability of threshold estimateat thmits these methodologies.

To implement resulting techniques for variabiligduction into clinically useful software.
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2. Virtual Eye Simulation

The major aim of this work is to evaluate and inyerthe current methodologies for testing visudtiie

for glaucoma. Specifically, given one or more vidiglds output from an automated perimeter, it is
sought to improve the way these results are usddtermine the presence or absence of glaucoma, and
whether or not the disease is progressing (notethisis different from trying to improve the metts

used to obtain visual fields using an automatedrer). To achieve this, it is essential to ha¥aira

reliable, unbiased testing procedure for compamieghods.

2.1 Previous Work

There is currently no widely agreed “gold standéwdcomparing procedures for testing for progressi

It is not as simple as finding the detection réteglaucomatous eyes, since there is no true fyteint
distinguishing a glaucomatous eye from a healttg; eyen a perfectly healthy eye will show a
deterioration in sensitivity over time due to agifipere are cases when a glaucomatous defect can
clearly be seen on a visual field test result, acch Figure 1.4 in the previous chapter; butdlae

many more cases where the diagnosis is less aéaespecially during the crucial early stageshef t
disease. In Figure 2.1, for example, it is veryleacwhether the eye in question (taken from a
demonstration eye provided with the Progressomsué described in Chapter 1.3) is progressing br no

over the three year time period.

Figure 2.1: Example series of greyscales. Thefields were taken on (from left to right) 24/4/a&/7/87, 9/6/88 and 11/7/89.

Given the irreversible nature of glaucomatous damtte key question is not whether or not a degect
present; more important is whether the defectagiassing (and hence requiring treatment) or reimgin
stable. Early detection of defects is keenly souggtt this relies on the same principle of looking
change. The variability described in Section 1r@elns that noise can easily be confused with
progression. Assessing series of visual fieldsdydHeads to very poor agreement between expedence
clinicians (Werner et al 1988; Viswanathan et @79 Viswanathan et al 2003), as shown in Table 1.1
hence the development of quantification methodduding PLR, as described in Section 1.3. It is¢he
PLR methods which we wish to test. So, we requérees of visual fields where the true state of eagh

is known, so that it can be determined whetheagriisis of that eye as deteriorating is due to true

progression or simply due to noise. Ideally, we lddike to base all testing on real patient data;
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The remaining contribution to the filtered valueres from the Central Point itself. It is seen that
predictors are not necessarily neighbours of th&r@ePoint (as they would be if the Gaussian ffites
being considered), but they follow the expected.ahs seen in Figure 5.1, this diagram for the Gians

filter would simply connect each Central Point waihof its immediate neighbours.

Figure 5.2: An illustration of the shape of thésiil The grey area represents the blind spot.

For example, for point 49 (the Central Point netattess bottom right in Figure 5.2), the filter isvgh by:
S4fg =0.016S,, + 0.031S,, + 0.164S,; + 0.219S,; + 0.180S,, + 0.0555,; + 0.078S;, + 0.2185,,

Furthermore, points on opposite sides of the hatalaneridian only turn out to be significant pretdis
on one occasion (not including the points beyomditind spot, to the far left in Figure 5.2). Tlisvery
promising, since the derivation of the filter atpmint took account of the relative positions ofrpdn

the visual field. The only location where a poined turn out to be a significant predictor of anpoin

the opposite side of the horizontal meridian ithatnasal step, as shown on the right hand siéégafe
5.2. This observation is interesting in itself,c&masal step defects are seen to cross the h@ilizon
meridian in clinical practice. One possible exptérais the anatomical notion that some nerve §bre
from upper and lower hemiretinas interdigitatehat temporal end of the horizontal raphe (Vrabe®196
Sakai et al 1987); alternatively, the phenomenariccbe caused by local effects from the glauconsatou
process or a testing artefact. Also, the filtedasved above always assigns a sensitivity of ietbe
point labelled in grey in Figure 5.2, which corresgs to the blind spot (10 to 15 degrees tempdrieo
fovea, just below the horizontal meridian); agé#his was not pre-determined by the method of degivi

the filtering algorithm.

Clearly, the noisier the initial (raw) visual fieisl the more obvious to the naked eye will be the
difference caused by filtering. The effects of fitter are subtle; although improvements undetdetab
when simply viewing greyscales of the data may haueh larger effects over time when a computer
analysis, such as PLR (Fitzke et al 1996) or tru@ma Change Probability (Heijl et al 1991a),sed1
However, there are cases when the benefits are Eligarre 5.3 shows a 24-2 greyscale from an eye,
taken from a textbook example (Budenz 1997), natebaving moderate to early glaucoma. There is a
scotoma superior to the nasal horizontal meridentigdly obscured by the noise present throughloeit t
field. Filtering emphasises this defect, at thees@ime as removing most of the random noise elsewvhe
in the field. In contrast, the Gaussian filter anentirely blurs out this defect. Note also thaljke the

Gaussian filter, the new filter leaves the blindtsiptact.
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