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Objectives: To determine the potential of optic nerve
head tomography [Heidelberg Retina Tomograph
(HRT)] and scanning laser polarimetry (GDx) for
identifying patients with glaucomatous visual field loss.
Design: Examinations were performed with the HRT,
GDx and Humphrey Field Analyzer (HFA). Glaucoma
was defined by the presence of a field defect. Patients
within the cross-sectional groups underwent a single
examination, whereas patients in the longitudinal
groups were examined 6 monthly, for an average of 
3.5 years.
Setting: Manchester Royal Eye Hospital, UK.
Participants: Patients with primary open angle
glaucoma (POAG) or who were at risk of developing
glaucoma.
Interventions: The diagnostic accuracies of the HRT
and GDx were compared; specificity was set at 95%.
The rate of change was determined by linear regression.
To estimate the clinical application of the instruments,
the proportion of an unselected group of patients on
whom the examinations could be performed was
calculated. Additionally, the time taken to perform and
process each examination was measured.
Main outcome measures: The ability of the
techniques to identify cases showing deterioration. The
level of agreement and applicability of the techniques.
Time taken to perform and process each examination. 

Results: From the cross-sectional group, the maximum
sensitivities of the HRT and GDx were 59% and 45%,
respectively (at 95% specificity). From the two
longitudinal cohorts, the level of agreement between
the three instruments for identification of the
development and deterioration of POAG was low. The
applicability of the techniques was 80% (HRT), 88%
(GDx) and 98% (HFA). The length of time to perform
a full examination with each instrument was 12.3, 11.8
and 28.3 minutes, respectively. Agreement of HRT and
GDx parameters between and within observers was
largely good. 
Conclusions: There is poor agreement for detection
of glaucoma between the HFA, HRT and GDx. The
techniques are amenable to use in the clinical
environment, but no single examination has sufficient
diagnostic precision to be used in isolation; also, 
the imaging techniques were not universally 
applicable. Neither the HRT nor GDx should be
viewed as a replacement for visual field 
examination. Further research is needed into why 
most patients within the longitudinal arms of the 
study showed very little deterioration and into
determining aspects of the structure versus 
function relationship in glaucoma that may explain 
why any one technique fails to detect a proportion 
of cases.
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Executive summary

Objectives
The objectives of this study were:

� To compare the diagnostic accuracy of optic
nerve head tomography [Heidelberg Retina
Tomograph (HRT)] and scanning laser
polarimetry (GDx) for identifying patients with
glaucomatous visual field loss.

� To investigate the applicability of the
instruments in an unselected population of
hospital patients.

� To measure the length of time required for a
full examination.

� To calculate between- and within-observer
variability in HRT and GDx measurements.

Design
Examinations were performed with the HRT, 
GDx and Humphrey Field Analyzer (HFA).
Glaucoma was defined by the presence of a field
defect. Patients within the cross-sectional groups
underwent a single examination, whereas patients
in the longitudinal groups were examined 
6 monthly, for an average of 3.5 years.

Setting
The study was carried out by the University of
Manchester at Manchester Royal Eye Hospital.

Participants
Cross-sectional groups:

� 98 normal controls
� 152 patients with primary open angle glaucoma

(POAG).

Longitudinal groups:

� 240 patients at risk of developing glaucoma
(either due to high intraocular pressure, and/or
a fellow eye with POAG)

� 75 patients with POAG.

Main outcome measures
For the cross-sectional groups, the diagnostic
accuracies of the HRT and GDx were compared;
specificity was set at 95%. The extent of agreement
was determined. In the longitudinal cohorts, the
rate of change was determined by linear
regression. The ability of the techniques to identify
cases showing deterioration was investigated.

To estimate the clinical application of the
instruments, the proportion of an unselected
group of patients on whom the examinations
could be performed was calculated. Additionally,
the time taken to perform and process each
examination was measured.

Results
From the cross-sectional group, the maximum
sensitivities of the HRT and GDx were 59% and
45%, respectively (at 95% specificity). From the
two longitudinal cohorts, the level of agreement
between the three instruments for identification of
the development and deterioration of POAG was
low. 

The applicability of the techniques was 80%
(HRT), 88% (GDx) and 98% (HFA). The length of
time to perform a full examination with each
instrument was 12.3, 11.8 and 28.3 minutes,
respectively.

Agreement of HRT and GDx parameters between
and within observers was largely good. 

Conclusions
There is poor agreement for detection of
glaucoma between the HFA, HRT and GDx. The
techniques are amenable to use in the clinical
environment, but no single examination has
sufficient diagnostic precision to be used in
isolation; also, the imaging techniques were not
universally applicable. Neither the HRT nor GDx
should be viewed as a replacement for visual field
examination.



x

Implications for healthcare
All cases of suspect, incipient or progressing
glaucoma cannot be detected by one form of
examination (e.g. HRT, GDx or HFA) alone. Since
agreement between the three techniques is low,
several different tests are necessary to optimise
diagnostic precision.

Further research
The following areas are recommended for further
research:

� To determine why most patients within the
longitudinal arms of the study showed very little
deterioration.

� The determination of aspects of the structure
versus function relationship in glaucoma, which
may explain why any one technique fails to
detect a proportion of cases.

Executive summary



This chapter provides a brief introduction to
glaucoma and describes the methods of

clinical assessment used in the typical NHS
glaucoma clinic. Shortcomings of these techniques
and the burden that glaucoma poses to the health
service are also discussed.

Introduction to glaucoma
There is no universally accepted definition of
glaucoma.1 It can be considered as a group of
diseases that result in progressive optic
neuropathy, with characteristic morphological
changes at the optic nerve head and associated
visual field defects (the visual field has been
defined as ‘that portion of space in which objects
are simultaneously visible to the steadily fixating
eye’2). Although raised intraocular pressure (IOP)
was traditionally used as a defining feature of
glaucoma, contemporary opinion reflects the fact
that increased IOP is by no means pathognomonic
of the condition.3

Primary open angle glaucoma (POAG) is
idiopathic, whereas secondary causes of the
condition are, inter alia, pseudoexfoliation,
pigment dispersion, trauma and
neovascularisation. POAG has the greatest
prevalence of all the glaucomas, accounting for
50–66% of cases,4 and is the condition considered
in this report.

Two clinical entities confound the diagnosis of
glaucoma. The first is cases where IOP, a major
risk factor, lies outside the normal range, but there
are no clinically detectable signs of glaucomatous
optic neuropathy – this condition is categorised as
ocular hypertension (OHT).5,6 The second is when
individuals develop glaucomatous optic
neuropathy in the absence of raised IOP. This is
known as normal tension glaucoma (NTG) and
accounts for 25–50% of cases of open angle
glaucoma.7

Glaucoma affects many aspects of visual function.
However, the two most significant are damage to
the visual field and reduction in visual acuity. In
the early stages of POAG, most patients are
asymptomatic and detection of the disease is

dependent on clinical examination of the optic
nerve head (ONH), perimetric investigation of the
visual field and measurement of IOP. Glaucoma
differs from other common causes of visual
impairment (e.g. cataract and age-related macular
degeneration) in that it has the potential to cause
complete and irreversible bilateral blindness.

Epidemiological studies have determined many
factors that are associated with an increased
prevalence of POAG. These include increased IOP,
age, race, positive family history and myopia; their
manifestation as risk factors for the development
of glaucoma has been widely documented.8,9

Epidemiology
The precise epidemiology of blindness and
glaucoma is confounded by a lack of universal
definitions and disparities between sampling
methods.

The glaucomas are a major cause of blindness in
the UK, causing 15% of registerable blindness,10,11

although this may underestimate the true
prevalence owing to under-registration.12 Many
different definitions and classifications for
glaucoma are used, making direct comparison
between studies difficult. Table 1 compares the
prevalence of open angle glaucoma from a variety
of studies.

Clinical diagnosis and
management of glaucoma
Currently, the three principal forms of
examination for patients with suspect or
diagnosed primary open angle glaucoma are
measurement of IOP, examination of the ONH
and perimetric assessment of the central visual
fields.24 However, each of these techniques has
significant limitations with regard to its ability to
detect and/or monitor the condition.

Tonometric measurement of intraocular
pressure
Within the Hospital Eye Service (HES), IOP is
usually measured with a Goldmann tonometer.25

Health Technology Assessment 2005; Vol. 9: No. 46
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However, measurement of IOP has poor
diagnostic precision. There are several
contributory factors to this shortcoming: the
proportion of patients with normal tension
glaucoma,26,27 the dependence of the
measurement on central corneal thickness28 and
the diurnal variation in IOP29 (which is enhanced
in some glaucoma patients30).

Assessment of the optic nerve head and
retinal nerve fibre layer
Within the HES, these structures are usually
examined by binocular indirect ophthalmoscopy
and a photographic record is sometimes made.
However, the diagnostic precision of examination
of the optic disc is limited by high levels of inter-
and intraobserver variability.31,32

Typical characteristics of the glaucomatous ONH
(which is often referred to by its synonym of optic
disc) include: an increase in cupping [clinically
detected as an increase in cup:disc (C:D) ratio];
notching of the neuroretinal rim; peri-papillary
atrophy (PPA); alteration to the configuration of
blood vessels at the optic disc; and optic disc
haemorrhages. Although it is widely felt that these
changes precede the onset of visual field defects,33

changes are often difficult to distinguish from the
wide range of normal cases, and perimetric
changes often precede detected morphological
change at the ONH.34,35

Despite the wide range of ONH changes described
above, there are significant limitations to their use
as diagnostic features. One of the main reasons is
the large degree of overlap between the
appearance of normal and glaucomatous discs.36

In addition, some of the alterations (e.g. changes
to the configuration of blood vessels) occur mainly
in the later stages of glaucoma, whereas others
(e.g. optic disc haemorrhages37) have poor

diagnostic precision because, although they have
high specificity, they are only detected in between
4 and 7% of eyes with glaucoma.38–40

In addition to the ONH, glaucomatous changes
are also encountered at the retinal nerve fibre
layer (RNFL). However, ophthalmoscopic
examination of the RNFL is notoriously difficult,
and only yields qualitative results. Grading scales
have been described,41,42 but are infrequently used
in the clinical setting. Photography of this
structure is possible, but is often limited by the
presence of media opacities.43

Perimetric examination of the visual field
There is a characteristic pattern of visual field loss
in glaucoma. Glaucomatous defects include: diffuse
loss;44 arcuate scotomas within the central 25°
(which classically respect the horizontal midline);
nasal step; hemifield loss; and a small remaining
central or temporal island in advanced cases.45–49

Visual field analysis in the secondary and tertiary
care sectors is commonly performed with the
Humphrey Field Analyzer (HFA), or similar
instruments. The most commonly used
examinations are the full threshold and SITA 24-2
strategies, which are lengthy (up to 30 minutes to
examine both eyes) and, like all perimetric
examinations, require an attentive patient with
good observational skills. The test is universally
disliked by patients, who find it stressful, tiring
and arduous.

The ability of perimetry to monitor glaucoma is
compromised by high levels of variability.50

Consequently, small amounts of change cannot
easily be detected. It is often necessary to repeat a
visual field examination owing to unreliable
results, with subsequent costs to both the patient
and healthcare provider.

Introduction

2

TABLE 1 Prevalence of glaucoma

Population studied No. of subjects Prevalence (%) Age (years)

Skvode, Sweden13 7,275 0.4 >40
Oxford, UK14 2,000 1.5 40–75
Framingham, USA15 2,675 2.2 52–85
Dalby, Sweden7 1,511 0.9 55–70
Nottingham, UK16 874 1.7 >49
Beaver Dam, USA17 4,926 2.1 43–84
Roscommon, Ireland18 2,186 1.9 >49
Rotterdam, The Netherlands19 3,062 1.1 >55
Sydney, Australia20 3,654 3.0 >49
Egna-Neumarkt, Italy21 4,297 1.4 >40
Mobile Glaucoma Unit, Israel22 10,037 1.0 18–95
Egna-Neumarkt, Germany23 4,927 2.0 >40



The clinical application of perimetry is limited by
both learning51–54 and fatigue effects.55,56 The
manifestation of the former is that novice patients
may require multiple examinations (≤5 tests51) to
achieve results that are of useful diagnostic value.
The latter phenomenon is more marked in the
elderly57 and those with glaucomatous field
defects,58,59 which paradoxically reflects the profile
of patients attending glaucoma clinics.

The HFA has the ability to generate indices that
are specifically designed to detect glaucomatous
visual field defects, for example, the glaucoma
hemifield test (GHT). However, although
promising sensitivity and specificity have been
reported, they are dependent on repeating the
test,60 with the aim of achieving a confirmatory
result. Yet again, there are cost implications for
both the health service and the patient of the need
to duplicate an examination.

Problems faced by the NHS
Glaucoma places an enormous burden on the
NHS: in 2001, POAG affected an estimated
356,000 people in England and Wales.61 The
chronic nature of the condition and need for life-
long treatment mean that glaucoma patients
account for between 25 and 40% of all HES
outpatient visits.

Referral and follow-up of glaucoma
patients and suspects
Currently, the majority of cases of suspect
glaucoma are detected by community
optometrists.62 Patients are then referred via their
GP to the HES. Patients are usually subsequently
managed in consultant-led clinics, although in
some regions other management systems have
been established.63

Following diagnosis, patients are typically reviewed
every 6–12 months.64 Visual field tests are
performed at least annually on most patients.
Specific patients may have more frequent
examinations if it is indicated by their clinical
condition. In addition, supplementary field tests
are often performed when a patient appears to
have shown perimetric deterioration.
Supplementary/confirmatory field tests are often
required owing to the large amount of variability
inherent in perimetry.65,66 Perimetric variability is
of particular significance in the glaucoma clinic,
since it is even higher in glaucoma patients than
normals.50 Additional indications for extra field
tests are when the patient fails to perform the test

adequately (e.g. owing to tiredness or anxiety) or
the result was spoiled by a testing artefact.

Glaucoma patients versus suspects
Clearly, all individuals who are referred to the
HES are not subsequently diagnosed with
glaucoma: some transpire to be false positive
referrals and others are diagnosed with ocular
hypertension. In both of these scenarios, the
patient may require multiple HES visits to confirm
their status. The number of hospital episodes that
these patients undergo varies widely between
hospitals and between specialists but, in many
departments, two or three field tests and clinical
assessments are standard practice.

In some situations, it is very difficult, with current
clinical techniques, to determine whether
particular patients actually do have glaucoma.
Some individuals repeatedly produce field tests
with equivocal results, whereas others have
idiosyncratic optic nerve heads that can be very
difficult to interpret. In these circumstances, the
patients are often monitored for long periods with
re-examination every 6 or 12 months, which
further compounds the workload of the glaucoma
clinic.

Increased workload with an ageing
population
The age-related prevalence of glaucoma,17,20,67

coupled with demographic changes in the UK
population (the number of people over pensionable
age is projected to increase from 11.2 million in
2006 to 11.9 million in 2011 and to 13.1 million
by 202168), mean that the already considerable
burden associated with the management of the
condition is certain to rise.

Summary
Glaucoma is a common condition that accounts
for a significant proportion of the outpatient
workload within the HES. Current methods of
clinical examination require that patients make
lengthy and repeated visits to the hospital that
may still not result in a definitive diagnosis. An
ideal component in the clinical armoury would be
an instrument that is capable of achieving rapid,
objective examination with high sensitivity and
specificity and low measurement variability. This
report summarises research performed on two
pieces of equipment, the Heidelberg Retina
Tomograph (HRT) and laser diagnostic glaucoma
scanning system (GDx), to determine their
potential to fulfil this role.
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This chapter outlines two instruments: the HRT
and GDx and discusses the potential each has

to detect and monitor glaucoma. 

Some of the ideal properties of a clinical test, that
may be useful in the glaucoma clinic, are listed
below. This report describes the investigation of
many of these variables: 

� high sensitivity and specificity 
� objective examination
� independent of operator effects
� widely applicable
� highly repeatable
� easy to use
� cheap, reliable, portable
� rapid examination with easy analysis and

interpretation of results
� non-invasive test with no need for mydriasis
� ability to compare results with baseline 
� well-established diagnostic algorithms
� good quality normative database.

HRT
The HRT (Heidelberg Engineering, Germany) is a
confocal scanning laser ophthalmoscope. The
instrument (Figure 1) uses a 670-nm diode laser
with a maximum output of 180 �W to acquire
images of the posterior segment of the eye.69,70

For the purposes of the diagnosis and monitoring
of glaucoma, the HRT is used to generate three-
dimensional topographic images of the optic
nerve head. Two models of the HRT are currently
available: the HRT I and HRT II. All research
described in this report was conducted with the
former. The latter was developed and released
while the research described in this report was
under way; it has been designed to be more ‘user
friendly’ and is considered more suited to the
clinical environment, whereas its predecessor is
more appropriate for ophthalmic research.

Specification
Rotary controls on the operation panel can be
used to select the focus setting [from +11.75DS to
–11.75DS in 0.25DS increments (DS = dioptre
sphere)], scan depth (from 0.5 to 4.0 mm in 
0.5-mm increments) and scan width (10° × 10°,

15° × 15° or 20° × 20°). Intensity and sensitivity
controls govern image brightness. Image
acquisition and capture are controlled by ‘Freeze’
and ‘Record’ buttons, respectively. The duration of
image capture is 1.6 seconds.

Following image capture, the image series, which
consists of 32 planes, comprising 256 × 256 pixels,
is stored in memory. The HRT software then
processes this information into the intensity and
topography images (as shown in Figure 2). (All
sample images in this chapter are taken from the
same eye to allow comparison to be made between
output modes.) The topography map is a colour-
coded topographic image of the optic disc: darker
colours represent prominent structures, whereas
more depressed areas are shown in lighter colours.
Multiple topographies can be combined to form a
mean topography image, from which the
stereometric parameters are subsequently taken.

Throughout the glaucoma imaging study, the
HRT software has been updated as successive
versions have become available. Analysis that has
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FIGURE 1 The Heidelberg Retina Tomograph



reviewed aspects of diagnostic precision (see
Chapters 7–9) was performed with the latest
Windows-based software (version 1.4.1.0). The
predecessors to this version were DOS-based and,
consequently, far more time consuming and
cumbersome to use. Software improvements have

been made not only to the user interface, but also
to the method of outlining the margin of the optic
disc (Figure 3) and to the software algorithm
responsible for the alignment of single images
when a mean image is composed. The latter has
been shown to reduce significantly the variability
in the mean image.71

Operation
After activation of the laser, the illuminating beam
is directed through the pupil; the operator then
adjusts the scan settings until the optimum
parameters are ascertained. Multiple scans are
taken until the user is satisfied that the optimum
scan settings have been achieved – this is attained
by a combination of personal experience and the
feedback messages that the instrument gives after
the capture of a suboptimal image. Good-quality
images are saved to the computer’s hard disk. The
issue of image quality is discussed further in the
section ‘HRT’ (p. 18).
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FIGURE 3 Method for identification of optic disc margin. (a) Beginning, (b) middle and (c) end of the process. [This figure is shown in
colour on the CD and on the website.]
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FIGURE 4 Relative positions of HRT reference plane, curved surface and contour line
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FIGURE 2 HRT images. (a) Topography image; 
(b) intensity image. [This figure is shown in colour on the CD
and on the website.]



Stereometric parameters
The stereometric parameters are calculated with
respect to two reference surfaces: the reference
plane and the curved surface (see Figure 4). All
analysis described in this report was conducted via
the default location of the reference plane (i.e.
50 �m below the retinal surface between –4° and
–10°, where 0° is the temporal location and
negative angles denote inferior locations).72 The
HRT software uses the height of the reference
plane to differentiate the cup from the
neuroretinal rim (NRR); the cup is defined as
lying below the reference plane and the NRR as
lying above. Figure 5 shows the topography map
after division by the reference plane. The curved
surface subclassifies the NRR according to whether
it is ‘ascending’ or ‘stable’.

Table 2 gives the definition of a variety of HRT
stereometric parameters;73 the instrument
computes both global and sectoral values. In
addition to features with which the clinician is
familiar (e.g. C:D ratio), an additional parameter
expresses the ‘steepness’ of the excavation of the
disc. This is quantified by the parameter cup
shape measure, which is derived from the third
central moment of the frequency distribution of
depth values within the contour line and below the
curved surface. It outputs a value between –1.0
and +1.0 (zero indicates a symmetric distribution
of excavation depth measurements).74 When
applied to the optic nerve head, a shallow cup will
give a negative value whereas a deep cup will yield
a positive value

Reproducibility and variability
High repeatability and low variability are desirable
attributes of a clinical test. HRT measurements of
the optic disc have been shown to be highly
reproducible;75–77 for example, Mikelberg and
colleagues found coefficients of reproducibility to
range from 60.6 to 99.4% for different stereometric
parameters.78 Their findings corroborate those of
other researchers that measurement variability is
greater in glaucoma patients than normal
individuals.77–79 Other sources of increased
variability in HRT measurements are
accommodation,80 incorrect alignment of the laser
beam with the optic disc81,82 and variations in the
location of the reference plane.83

Factors affecting image quality
Theoretically, the technique of confocal scanning
laser ophthalmoscopy (CSLO) is less likely to
require pupillary dilation and is less sensitive to
media opacities than other techniques of fundus
imaging.84,85 However, pupil diameter and clarity
of the crystalline lens do affect image quality. 
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FIGURE 5 HRT topography image. [This figure is shown in
colour on the CD and on the website.]

TABLE 2 Definition of HRT stereometric parameters

Parameter Definition

Disc area (mm2) Total area within contour line
Cup area (mm2) Area below reference plane
Cup:disc area ratio Cup area/disc area
Rim area (mm2) Area above reference plane
Height variation contour (mm) Height variation of retinal surface around contour line
Cup volume (mm3) Volume below reference plane
Rim volume (mm3) Volume above reference plane
Mean cup depth (mm) Mean depth inside contour
Maximum cup depth (mm) Maximum depth inside contour
Cup shape measure Measure for overall three-dimensional shape of cup
Mean RNFL thickness (mm) Mean distance along contour line between retinal surface and reference plane
RNFL cross-sectional area (mm2) Mean RNFL thickness multiplied by the length of the contour line



It has been suggested that eyes with pupil
diameter <3 mm and/or media opacities will
benefit from pupil dilation.86 Experience acquired
during the period of this study has led to the
adoption of a strategy where undilated imaging is
attempted on all eyes, since in each situation, the
exact effect on image quality of cataract
morphology, cataract density and pupil diameter
cannot easily be predicted. In cases of unclear
media, a larger pupil diameter is associated with
improved image quality.

Sensitivity and specificity
There are two fundamental conclusions from the
vast body of literature that has investigated the
diagnostic precision of the HRT parameters. First,
combinations of parameters are superior to single
measurements in separating glaucoma patients
from normal individuals87–89 – such algorithms are
discussed in the next section. Second, the
diagnostic ability of an instrument that assesses the
optic nerve head is significantly compromised by
the large amount of overlap in the appearance of
the structure in normal and glaucomatous eyes.90

There is some degree of commonality between
different research groups in the single parameters
that perform well at diagnosing glaucoma.
Features of the peri-papillary contour line,36,90,91

cup shape measure89,91,92 and cup volume90,93

have all been identified for their superior
diagnostic ability. However, various factors
confound the comparison of results from different
studies; these factors include the stage (and type)
of disease, different inclusion criteria94 and
definitions of normality and abnormality.

Diagnostic algorithms
In 1995, Mikelberg and colleagues described a
forward-stepping discriminant function analysis
(DFA), which employed a combination of
stereometric parameters to diagnose glaucoma.87

The DFA used the parameters cup shape measure,
rim volume and height variation contour. The
procedure was validated using a jack-knife
procedure in which categorisation functions were
created from the entire data set, but excluded the
case being tested. The DFA produced sensitivity
and specificity values of 87% and 78%, respectively.
Another DFA was described by Bathija and
colleagues;88 their formula used the parameters cup
shape measure, rim area, height variation contour
and RNFL thickness and yielded sensitivity and
specificity values of 78% and 88%, respectively.

One of the newer forms of data analysis available
with the HRT is the Moorfields Regression Analysis

(MRA) described by Wollstein and colleagues in
1998.95 They showed sensitivity and specificity of
96% and 84%, respectively, from the linear
relationship of optic disc area and the logarithm of
NRR area. MRA performs the analysis for both
global and sectoral values and compares its results
with a data set of 80 normals. Three diagnostic
classifications are given: ‘within normal limits’
(results lie within the 95% prediction interval of
normal); ‘borderline’ (between 95 and 99.9%); and
‘outside normal limits’ (beyond 99.9%).

Subsequent research that has investigated these
diagnostic algorithms has always yielded lower
diagnostic precision than the original research. This
apparent disparity in diagnostic precision is most
likely due to variations in test populations.36,96,97

The outcome of the application of the three
diagnostic algorithms described in this section to
our study population is described in Chapter 7.

Longitudinal research
Longitudinal follow-up (3.0 ± 1.5 years) of
glaucoma patients has shown that scanning laser
tomography is able to detect progression prior to
perimetric change.98 A significant loss of rim area
and an increase of both cup area and cup volume
were detected in eyes that had undergone clinical
progression. If the HRT is to be used for
longitudinal follow-up, compensation must be
made for variability both during image capture
and in the placement of the peri-papillary contour
line. Tan and Hitchings proposed a method of
exploiting this shortcoming, by measuring the
extent of variability, over time, of a control
group.99 Patients within their glaucoma group who
showed variability outside these limits were
considered to have undergone structural change of
the optic nerve head. A positive result in two
sequential tests had a sensitivity of 90% and
specificity of 97.2%.

Kamal and colleagues reviewed two sets of images
spaced 16–21 months apart from patients with
ocular hypertension who were considered at risk of
developing glaucoma.93 They found that 62% of
eyes that had undergone perimetric conversion
showed glaucomatous change prior to confirmed
visual field defects. In the group of eyes with
ocular hypertension, 29% showed glaucomatous
changes in global and segmental parameters that
were outside the expected amount of variability.
This study highlights the potential use of the HRT
in identifying those at risk of conversion. A
criticism of the methodology is that normal
variability over the research period was established
by the examination of only 21 normal eyes (with
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pathological change defined as a difference lying
outside the 95% confidence limit).

Chauhan and colleagues proposed a method of
serial analysis of height measurements from
topographic images, using variability estimates 
for ‘superpixels’, each comprising a square of 
4 × 4 pixels.100 The method determines locations
where significant change from the baseline has
occurred and assigns probabilities to the
magnitude and temporal aspects of the change.

There is a scarcity of reports of large-scale
longitudinal studies. Research described in this
report will, therefore, make an important
contribution to the body of knowledge.

GDx
The GDx (Laser Diagnostic Technologies, USA,
now manufactured by Carl Zeiss Ltd, Oberkochen,
Germany), is a scanning laser polarimeter that is
designed to measure the peri-papillary RNFL.
The instrument (Figure 6) uses a diode laser with a
wavelength of 780 nm, whose state of polarisation
has been modulated. The GDx utilises the fact
that the RNFL is birefringent, that is, it changes
the state of polarisation of a beam of light. A
linear relationship has been shown to exist
between retardation (amount of change in state of
polarisation) and RNFL thickness.101 However,
there is a major confounding factor in inferring
RNFL thickness from ocular retardation. The
cornea and, to a small extent, the crystalline lens
are also birefringent. The GDx assumes that the
birefringent properties of the cornea are the same
for all patients and, therefore, makes uniform
compensation when generating RNFL thickness
measures. This issue is discussed in greater detail
in the section ‘Corneal polarisation’ (p. 13).

The model of the GDx that was used in this study
is no longer manufactured; the reason is that
significant changes to both the hardware and
software have been necessary to allow
individualised adjustments in corneal
compensation to be made. Our instrument cannot
be updated. The contemporary version of the
equipment was initially marketed as the GDx
Access 3000, and is now known as the GDx VCC,
so-called because it is capable of providing
variable corneal compensation.

Specification
The GDx examines an area of 15° × 15°, centred
on the optic disc, and each image consists of

256 × 256 pixels. Each pixel is measured with 20
different states of polarisation, from which the
maximum retardation value is calculated.
Instrument controls govern focus and gain, which
are adjusted prior to image capture, which takes
approximately 0.7 seconds. The GDx software has
been upgraded as new editions have become
available. Research that has investigated the
diagnostic precision of the GDx (Chapters 7, 8
and 9) was all performed with the most recent
software, version 2.0.0.9.

Operation
The instrument is aligned with the pupil centre,
using semicircles of light projected on to the
cornea. Centration of the optic disc on the viewing
screen is achieved by adjusting the position of
gaze of the contra-lateral eye with an external
fixation target. The focus and gain settings are
adjusted and the image capture button is pressed
to acquire an image. A ‘quality score’ is calculated
(maximum = 100) for each image, taking into
account intensity, centration, evenness of
illumination, lack of vignetting and contrast, and
also two other parameters that examine the
relative thickness of a combination of quadrants.
The operator is given feedback as to whether the
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FIGURE 6 The GDx [This figure is shown in colour on the CD
and on the website.]



image has ‘passed’ or ‘failed’. Pupil dilation is not
required and is stated as being undesirable on
account of it potentially conflicting with the
corneal compensator.102

Graphical and numerical outputs
After processing, two main images are displayed
(Figure 7): a reflectance image of the optic nerve
head and colour-coded map of RNFL thickness;
the latter is calculated by Fourier analysis of
retardation values. Definitions of the GDx
parameters are shown in Table 3; however, this list
does not detail all of the extensive number of
parameters. New parameters have been
described103 and appear to show promising
diagnostic precision104 but, at the time of writing,
are not available with the current version of the
software.

For many of its parameters, the GDx analysis uses
ratios of values obtained from different regions of
the RNFL to reduce intrasubject variability. A
variety of the parameters utilise the mean of the

median 1500 pixels in the nasal and temporal
quadrants and the mean of the 1500 thickest
pixels in the superior and inferior zones. These
quantities have been selected to reflect the
distribution of the superior and inferior arcuate
bundles of nerve fibres. In the lateral quadrants,
the median value is considered optimal to prevent
the inclusion of any values from the RNFL
bundles and to exclude the noise associated with
the thinnest pixels.

The parameter known as the number is derived
from a two-layered back-propagation neural
network analysis (a fundamental feature of neural
networks is that they are not programmed, but are
trained by example; the system is educated by
presenting a series of data together with the
anticipated outcome; the neural network
formulates a relationship between input and
output data) of 128 parameters that include (but
are not limited to) the results that are presented to
the operator. Precise details of the experimental
group are not available, but a brief description is

Instrumentation

10
FIGURE 7 GDx output following image capture. 1, patient details; 2, intensity plot; 3, retardation plot; 4, horizontal profile; 
5, vertical profile. [This figure is shown in colour on the CD and on the website.]



available (Rennie-Cassell JR, Laser Diagnostic
Technologies, California, USA: personal
communication, 2001). One eye from 197 normal
individuals and 51 age-matched glaucoma patients
was imaged three times with the GDx and a mean
image created. A subset of subjects (130 normal
individuals and 34 glaucoma patients) was used to
train the network. Training was done until the
answers were 95% correct. The remaining subjects
were used to test the network, achieving 94%
sensitivity and 97% specificity. A limitation of this
methodology is that the final sensitivity estimate
was derived from only 17 glaucoma patients,
which may limit its generalisability.

The GDx number ranges from 0 to 100 for each
eye, where 0 indicates total normality and 100
represents advanced glaucoma. Guidelines state
that a result ≤ 30 is within normal limits and ≥ 71
is indicative of glaucoma. A score lying between 31
and 70 suggests a suspect case.105 A threshold of
27 is thought to be superior for differentiating
between normal and glaucoma,106 whereas other
research has shown 35107 and 39108 to be the
optimum threshold. The ‘number’ indicates a
probability of the diagnosis and is not a linear
scale suitable for monitoring progression. The
manufacturers stress that this parameter is
experimental and is currently under evaluation,

although it seems somewhat paradoxical that a
third-generation instrument with wide commercial
availability contains a feature that is still considered
experimental. A further limitation of this
parameter is its inability to detect localised RNFL
defects, because it was not trained to do so.109

Reproducibility and variability
Reproducibility of the GDx has not been
investigated as thoroughly as the HRT [much of
the research was performed with the Nerve Fiber
Analyzer (NFA) I and NFA II, which are the
predecessors to the GDx]. Colen and colleagues
found variable consistency, with straight
parameters appearing more robust than ratio
values.110 They found that most parameters had
good repeatability with intraclass correlation
coefficients >90%.

Factors affecting image quality
More than a 10% change in GDx parameters was
found in 20% of eyes following dilation.111 The
authors concluded that a consistent approach
should be taken for patients undergoing
longitudinal follow-up, which is in line with the
approach taken in this study. Miotics are thought
to have little effect on image quality,112 although
personal experience has found that it can be
difficult to image eyes with pupil diameters
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TABLE 3 GDx parameters

Parameter Definition

Symmetry Ratio of mean of 1500 thickest pixels in superior quadrant to mean of 1500 thickest pixels in
inferior quadrant

Superior ratio Ratio of mean of 1500 thickest pixels in superior quadrant to mean of 1500 median pixels in
temporal quadrant

Inferior ratio Ratio of mean of 1500 thickest pixels in inferior quadrant to mean of 1500 median pixels in
temporal quadrant

Superior/nasal ratio Ratio of mean of 1500 thickest pixels in superior quadrant to mean of 1500 median pixels in
the nasal quadrant

Maximum modulation Difference between the thickest and thinnest areas of RNFL
Ellipse modulation Same as maximum modulation but around the ellipse
The number Derived from neural network (see below)
Average thickness Mean thickness of all pixels outside optic nerve head
Ellipse averagea (�m) Mean thickness of RNFL beneath ellipse
Superior average (�m) Mean thickness of RNFL beneath superior portion of ellipse
Temporal average (�m) Mean thickness of RNFL beneath temporal portion of ellipse
Inferior average (�m) Mean thickness of RNFL beneath inferior portion of ellipse
Nasal average (�m) Mean thickness of RNFL beneath nasal portion of the ellipse
Superior integral (�m2) Total area of RNFL along superior portion of ellipse
Superior maximum (�m) Mean of 1500 thickest pixels in superior quadrant
Inferior maximum (�m) Mean of 1500 thickest pixels in inferior quadrant
Total integral (�m) Total area of RNFL beneath ellipse around optic disc
Superior integral (�m) Total area of RNFL beneath superior portion of ellipse around optic disc
Inferior integral (�m) Total area of RNFL beneath inferior portion of ellipse around optic disc
Nasal integral (�m) Total area of RNFL beneath nasal portion of ellipse around optic disc

a Also known as total polar average.



<1.0 mm, although this is also dependent on
media clarity. Eye movements during image
capture have been shown to cause erroneously
thick RNFL results.113 The authors recommend
deleting any images containing motion artefacts.

It is estimated that media opacities allowing visual
acuity of 6/60 or better yield adequate image
quality.109,114 However, the authors do not discuss
cataract morphology, although posterior
subcapsular cataract is particularly implicated by
other researchers.115 A recent study found that
removal of cataract resulted in greater absolute
measurements of RNFL thickness but ratio values
were unchanged. Scanning laser polarimetry (SLP)
measurements can change significantly after
cataract extraction and may necessitate the
establishment of new baseline measurements.116

Experience from using the HRT and GDx for
6 years has shown that pupil dilation is required
much less frequently for GDx examination than
HRT. The GDx seems less sensitive to media
clarity and small pupil diameter. Aspects of this
difference are discussed further in Chapter 6.

Normative database
When the Glaucoma Imaging Study began, a
novel and unique feature of the GDx was its
normative database. Subsequently, such features
have become more frequently incorporated into
other imaging devices (e.g. HRT, STRATUSOCT

optical coherence tomographer). Values from the
normative database are used to make age- and
race-specific comparisons when a patient is
examined.

Data for the GDx normative database were
collected from a multicentre study (six centres) in
the USA and Europe. Although the precise details
of the population examined are not available,
outline information of the study group is available
(Rennie-Cassell JR, Laser Diagnostic Technologies,
California, USA: personal communication, 2001).
Data were collected on a total of 400 eyes from up
to 400 persons; when both eyes from an individual
satisfied inclusion criteria, then data from both
eyes were included. Individuals ranged in age from
18 to 80 years with approximately 60 persons in
each 10-year age bracket. Briefly, inclusion criteria
were: refractive error <5.00DS of ametropia and
<2.00 DC 
(DC = dioptre cylinder) of astigmatism; no history
of ocular disease; no family history of ocular
hypertension or glaucoma; visual acuity of 20/40 or
better; no visual field defect with the Humphrey
24-2 full threshold programme; IOP ≤21 mmHg;

and no abnormality of the optic disc on
ophthalmoscopy. Elsewhere, it is stated that eyes
with cup to disc ratio >0.5 were also excluded.102

Each person had three images taken with the NFA
and was realigned after each measurement to
ensure independence of the readings.

These protocols raise several issues: the inclusion
of both eyes of some patients; the constraints on
refractive error when the instrument is clearly
capable of examining patients well outside this
range; and the fact that the first-generation
instrument was used to collect data for its third-
generation counterpart. Additionally, the potential
consequence of excluding patients with
physiological cupping, when these are the patients
for whom GDx results may be clinically important.
It is also stated that further data have been
collected and added to the normative database
(Rennie-Cassell JR, Laser Diagnostics
Technologies, California, USA: personal
communication, 2001) but supplementary
information is not given.

Sensitivity and specificity
Over the last 6 years, many papers have been
published concerning polarimetry; of these, the
most frequently quoted gives sensitivity and
specificity of 96% and 93%, respectively.117

Although the research was performed with the
NFA, it is included in this report since the results
are very widely quoted and the methodology is
subject to several criticisms. The experimental
group was not stratified according to the extent of
visual field loss and the results may have been
biased by the inclusion of a large number of
patients with advanced glaucoma. In addition, the
authors used a calculation method that employed
a previously described ‘squares method’.118 This
technique differs from the default GDx analysis
and does not relate directly to the currently
available GDx parameters. A further criticism of
the methodology is that the same patient group
was used for both the analysis and establishment
of the cut-off criteria; this approach overestimates
test performance.

Paczka and colleagues found sensitivity and
specificity of 62% and 96%, respectively, for the
number,119 whereas the estimates from other
research are 82% and 80%, respectively.120

Poinoosawmy and colleagues found very promising
values of 92% and 96%, but their experimental
group comprised a large number of cases with
very advanced glaucoma.108 Zangwill and
colleagues36 agreed with other researchers89 that
the number featured as one of the GDx’s optimum
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parameters and found 41% sensitivity at 90%
specificity for this parameter. Issues such as
inclusion criteria and the subsequent effects on
apparent diagnostic precision are discussed in
greater detail in the introduction to Chapter 7
(p. 47)

Of the other GDx parameters, some are
considered to be of minimal utility and may give
clinically misleading information when they are
flagged as outside normal limits.121

Corneal polarisation
The GDx compensates for corneal and lenticular
polarisation. This compensation is fixed with the
slow axis of corneal birefringence 15° nasally
downward and a magnitude of 60 nm.122 The
magnitude and direction of polarisation have been
confirmed experimentally, but the measurements
have a wide range of inter- and intraindividual
variability.123 Improved diagnostic accuracy has
been shown when the corneal compensation is
individualised.124–128

The most contemporary version of the GDx, the
GDx VCC, is capable of customising the
magnitude and direction of the corneal
compensation for each patient. This adjustment is
achieved by the capture of an image from the
macular region at the baseline examination.
Lenticular polarisation is rarely discussed in the
literature, although it has been suggested that the
birefringence of lens proteins may affect SLP
results.129 However, with the GDx VCC, the origin
of the polarisation is probably immaterial, since
the instrument adjusts RNFL measurements for
overall anterior segment birefringence.

Since all data presented in this report were
collected with the original GDx, prior to the
development of the GDx VCC, there may well be
some disparities between our results and those
obtained with the GDx VCC. Unfortunately, it is
not possible to quantify this effect. However, it is
likely that some parameters will be more

susceptible than others. It has been proposed that
the number is reasonably robust; this is likely to be
because the parameter expresses a statistical
likelihood rather than giving a direct
measurement of RNFL characteristics. Similarly,
GDx ratio parameters should be relatively
unaffected since, owing to the nature of the
reading, they will be less susceptible to anomalous
values of corneal polarisation.

Longitudinal research
Agreement between GDx measurements and visual
field results in patients who were reviewed over
2 years has been already been reported.130

However, the study was limited by the short period
of follow-up and the lack of criteria for
establishing progression.

Researchers from Moorfields showed alteration in
GDx results in patients with normal tension
glaucoma who were also reviewed over a period of
2 years.131 During their study, they observed
differences in the rate of RNFL loss between
glaucoma patients and normal individuals; 
global RNFL thickness showed the greatest loss,
compared with sectoral values.

As is the case with the HRT literature, there is a
definite lack of major large-scale longitudinal GDx
studies. The aim of the glaucoma imaging study is
to address this issue.

Summary
The HRT and GDx both have the potential to be
useful tools in the glaucoma clinic. They each
provide rapid, objective and repeatable
examination and previous research indicates that
they have reasonable diagnostic precision for
detecting glaucoma. 

This report investigates the possible role of the
instruments in long-term monitoring of glaucoma
patients and suspects.
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Within Manchester Royal Eye Hospital (MREH),
the study described in this report became

known as the ‘Glaucoma Imaging Study’. This
chapter describes many aspects of the day-to-day
running of the study, the groups of patients
examined, methods of examination, staffing of the
study and problems encountered during the
research. Results are also given for the number of
subjects in each experimental group and the length
of follow-up of patients under longitudinal review.

Introduction
The glaucoma imaging study has been run by the
University of Manchester at MREH; the latter is
the largest provincial eye hospital in the UK. Data
collection for the study commenced on 28 May
1998 and continued until January 2004. The data
collection period was extended beyond that
originally planned to compensate for data loss [see
the section ‘Data loss’ (p. 24)] that occurred
during the early stages of the project. An
application for a 1-year extension was submitted in
August 2002 and subsequently granted.

The study was granted approval by the
Manchester Health Authority Research Ethics
Committee (Central) – reference CM/97/182. An
amendment to this was later sought to allow a
subgroup of patients to undergo photography of
the retinal nerve fibre layer.

Within the study, two groups were studied cross-
sectionally:

� a group with a clinical diagnosis of glaucoma
� a normal control group;

and two groups longitudinally:

� a group clinically diagnosed as high risk
� a group clinically diagnosed with glaucoma.

Further details of the recruitment and assessment
of these patients are given in subsequent sections.

Evolving concepts and definitions
A fundamental problem with long-term research is
that technology, views, opinions and definitions

may well change whilst the study is under way. The
original concept of this study was to categorise
patients as ‘glaucomatous’ or ‘normal’ on the basis
of the appearance of their ONH and/or visual
field status. The definitions used were in
accordance with a committee of ophthalmologists
specifically convened for the purpose of
developing such criteria by Dr P Sample,
Glaucoma Center and Research Laboratories,
University of California, San Diego, CA, USA 
(Dr Sample is a well-established expert in 
this field).

However, subsequently, an important issue arose: if
the sensitivity and specificity of a device are to be
investigated, then features of the structure that
they measure should not be used as diagnostic
criteria, in case sensitivity estimates be artificially
elevated. The consequence of this concept for the
glaucoma imaging study is that ONH and RNFL
characteristics should not be used to categorise
patients as normal or abnormal. This issue has
been described in the literature94 and, latterly, has
become widely accepted.

The study adopted the strategy of categorising
patients solely on the basis of their visual field
results and not on the appearance of the ONH or
RNFL. This approach highlighted a further issue
of which visual field index to use as the classifying
criterion. The HFA generates its own indices (e.g.
the GHT), which has been shown to have very
good diagnostic precision for glaucoma when
repeat measures are considered.60 However, the
limitation of the GHT is that it provides a
categorical output: within normal limits,
borderline or outside normal limits. Although this
may be useful for a clinical classification of
patients, it is less appropriate for research, which
would benefit from a quantitative output. The
other HFA indices [e.g. mean deviation (MD),
pattern standard deviation (PSD)] are unsuitable
for monitoring subtle deterioration since,
although they quantify visual field loss, they do so
for the whole visual field. Global measures have
been shown to be insensitive to early
glaucomatous field loss, which often produces
areas of localised damage, whose presence is
diluted when values are averaged over the whole
visual field. Other systems [e.g. the method used
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by the Advanced Glaucoma Intervention Study
(AGIS)]132 have been described. These techniques
are normally based on an empirical set of rules
and are not readily applicable to very large data
sets since they require meticulous inspection of the
printouts from the HFA with documentation of the
number and location of symbols which indicate
the severity of visual field damage. To circumvent
these problems, a system of analysing perimetric
results has been written by the lead applicant [see
the section ‘Analysis of visual field data’ (p. 20)].

A further modification in scientific thinking that
occurred since the original study was designed is a
change in attitude towards visual field reliability
indices. In brief, during a visual field test, the
program performs infrequent catch trials in an
attempt to estimate patient reliability. Previously, it
was thought prudent to exclude from analysis any
visual field test that exceeded the widely used
criteria of 20% fixation losses and 33% false
positives and false negatives. (Of interest, the
scientific basis to these levels is unclear and has
not been defined within the literature.) The
reliability indices have been criticised, since
infrequent sampling makes the confidence limits
of the estimates very wide.133 Subsequent research
by Bengtsson134 has indicated that reliability
indices contribute very little to repeatability and,
therefore, this study took the view of including all
visual field test results, without considering the
number of failed catch trials.

When the Glaucoma Imaging Study was initially
designed, the experimental protocols indicated
that visual field tests should be performed with
HFA 24-2 full threshold program. At the time, this
test was considered the ‘gold standard’ of
perimetric examinations for glaucoma. However,
subsequent to the beginning of the study, third-
generation algorithms have been described, which
aim to decrease testing time whilst preserving
accuracy: the Swedish interactive threshold
algorithms (SITA)135 have become widely used in
clinical and research environments. However,
much of the work evaluating their reliability and
repeatability occurred after the planning stages of
the glaucoma imaging study.136–141 SITA were not,
therefore, used in the research described in this
report.

Patient recruitment
Within the first 2 years of the study, considerable
time was spent recruiting patients. The following
two subsections detail the method of recruitment

for hospital patients and normal control
individuals, respectively.

Hospital patients
All patients in the cross-sectional, longitudinal
high risk and longitudinal glaucoma groups were
recruited from the glaucoma and general clinics at
MREH. Two patients were enrolled from nearby
Wythenshawe Hospital, where an outreach clinic is
run by MREH. On several occasions, assistance
with recruitment was requested from all the
medical staff at MREH, which was done at the
weekly regional postgraduate meeting.

Potentially suitable patients were identified by
several methods:

1. Case notes were reviewed by the research
workers and names and addresses of likely
patients noted. All suitable patients were sent a
letter, which explained the aims and methods
of the study and invited them to participate. A
prepaid envelope was enclosed, together with
an acceptance form on which the patient could
indicate convenient days/times for study
appointments. [In order to optimise
participation from as many patients as possible,
appointments were available in the early
mornings (prior to 8.00 a.m.), late evenings (up
to 8.00 p.m.) and Sundays.]

A total of 1499 letters were sent. The positive
response rate was 32%. However, on
examination, it transpired that not all these
patients were suitable for recruitment. In some
instances, inspection of the case notes had not
disclosed that the patient was unsuitable for
inclusion (e.g. owing to high refractive error,
non-Caucasian race), so the final enrolment rate
was somewhat lower than 32%.

2. Direct referral from ophthalmologists.
Ophthalmologists at MREH occasionally made
direct referrals to the study. When patients were
recruited via this route, the enrolment rate was
much higher, at around 85%. However, this
method was not without complications. In some
cases, ophthalmologists referred patients who
they wished to discharge clinically but still
wished to undergo eye-care follow-up. Some of
these patients were not suitable for inclusion
since they did not adequately fulfil the criteria
for being ‘at risk’ of developing glaucoma on
account of their IOP being too low or the fact
that they were too young.

Normal control individuals
The original aim of the study was to examine, as
normal control individuals, the partners of
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patients attending the study. However, this
strategy yielded an insufficient number of people.
In some cases, partners were unwilling to
participate, and others who did volunteer were
themselves diagnosed with ocular pathology [see
the section ‘Normal control group’ (p. 25)].

Enormous efforts were made on behalf of the
research team to recruit normal control
individuals. Strategies included:

� Fourteen local GPs were contacted, requesting
access to their patient databases in order to
target suitable patients.

� Leaflets and posters were left in waiting rooms
of local GPs and dentists.

� Forty local optometrists were contacted,
requesting assistance with recruitment.

� The clinic manager at the optometry
department at the University of Manchester
Institute of Science and Technology (UMIST)
was contacted and asked to make appropriate
referrals (at UMIST there is a Department of
Optometry with which the University has an
excellent working relationship).

� ‘Professional patients’ (individuals who regularly
volunteer for clinics, assessments, examinations,
etc.) at UMIST were invited to participate.

� All ophthalmologists at MREH were asked to
assist with recruitment.

� All optometrists at MREH were asked to assist
with recruitment.

� Leaflets and posters were placed in all clinic
areas in MREH.

� Leaflets and posters were placed in local
churches.

� Leaflets and posters were placed in local charity
shops.

� An article about the study was placed in a local
newspaper and individuals without any eye
problems were asked to participate.

� E-mails were sent to all staff at both Manchester
University and Central Manchester and
Manchester Children’s University Hospitals
NHS Trust (of which MREH is a component).
However, this system was only partially successful
owing to regulations that restrict blanket
contacting of staff. To overcome this problem,
the research workers targeted a small number of
individuals each day from the staff directory.

Again, problems were encountered: some potential
control patients attended but had previously been
suspected of having glaucoma and viewed the
study as a way of achieving a ‘definitive’ diagnosis;
indeed, some of these patients were subsequently
diagnosed with glaucoma. In addition, a number

of patients volunteered, but actually had refractive
error that lay significantly outside the inclusion
criteria and so were not eligible for recruitment
[see the section ‘Normal control group’ (p. 25) for
further details].

Patient groups
A total of four groups of patients were recruited
and examined. Details are given in the next four
subsections.

Cross-sectional patients
The original aim of this group was to review the
use of the HRT and GDx on an unselected
population of patients attending a glaucoma
clinic. No other inclusion criteria (e.g. refractive
error, coexisting ocular pathology) were imposed
other than that the patient was aged ≥40 years, of
Caucasian origin and had no secondary cause of
glaucoma (e.g. pseudoexfoliation, pigment
dispersion). (The restriction on ethnic origins of
patients was imposed because of well-documented
racial differences in both ONH and RNFL
characteristics and the prevalence of
glaucoma.142–147) Patients were recruited into the
cross-sectional study irrespective of whether or not
they were receiving medical treatment for
glaucoma or had previously had surgical treatment.
Patients with all stages of glaucoma were invited to
participate in the study, that is, no consistent
clinical diagnostic criterion for glaucoma was used.
In order to adhere to ethical research standards,
an additional criterion was imposed: patients were
not invited to participate if their hospital notes
indicated that they had problems with
communication or memory. This is in accordance
with the tenets of the Declaration of Helsinki.148

Normal control individuals
Patients were included as normal control
individuals if they conformed to the following
criteria:
1. Inclusion criteria

(a) open angles of the anterior chamber
(b) visual acuity better than 0.5 (logMAR)
(c) spherical ametropia <5.00 DS and cylinder

<3.00 DC
(d) age ≥40 years
(e) Caucasian race
(f) no visual field defect.

2. Exclusion criteria
(a) history of intraocular surgery (except

uncomplicated cataract surgery)
(b) current or previous intraocular eye disease
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(c) ‘general reduction’ or ‘too high sensitivity’
on GHT

(d) history of systemic illness that might give
rise to visual field defect, such as previous
cerebrovascular accident.

Longitudinal high risk
1. Inclusion criteria

(a) as normal control individuals, plus
(b) untreated IOP ≥23 mmHg on two or more

occasions
(c) fellow eye with glaucomatous visual field loss.

2. Exclusion criteria
(a) As normal control individuals, plus
(b) history of intraocular surgery (except

uncomplicated cataract surgery or
uncomplicated trabeculectomy)

(c) secondary causes of raised IOP (e.g.
pseudoexfoliation, pigment dispersion,
trauma, intra-ocular inflammation)

(d) life-threatening illness.

Longitudinal glaucoma
Inclusion and exclusion criteria were as above,
except all patients had repeatable glaucomatous
visual field defects.

Data collection
The schedule of examinations for patients in the
longitudinal groups was that they were examined
twice within 1 month at baseline and, thereafter,
every 6 months. This timetable was adhered to as
strictly as possible. However, there were some
instances, such as when patients had long
distances to travel, that their appointments were
more widely spaced. Many patients were only
willing to attend for research appointments that
were scheduled to coincide with their regular
clinic visits. In these cases, postponement of
routine clinic appointments for patients whose
condition was stable frequently disrupted the
pattern of examination for the study. Details of the
length of follow-up are given in the section
‘Longitudinal high risk and longitudinal glaucoma
groups’ (p. 25).

In order to investigate suspected perimetric
deterioration further, a repeat visual field test was
made for individuals who showed a change in
category in their GHT analysis. In most cases, the
supplementary examination was performed within
1 month.

At each visit, all patients underwent the following
evaluations:

� full ocular history
� full threshold 24-2 examination with the HFA
� HRT imaging
� GDx imaging
� measurement of pupil diameter under the

lighting conditions used for HRT examination
� logMAR visual acuity
� measurement of IOP (Goldmann tonometry).

At the baseline visit, the aims, objectives and
methods of the study were thoroughly explained
to all patients. In all cases, both the patient and
researcher signed the ethics committee approved
consent form.

Preliminary examinations
At the baseline visit, corneal curvature was
measured with a manual keratometer (Bausch and
Lomb) and spectacle prescription determined
either by automated focimetry (AccuRx Lens
Analyzer, Humphrey) of a recently dispensed pair
of glasses (≤1 year old) or by auto-refraction (Ref 
R-1, Canon). For longitudinal patients, details of
refractive correction were regularly updated – the
information was taken from the results of patients’
routine sight tests. Refraction and keratometry were
repeated during follow-up if patients underwent
any form of ophthalmological intervention, such as
surgery. Knowledge of a patient’s refractive status
was necessary in order to calculate the appropriate
corrective lens for perimetry. The HRT and GDx
do not actually rely on the input of this
information: the former infers the patient’s
refraction from the scan focus setting established on
image capture and GDx measurements are
independent of ocular magnification, and so do not
require refractive data.

HRT
Scanning laser tomography of the optic nerve head
was performed with the HRT by experienced
technicians. Five images were taken of each with a 10
× 10° scan. At the operator’s discretion, a 15 × 15°
scan was used for patients with large optic discs.

The decision regarding pupillary dilation was
made at baseline and a consistent approach 
taken throughout the study. No threshold for
minimum pupil diameter was defined; pupil
dilation was indicated as a result of unsuccessful
imaging through the undilated pupil and is also
dependent on the clarity of the ocular media.
Although intraocular pathology was an exclusion
criterion for the longitudinal arms of the study,
patients with early cataract were not excluded,
owing to the high prevalence of the condition in
patients in their seventh and eighth decades.
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Imaging was performed in dim illumination with 
a vertex distance of 15 mm from the tip of the
laser head to the patient’s cornea, using a distant
light source as a fixation target. At the first visit,
prior to recording data, images were taken with
various scan setting and the latter adjusted until
the message ‘Settings of acquisition parameters
OK’ was obtained. It transpired that a proportion
of eyes exists on which this cannot be achieved; in
this instance, the operator used their judgement
to produce series of images with the optimum
appearance. In cases where feedback from
successive scans gave conflicting advice regarding
the scan depth, it was always set to the deeper
level. When contradictory feedback was given
regarding the scan focus, the user ascertained the
interval between the recommended focal powers
and used the median value for image capture.

Image capture was repeated until five high-quality
images had been captured and saved. Reasons for
rejection included poor centration, suboptimal
focus, illumination that was too high, too low or
uneven or significant eye movement. In the event
of not being able to achieve a sufficient number of
adequate images, the reason (or reasons) for this
was documented – the incidence of failed
examination, together with causative factors, are
discussed in Chapter 5.

Scan focus and depth were adjusted at each visit
(analysis is not affected by alterations of these
settings), but scan width remained constant for all
examinations.

Analysis of imaging data was performed towards
the end of the study, and was performed
independently from data collection. While analysis
was performed, the technician did not have sight
of patients’ research notes, clinical records or
diagnostic categorisation.

During analysis, the operator reviewed the five
original images and selected the best three for
composition of the mean image. Favourable
features were considered to be minimal eye
movement during image capture, even illumination
and optimum centration. On the mean image, the
inner aspect of Elschnig’s ring was identified and
a smooth peri-papillary contour line constructed.
HRT data were exported to a data file and
subsequently imported into Microsoft Excel. For
patients in the longitudinal studies, the same disc
outline was used for all examination sessions.

For each mean image, the HRT software computes
the mean standard deviation (MSD) of the height

of all the pixels. Guidelines are given as to
acceptable image quality,149 with images which
have MSD >50 �m considered unacceptable.
Therefore, this study excluded mean images that
fell outside this threshold.

GDx
SLP of the peri-papillary RNFL was performed
with the GDx, operated by experienced
technicians. Five high-quality images were
recorded on each eye with the default 15° × 15°
scan width. Imaging was performed in moderate
room illumination, which enhanced the
appearance of the corneal focussing rings.

Pupil dilation was indicated as a result of
unsuccessful imaging through the undilated pupil,
with a consistent approach being maintained
throughout the study; dilation was seldom
required, except for patients using pilocarpine.
During image capture, focus and gain settings
were adjusted to obtain optimum image quality;
alterations were made during and between
examinations. Repeated images were captured
until the operator was satisfied that five high-
quality images had been recorded. Images that
showed poor centration, illumination that was to
high, too low or uneven or eye movements during
image capture were rejected.

Analysis of imaging data was performed towards the
end of the study. Whilst analysis was performed, the
technician did not have sight of patients’ research
notes, clinical records or diagnostic categorisation.

A mean image was composed from the three best
single images. Selection was based on the
numerical ‘image quality’ results although,
occasionally, the operator over-rode these values
when the quality indicator appeared to be in error
[see the section ‘Results’ (p. 99)]. The inner aspect
of Elschnig’s ring was defined by the placement
and resizing of the preformed ellipse on the mean
image. When outlining the discs of eyes with peri-
papillary atrophy, operators over-rode this rule in
order to prevent the measurement ellipse
overlying the atrophic area; this strategy is in
accordance with established guidelines.150 GDx
data were exported to a data file and subsequently
imported into Microsoft Excel. For patients in the
longitudinal studies, the same disc outline was
used for all examination sessions.

Humphrey field analyzer
All patients underwent examination with the 24-2
full threshold programme on an HFA Model 740.
Patients were tested using the appropriate
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refractive correction (taking into account their
distance prescription and an age-appropriate near
correction for the testing distance of the HFA).
The refractive correction was inserted into the
Perimetric Trial Lens Set.151 During each
perimetric test, the patient was given rest breaks as
frequently as required, at the discretion of the
operator.

Patients requiring referral
Any patient who showed a clinically significant
deterioration in the status of their visual field,
visual acuity, clinical appearance of the ONH or
the development of a non-related pathology was
referred back to their consultant within MREH, as
were subjects who were non-compliant with their
ophthalmic medication or who were troubled by
adverse side-effects.

Analysis of visual field data
The HFA software does not incorporate adequate
facilities for the batch processing of visual field
data. Data were, therefore, exported from the HFA
to a Windows-based visual field database, Peridata
(Peridata Software, Hurth, Germany), through a
serial port connection. An early, DOS-based
version of the Peridata software package was used
to export visual field data as text files that could be
read in to Excel and/or custom software developed
for this project (later versions of the Peridata
software do not incorporate this facility). Custom

software was written in the Delphi programming
language (Borland Software). The custom software
performed the following operations:

� Flipped around the vertical meridian all left eye
data so that left and right eyes could be pooled.

� From the normal data set calculated the age
corrected threshold values for each test location.

� From the normal dataset calculated the pattern
deviation values for each test location. Pattern
deviation values are designed to reduce the
effects of overall shifts in sensitivity and to be
more sensitive to localised patterns of loss. The
seventh most sensitive test location from each
visual field record is compared with that from a
normal group to derive an offset that is then
applied to all the test points. Certain
assumptions are made in the calculation of
pattern deviations, the major one being that the
seventh most sensitive location is not affected by
any visual field loss. This assumption is valid for
early visual field defects, that is, those which do
not affect a large proportion of the test
locations.

� The MPD was calculated (excluding two test
locations which frequently fall within the blind
spot area) and a distribution of values
generated (Figure 8). From this distribution, the
95% confidence limit was derived.

� The software calculated the MPD for each of
the abnormal group and established whether
these were outside the 95% limits for the
normal group.
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The above calculations are similar to those used
within the HFA software and are widely
understood by those involved in glaucoma
research/management. The use of our own
normative database, rather than that incorporated
within the HFA, will result in some differences. 

For the calculation of sector differences, the
custom software:

� Calculated the MPD for each of the five sectors
in the superior and inferior visual fields (sectors
defined by the GHT see Figure 9).

� Derived the distribution of vertically paired
sector differences in MPDs for the normal
group (Figure 10).

� From these distributions derived the 95 and
99% limits.

� Calculated the sector differences for all eyes in
the abnormal group and established whether 
or not they fell outside the 95 and 99% 
cut-offs.

The above is based on the HFA GHT, which uses
the same sector definitions. Our calculations differ
from those used within the perimeter in that the
HFA software computes a score for each sector
based on pattern deviation probability values
rather than MPDs. When we tried to duplicate the
HFA computations we found that the distribution
of differences between vertically paired sectors was
very leptokurtic, with large numbers of normal
eyes having zero scores. The calculation of suitable
cut-offs from these distributions was compromised
by the lack of any suitable defining distributions
and the small spread of results. In comparison, the
difference in MPDs for vertical sector pairs is well
represented by the normal distribution, as shown
in Figure 10.

Health Technology Assessment 2005; Vol. 9: No. 46

21

© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

33

31

27

24

21

18

15

12

9

6

3

0
≤–4 (–4,–3] (–3,–2]  (–2,–1]

Difference in MPD (dB)

 (–1,0]  (0,1]  (1,2]  (2,3]  >3

N
o.

 o
f o

bs
er

va
tio

ns

Distribution of differences in MPD for 
a single sector pair:

y = 104 × 1 normal (x, –0.084231, 1.30427)

FIGURE 10 Distribution of differences in MPD for a visual field sector pair

FIGURE 9 GHT sectors



Problems encountered during 
the study
The Glaucoma Imaging Study overcame a variety
of problems: insufficiencies in patient recruitment,
staffing and data loss. Details are given below.

Patient recruitment
The target for the cross-sectional group was met
and exceeded early in the study. However, this
achievement was not the case for the longitudinal
high risk group. The goal of 490 patients in this
category was not achieved, because a sufficient
number of suitable patients could not be identified
and successfully recruited. The initial estimate was
that from 1100 possibly suitable patients per
annum within MREH, 50% would fail to meet
entry requirements and a further 20% would be
unwilling to participate. However, in reality, this
was not the case: our experience was that >60%
did not meet recruitment criteria and of that
group, only 32% were willing to take part [see the
section ‘Hospital patients’ (p. 16)]. A further
proportion of the remainder was not eligible for
recruitment.

At the end of the study, we were able to enter into
our analysis data from 240 longitudinal high risk
patients; this represents the total amount of data
that remained following data loss, discontinuation
of patients and so on. Further details are given in
the section ‘Data loss’ (p. 24).

The number of patients in the longitudinal
glaucoma group was 75, which exceeded the

original target of 50. The normal control group
comprised 98 individuals, which fell short of the
target of 150.  In all, 122 potential control
individuals were examined but, owing to
unsuitability, 24 were excluded.

Figure 11 shows the overall number of patients
initially recruited into the study, the final size of
the experimental groups, together with the targets
for each experimental group. The disparities
between the numbers of patients examined and
entered into the analysis are detailed in the
section ‘Characteristics of experimental groups’
(p. 24).

Staffing
Three main issues affected the staffing situation
during the study: changeover of research
technicians, changeover of administration staff
and maternity leave of the research manager. 

All technicians who performed data collection
were fully qualified optometrists or orthoptists and
each had a career background that combined both
clinical and academic experience. All had
completed an MSc in Investigative Ophthalmology
and Vision Sciences (UMIST and University of
Manchester), which covered practical and
theoretical aspects of all instruments used within
the Glaucoma Imaging Study. An adverse
consequence of using highly qualified individuals
as research workers is that they frequently wish to
move on to further their careers elsewhere.
Therefore, there was a reasonably rapid turnover
of technicians. Table 4 shows the entire team who
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have contributed to the study over the last 6 years;
clearly, all these individuals were not employed
simultaneously.

Each technician required a period of training,
during which they were not able to collect data.
This period of instruction was time consuming for
the existing staff and decreased the rate at which
patients could be examined.

Once the study was well under way, it became
apparent that the research manager’s workload of
examining patients and dealing with the
administration was impractical [for example, in
the period up to April 2000, the weekly schedule
was: examination of approximately 40 patients 
(at approximately 75 minutes per examination),
3–4 hours for patient recruitment, 1–2 hours 
filing and 6–8 hours administration (mailing
recruitment letters, dealing with appointments,
etc)]. Therefore, through additional funding and
reallocation of funds, a part-time administrator
was recruited.

The original administrative assistant, Jeanette
Allen, left after around 10 months owing to
problems with transport and availability of
parking at the hospital site. Her successor, Joanne
Bradley held the post for approximately 3 years
before leaving for a job as a research coordinator
elsewhere in the University. During summer 2003,
the administration was performed by a variety of
temporary staff in combination with the research
workers. The vacancy was filled, in August 2003,
by Katherine Dickinson, who has proved to be a
tremendous asset to the department.

The research manager took two episodes of
maternity leave (April 2000–January 2001 and
October 2002–July 2003) during the study.
Although these periods were covered by the
recruitment of additional research staff, the study

was adversely affected in that processing of data
and analysis was suspended during these times.
Subsequent to her return in April 2000, the
research manager has worked part-time, on the
basis of 2 days per week.

Technological developments
In a rapidly advancing area of clinical and
scientific knowledge, such as ophthalmic imaging,
there are bound to be technological advances
within the period of a longitudinal study. Advances
made in the hardware and software for the HRT
and GDx have been detailed in the sections ‘HRT’
(p. 5) and ‘GDx’ (p. 9), respectively.

Overall, developments incorporated in the HRT
have assisted the study: the new system for
identifying the margin of the ONH and the new
Windows-based software have greatly facilitated
our analysis. Although a successor to the HRT was
developed while the study was under way, our
equipment is still capable of capturing images and
producing data that are relevant and comparable
to those from the newer device.

Unfortunately, this situation is not the case with
the GDx: while the study was under way, our
instrument was superseded by the GDx VCC. The
latter is capable of adjusting RNFL measurements
for individual variations in anterior segment
birefringence, which significantly improves the
diagnostic precision of the technique.124–128 Our
GDx is not amenable to such modification because
the new instrument incorporates both hardware
and software developments. The fact that an
instrument cannot be upgraded is a major
disadvantage to a longitudinal study, and seriously
compromises the feasibility of such research. The
development of the new instrument is especially
disappointing, since at the outset of the study, the
GDx was not a prototype instrument but a recently
produced third-generation device with wide
commercial availability. Lack of backward
compatibility and frequent upgrading of
equipment is a major drawback in chronic
conditions such as glaucoma, where longitudinal
data over many years are required for good-quality
management.

Technological developments during the study
have caused some inconsistencies within the
report, depending on when different aspects of
the analysis were performed. An example of such
a discrepancy is shown in Chapter 11, which
reports the effects of inter- and intraobserver
variability in the placement of the peri-papillary
contour line on HRT and GDx parameters – data
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Table 4 Research staff, April 1998 to March 2004

Name Post

Prof. David Henson Lead applicant
Dr Anna Kwartz Research manager
Annemiek Coops Full-time research student
Harpreet Josan Part-time research technician
Anne Bjerre Part-time research technician
Amanda Jones Part-time research technician
Kathryn Dandy Part-time research technician
Dr Inma Pérez-Gomez Part-time research technician
Emma Gowan Part-time research technician
Derek McPhee Part-time research technician



for this part of the study were analysed fairly early
in the study, when more contemporary functions,
such as the MRA [see the ‘Diagnostic algorithms’
(p. 8)] were not yet available via the HRT software.
The MRA is reported in Chapter 7, but is not
incorporated in other chapters, where the analysis
was performed several years previously.

Data loss
The glaucoma imaging study was set back by
significant data loss, as detailed below. The losses
affected data from all the patient groups; the data
loss was in no way systematic. When data were
compared between instruments, longitudinal series
were truncated to equalise the length of follow-up
between the different techniques.

HRT
In the first 6 months of the study, data were lost
from an estimated 150 patients owing to instability
of the database. Subsequently, data were lost on all
patients examined between May and July 2000. In
November 2001, processed data for approximately
350 longitudinal patients were lost owing to
problems encountered while improvements were
being made to the HRT’s computer.

The initial back-up system for the HRT was a
series of 1-GB Jaz disks (Iomega, San Diego, CA,
USA). Unfortunately, it transpired that around
20% of these disks were faulty and their data could
not be read; consequently, archived data could not
be retrieved. In some cases, data were rescued, as
our strategy was to make two copies as back-up.
The consequence of these problems is that many
patients have incomplete data sets, with gaps in
the 6-monthly examination schedule. These
deficits are detailed in the section ‘Longitudinal
high risk and longitudinal glaucoma groups’
(p. 25).

While our analysis of longitudinal data was under
way, it became apparent that a small proportion of
patients had series of examinations where the
baseline images appeared to be from a different
eye (a different patient, rather than just reversal of
right and left eyes). Meticulous inspection of
patient files and the HRT database revealed that
there was a 3-day period in October 1998 when
the incorrect association between HRT images and
database entry had been made. This probably
occurred when the HRT database was rebuilt when
the database and all the images were transferred
to a new computer in November 2002. All data
from this time period (both longitudinal and

cross-sectional patients) were excluded from the
analysis.

GDx
On 30 July 1998, representatives from Laser
Diagnostic Technologies Inc (the manufacturers of
the GDx) visited the department. They noticed a
fundamental malfunction with the GDx: when the
instrument was moved laterally to swap between
right and left eyes, the corneal compensator unit
should rotate. In fact, this had not been occurring
and the research staff had been unaware of this
malfunction. It must be noted that the GDx does
not incorporate a feedback system to warn the
user of this type of hardware failure. Therefore, all
data collected until that time (number of subjects
= 48, number of visits = 55) were invalid and data
collection had to begin afresh. Consequently,
useful baseline data for the longitudinal subjects
had been lost and, for the cross-sectional patients,
some data collection sessions were irrevocably lost.
In all cases, attempts were made to contact
patients to arrange re-examination. However,
many individuals were not willing to attend for a
supplementary session, as they were only prepared
to make visits to the study that coincided with
their regular clinic appointments.

HFA
Data loss with the HFA has been minimal. The
only problem encountered with the instrument is
that very occasionally (e.g. once a year) it requires
the database to be rebuilt. If this function occurs
while a patient is being examined, there is a time
penalty to the process, but no data loss occurs.
While we have been reviewing our data, there
appear to be a very small number (<6) of patients
for whom no database entry appears for a certain
examination, even though the printout exists
within our notes. The possible explanations for
this finding are either (the unlikely event) of the
technician forgetting to save the result or of
instrument malfunction.

Characteristics of experimental
groups
Demographic characteristics (e.g. age, gender) of
each experimental group will be given in the
relevant chapter. This section describes the number
of patients who were suitable for inclusion, reasons
for exclusion, the amount of data that could not be
incorporated in the analysis and the overall period
of follow-up of the longitudinal patients. Clearly,
the number of subjects initially examined in each
category does not represent the number of
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individuals who were finally included in the
experimental groups. Some patients were excluded
(from the longitudinal groups) on account of the
development of ocular or systemic disease and
others owing to poor image quality or because of
insufficient data. The importance of reporting such
quantities in scientific papers has become widely
recognised and a set of protocols for disclosing this
information has been established by the Quality of
Reporting of Meta-Analyses (QUORUM)
protocols.152 On account of the specific nature of
the data from the Glaucoma Imaging Study, the
information is presented in tabular form in the
following sections, rather than in flow diagrams as
recommended.

It must be noted that patients from whom data
were lost in the early stages of the study [see the
sections ‘HRT’ and ‘GDx’ (p. 24)], where HRT
and GDx data were lost for 150 and 48 patients,
respectively, are not represented below since, after
these episodes, data collection was started anew. 

Cross-sectional group
The total number of subjects examined in the
cross-sectional group was 206, which exceeded the
initial target by 51 subjects. Tables 5 and 6 detail
the outcome of recruitment into the cross-sectional
group.

Normal control group
Although the final number of normal control
individuals entered into our analysis was 98, a
total of 122 was initially examined. Table 7 gives
reasons for exclusion of control individuals.

Longitudinal high risk and longitudinal
glaucoma groups
Characteristics of the number of visits and length
of follow-up of the longitudinal groups are
described in Table 8 and Figure 12, which represent
the actual data that was included in the analysis,
rather than the total amount of data collected.
Table 9 summarises reasons for discontinuation of
patients from both longitudinal arms. In some
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TABLE 5 Recruitment of cross-sectional patients

Outcome No. of subjects
(original n = 206)

Examined but not recruiteda 30
Could not be examined with one or more instrument(s)b 40
HRT data lostc 37
HRT data lost but has database entryd 3
Poor-quality raw HRT data 8
Poor-quality raw GDx data 6
Poor-quality raw HRT and GDx data 14
Possible misallocation of image and database entry on HRTe 2
Unable to compute HRT mean image with MSD ≤ 50 µm 5
Total remaining 61

a Reasons for patient examination not resulting in recruitment are given in Table 6.
b Reasons for unsuccessful examination are described in detail in Chapter 6.
c No HRT data exists owing to data loss or absence of back-up owing to faulty Jaz disk.
d Patients have HRT database entry but no images exist – possibly owing to errors while the database was rebuilt when the

HRT computer was upgraded.
e Data excluded because of possible misallocation of database entry and image [see the section ‘HRT’ (p. 24)].

TABLE 6 Reasons for non-recruitment of cross-sectional patients

Reason No. of subjects

Non-Caucasian race 14
Unwilling to sign consent forma 3
Recruited in error, e.g. too young, secondary glaucoma or IOP too low 9
Could not tolerate examination 4
Total 30

a Patients were concerned about the possible risks of their eye being examined with a laser or were deterred by the
statement ‘potential risks’ in the consent form.
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TABLE 7 Reasons for exclusion of normal control individuals

Reason No. of subjects
(original n = 122)

Refraction >5.00DS and/or >3.00DC 11
Diagnosed with ocular pathology 5
Repeatedly failed field testa 4
Unable to achieve good-quality images with HRT and/or GDx 3
Unable to compute HRT mean image with MSD <50 �m 1
Total remaining 98

a Patients in this category did not show a field defect typical of a specific pathology, but on account of extremely poor
fixation and attention during the test, produced spurious results.

TABLE 8 Length of follow-up of longitudinal patients

Characteristic Longitudinal high risk Longitudinal glaucoma

Number of subjects 240 75
Median length of follow-up (years) 3.41 3.51
Standard deviation, length of follow-up (years) 1.01 0.98
Minimum length of follow-up (years) 1.04 1.06
Maximum length of follow-up (years) 5.14 5.12
Median number of visits 7 7
Standard deviation, number of visits 1.91 1.99
Minimum number of visits 4 4
Maximum number of visits 13 11
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cases, sufficient data had already been collected to
allow the patient’s data to be utilised in the
analysis. In others, where ≤ 3 visits had been
made, patients were excluded from the
longitudinal analysis and their data were
subsequently used for calculation of sensitivity and
specificity (see Chapter 7).

Table 10 shows the number of HRT data sessions
that were not included in the longitudinal analysis;
comparable data for the GDx are shown in Table 11.

It must be noted that the data shown in these two
tables represent the number of examination
sessions that could not be incorporated into the
analysis, rather than the number of patients.
Additionally, data from some patients are
represented more than once in situations where
multiple examination sessions from one individual
were excluded from the analysis.

Subjects who had ≤ 3 visits were not incorporated
in the longitudinal analysis. This strategy was
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TABLE 9 Reasons for discontinuation of longitudinal patients

Reason for discontinuation Longitudinal high risk Longitudinal glaucoma

Not enough time to commit to study 1 2
Personal reasons 6 1
None given 7 1
Repeated non-attendancea 11 6
Deceased 4 1
Became too ill/frail to continueb 3 0
Moved away 8 4
Developed systemic/ocular pathologyc 8 2
Other 4 3

a Multiple attempts (by telephone and letter) were made when patients failed to attend appointments.
b Patients were still eligible for inclusion but felt they could not participate because of ill-health or frailty.
c This category included patients who had to be excluded from the study because they developed a systemic (e.g. Cushing’s

disease, cerebrovascular accident) or ocular (e.g. iritis, retinal vein occlusion) disease that precluded continued involvement
in the study.

TABLE 10 Number of HRT data sessions not included in analysisa

Reason Longitudinal high risk Longitudinal glaucoma

Raw image inadequate quality 105 53
Mean standard deviation >50 �m 13 5
Contour line did not align on follow-up images 4 3
Wrong patient data recorded 12 10
Data lost 68 2

a The data represent the number of examination sessions that were not incorporated in the analysis. Some individuals are
represented in more than one category.

TABLE 11 Number of GDx data sessions not included in analysisa

Reason Longitudinal high risk Longitudinal glaucoma

Raw image inadequate quality 59 58
Software could not align single images 34 8
Could not compose adequate mean image 28 11
Data lost 1 1
Contour line did not align on follow-up images 4 0
Insufficient raw data to compute mean image 5 0
Patient data stored in two separate folders 2 0

a The data represent the number of examination sessions that were not incorporated in the analysis. Some individuals are
represented in more than one category.



adopted because the study uses linear regression
to detect change and it is inappropriate to
perform such analysis when patients have <4
visits. In cases where data was deficient from one
instrument, the data series with the other two
techniques were truncated to ensure that the start
and end dates were identical. The outcome of
these modifications on the size of the
experimental groups is shown in Table 12.

Back-up procedures
All three instruments are rigorously backed up.
The following three subsections detail the
procedures for each piece of equipment. In order
to provide the capacity to store data off-site, the
facility has been arranged for us to utilise a
University server. In all cases where removable
media (e.g. CD-ROM or floppy disks) are used for
back-up, they are stored remotely from the
equipment.

HRT
The HRT’s computer has been fitted with a RAID
level 4 system. Basically, this system involves two
hard disks, which, when the computer is switched
on, automatically inspect each other’s contents
and copy, between each other, any missing
elements. This system ensures data integrity in the
event of a hard disk drive failure.

In addition, each week, all new images, together
with the latest version of the database, are backed
up on to CD-ROMs. Once a month, a further
back-up procedure is instigated; another copy of
all the images, together with the database, is made
on to a University server. This provides a
supplementary echelon of security. The server’s
data are further backed up on to tapes.

GDx
Each week a copy of all new data is made to the

GDx computer’s second hard disk, with a further
copy to a University server. 

HFA
Each week the HFA is backed up on to a series of
floppy disks. Two sets of disks are used, which are
alternated each fortnight. Data have also been
serially exported to other computers running
Peridata software.

Publications and conference
presentations
Data from the Glaucoma Imaging Study have been
presented at a number of international
conferences, as detailed below:

Conference: The Association for Research
in Vision and Ophthalmology
(ARVO) Annual Meeting, Fort
Lauderdale, FL, USA, May
1999

Authors: McLeod D, Joseph AJ,
Henson DB, Harper RA,
O’Donoghue EP, 
Spencer AF

Title: Applicability of scanning laser
polarimetry, retinal
tomography and threshold
perimetry to an unselected
population of patients
attending a glaucoma clinic

Presentation type: Poster
Conference: Glaucoma Society (UK and

Eire) Meeting, November
2001

Authors: Mathew P, Kwartz AJ, Henson
DB, Spencer AF

Title: Comparison of examination
times for different methods of
detecting glaucoma

Presentation type: Paper
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TABLE 12 Outcome of patients recruited for longitudinal examination

Outcome Longitudinal high risk Longitudinal glaucoma 
(n = 297) (n = 92)

Included (≥ 4 data points remaining)
Complete set of data 98 32
≥ 1 session lost with sufficient data 129 34
Early discontinuation with sufficient data 13 9
Total included in analysis 240 75

Excluded (≤ 3 data points remaining)
Early discontinuation 39 11
Data loss 18 6



Conference: ARVO Annual Meeting, Fort
Lauderdale, FL USA, May
2002

Authors: Kwartz AJ, Jones AK, Henson
DB, Harper RA, Spencer AF

Title: The effect of inter- and intra-
observer variability in the
definition of the optic disc
margin on HRT and GDx
parameters

Presentation type: Poster

Conference: Optical Group of the Institute
of Physics: Imaging in the
Eye: Technologies and
Clinical Applications, May
2002

Authors: Kwartz AJ, Henson DB,
Harper RA, Spencer AF,
McLeod D

Title: Relationship between
regression residuals in
longitudinal analysis of HRT
parameters and image quality

Presentation type: Paper

Conference: International Perimetric
Society, June 2002

Authors: Kwartz AJ, Henson DB,
Harper RA, Spencer AF,
McLeod D

Title: Ability of the Heidelberg
Retina Tomograph and GDx
to detect patients with early
glaucoma

Presentation type: Paper

Conference: International Perimetric
Society, June 2002

Authors: Kwartz AJ, Henson DB,
Harper RA, Spencer AF,
McLeod D

Title: The ability of the Heidelberg
Retina Tomograph and GDx
to predict the development of
visual field loss

Presentation type: Poster

Conference: Glaucoma Society (UK and
Eire) Meeting, November
2003

Authors: Kwartz AJ, Henson DB,
Spencer AF, Harper RA,
McLeod D

Title: Linear regression of global
and sectoral HRT parameters
from glaucoma converters

Presentation type: Paper

Conference: Glaucoma Society (UK and
Eire) Meeting, November
2003

Authors: Coops A, Henson DB, Kwartz
AJ, Spencer AF, Harper RA

Title: The role of imaging in the
detection of glaucoma

Presentation type: Paper

Conference: ARVO Annual Meeting, Fort
Lauderdale, FL, USA, May
2004

Authors: Kwartz AJ, Henson DB,
Harper RA, Spencer AF,
McLeod D

Title: Ability of HRT summary
measures to identify perimetric
glaucomatous progression

Present type: Poster

Conference: ARVO Annual Meeting, 
Fort Lauderdale, FL, USA,
May 2004

Authors: Henson DB, Coops A, Kwartz
AJ, Harper RA, Spencer AF,
McLeod D

Title: Rate of functional and
structural change in glaucoma
suspects

Presentation type: Poster

Conference: European Association for
Vision and Eye Research,
Portugal, September 2004

Authors: Coops A, Henson DB, Kwartz
AJ, Fenerty C, Harper RA,
Spencer AF, McLeod D

Title: Differences between
glaucomatous patients with
predominantly functional or
structural deterioration

Presentation type: Submitted for publication

A number of publications have resulted from the
Glaucoma Imaging Study.153–159
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Introduction
This component of the Glaucoma Imaging Study
was designed to measure examination times with
the HRT, GDx and HFA in a normal clinical
environment. Lengthy examination time is a
major disadvantage of perimetry, with obvious cost
implications for both patients and the NHS. In
addition, the length of the test is very demanding
for elderly and frail patients. The results of this
study have important implications for clinic
scheduling and for the calculation of cost–benefit
analysis.

In addition to considering the actual time taken to
perform the measurements, the study also
considers ‘total examination time’ by including the
length of time to position the patient at the
instrument, perform the analysis and print the
results. This distinction was made to prevent the
potentially favourable appearance of a test
modality that allowed measurements to be taken
relatively quickly, but required lengthy analysis to
achieve the final results.

Method
Patients were examined according to the methods
described in the section ‘Data collection’ (p. 18).

Each examination was divided into three phases:
‘Preparation’ (of both the patient and instrument),
‘Examination’ and ‘Analysis’. The duration of the
‘Total examination’ was determined from the sum
of these components. Exact definitions are given
in the sections ‘HFA’ and ‘HRT’ (below) and ‘GDx’
(p. 32).

Mean spherical refractive error (calculated from:
spherical power + 0.5 × cylindrical power), pupil
diameter and visual field PSD were recorded for
each eye. The last value was taken from the HFA
printout, rather than calculated via the method
described in the section ‘Analysis of visual field
data’ (p. 20).

Patients
The sample consisted of consecutive patients
attending the Glaucoma Imaging Study between 
4 June 2001 and 4 July 2001. During this time, a
combination of new and follow-up patients was
assessed.

HFA
‘Preparation’ was defined as the time taken from
seating the patient comfortably at the instrument
until commencing either the demonstration or test
programme. This component included either
entering patients’ details into the database (first
visit) or recalling information (follow-up patients),
explaining the examination procedure and setting
up and positioning the perimetric trial lens set.

The length of the ‘Examination’ included the
actual testing time, together with any breaks
instigated by either the patient or examiner. This
interval also incorporated time spent changing
over between the two eyes. For those unfamiliar
with perimetry, a 1-minute demonstration
programme was run prior to testing the first eye at
the patient’s first visit. At the examiner’s
discretion, a full or shortened demonstration was
sometimes also included for follow-up patients.

The ‘Analysis’ phase was measured from the end of
the examination to obtaining printouts for the two
eyes on an external laser printer (LaserJet 4,
Hewlett Packard).

HRT
‘Preparation’ included the time taken to position
the patient comfortably at the instrument, enter 
or recall information from the database and 
lining up the instrument ready to capture the first
image.

The length of time taken to capture and save five
images for each eye, together with any rest
periods, was defined as the duration of the
‘Examination’. This element included time spent
capturing images that were discarded owing to
unacceptable quality.
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Chapter 4

Comparison of examination times with the 
Heidelberg Retina Tomograph, GDx and Humphrey

Field Analyzer 24-2 program



The ‘Analysis’ procedure involved deriving the
topography images, the operator selecting the
three best from the five original series from each
eye, composing mean topography images, 
drawing a contour line around each disc margin
and printing the results. For subjects who were
followed up from previous sessions, this
component included accessing the baseline 
images in order to export the disc contour lines
into the current examination session. The
termination of this phase was marked by the
completion of the printout for each eye (Deskjet
1600C, Hewlett Packard).

GDx
‘Preparation’ and ‘Examination’ times were
defined as for the HRT.

The ‘Analysis’ element involved determining the
three highest quality images and combining them
into a mean image. The disc margins were defined

or the outlines imported from baseline
examinations, as appropriate, for new or existing
patients. Time spent printing the results was
included (Deskjet 1600C, Hewlett Packard).

Results
A total of 40 patients (aged 60.4 ± 9.3 years) was
examined during the period of this study. Of 
these examinations, 33 were follow-up visits and
seven were first visits. Of patients attending 
follow-up appointments, the mode of the number
of previous visits was six (mean 3.81 ± 2.02). 

Examination times
All results were converted to decimal form. The
means (and standard deviations) of examination
durations are shown in Table 13 and Figure 13. 
The Shapiro Wilks W-test shows most of the
components were not normally distributed. 

Comparison of examination times with the Heidelberg Retina Tomograph, GDx and Humphrey Field Analyzer 24-2 program
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TABLE 13 Duration of examination componentsa

Duration (minutes)

Preparation Examination Analysis Total

HFA 2.83 (1.08) 23.62 (3.94)b 1.89 (0.38) 28.34 (4.60)b

HRT 1.39 (0.56) 4.92 (2.15)b 5.98 (2.27)b 12.29 (3.39)b

GDx 1.61 (0.89)b 6.45 (3.44)b 3.73 (1.56)b 11.79 (4.33)b

a Data shown as mean (standard deviation).
b p < 0.01 (Shapiro Wilks W-test) suggesting data are not normally distributed.
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In order to consider the length of time the patient
is required to spend with the examiner,
‘Preparation’ and ‘Examination’ times were
combined, and the results are shown in Table 14.
This value is of interest since analysis and printing
could be conducted at a later time, although there
would be a time cost to restore data from file. 

When considering the combination of
‘Preparation’ and ‘Examination’ times, the HRT
was quickest (p = 0.021; Mann–Whitney U-test),
closely followed by the GDx and then the HFA
(p � 0.01; Mann–Whitney U-test). However, on
comparison of ‘Total examination’ time, there was
minimal difference between the HRT and GDx,
on account of the former’s longer analysis time.

New versus follow-up patients
Seven of the patients had not been previously
examined within the study and, therefore,
required two supplementary measurements:
focimetry and keratometry. The times taken to
perform these were 0.77 ± 0.65 and
1.13 ± 0.44 minutes, respectively.

Table 15 compares the durations of the different
examination phases between new and follow-up
patients; these figures do not include the time
needed to perform keratometry and focimetry on
new patients. ‘Preparation’ time was longer for new
than follow-up patients with the HFA (p = 0.023;
Mann–Whitney U-test) and HRT (p = 0.011). The
‘Examination’ time was longer for novice patients
for perimetry (p < 0.001). For each of the other
examination components, there was no statistically
significant difference between new and follow-up
patients. For the two imaging techniques, there
was no significant difference in total examination
duration between new and follow-up patients,
whereas new patients required significantly longer
for complete HFA examination than those
attending follow-up appointments (p = 0.004).

With the HFA, the duration of testing time
(recorded from HFA printouts) for both eyes
combined was longer for new (25.51 ±
3.85 minutes) than follow-up patients (20.75 ±
3.26 minutes) (p = 0.009; Mann–Whitney U-test).
These data reflect the length of time the patient
actually spent performing the examination and
exclude time spent performing the demonstration
programme, resting during the examination and
swapping between the two eyes.

Refractive error
The mean spherical equivalent refractive error of
the experimental group was –0.40 ± 2.57DS right
eye and –0.39 ± 2.63DS left eye. No significant
correlation was found between refractive error and
examination duration for any of the three
instruments (Kendall’s rank correlation coefficient).

Health Technology Assessment 2005; Vol. 9: No. 46

33

© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

TABLE 14 Duration of preparation plus examination phasesa

Instrument Preparation plus examination
Duration (minutes)

HFA 26.44 (4.47)
HRT 6.31 (2.42)
GDx 8.06 (4.00)

a Data shown as mean (standard deviation).

TABLE 15 Duration of examination components – comparison between new and follow-up patientsa

Duration (minutes)

HFA HRT GDx

Component New Follow- pb New Follow- pb New Follow- pb

up up up

Preparation 3.37 2.70 0.023 1.83 1.28 0.011 1.72 1.58 0.651
(0.55) (1.12) (0.46) (0.54) (0.69) (0.95)

Examination 27.37 22.68 <0.001 4.72 4.97 0.773 6.29 6.49 0.910
(3.81) (3.18) (2.13) (2.19) (3.64) (3.45)

Analysis 1.89 1.89 0.986 5.28 6.16 0.182 3.25 3.85 0.168
(0.56) (0.37) (0.82) (2.49) (0.69) (1.96)

Total 32.63 27.26 0.004 11.82 12.41 0.560 11.26 11.92 0.692
(3.84) (3.95) (2.06) (3.66) (3.95) (4.47)

a Data shown as mean (standard deviation).
b Mann–Whitney U-test.



During the study, only one patient required HRT
imaging to be performed through their spectacles
on account of the cylindrical component of their
refractive error exceeding 1.00DC.

Pupil diameter
No relationship was found between pupil diameter
and examination time with the perimeter. Kendall’s
rank correlation coefficient showed a negative
correlation between pupil diameter and HRT
examination time for the right eye (� = –0.331, 
p = 0.005) and left eye (� = –0.409, p � 0.001). 
A similar relationship was found for GDx
examination duration for the right (� = –0.409, 
p = 0.005) and left (� = –0.331, p < 0.001) eyes,
respectively.

Pattern standard deviation
A positive correlation was found between PSD and
visual field examination length for the right
(� = 0.433, p < 0.001) and left (� = 0.442,
p < 0.001) eyes. For this calculation, the test
duration recorded from the HFA printouts was
used. This approach was taken to exclude
confounding factors of time spent resting or
demonstrating the examination.

Discussion
The results of this study are important because
they would provide a vital contribution to any
future cost–benefit analysis in looking at improved
outcomes resulting from the routine inclusion of
the HRT and GDx.

In the literature, little mention is made of the
issue of examination duration for the two
methods of imaging. One source states that the
time needed to perform imaging with the HRT
on both eyes of a new patient, including data
entry and the time taken for supplementary
examinations, is about 20 minutes;160 however, no
details are given regarding the scientific basis of
this estimate. The test duration is somewhat
longer than the mean value found in this study
(approximately 12 minutes). However, the latter
figure does not consider the extra measurements
required for new patients (keratometry and
determination of refraction), the average duration
of which was 1.9 minutes.

The number of patients examined in the study was
40. The aim was to perform an audit of
examination duration for a period of 1 month.
The chosen period was 4 June 2001 to 4 July
2001. A far better strategy would have been to

calculate optimum sample size, rather than limit
data collection to a specified duration.

1. Preparation
This phase was much longer for the perimeter
than either of the imaging devices, which is
probably a reflection of the fact that the HFA
software is rather slow in comparison with the
HRT and GDx.

The recorded ‘Preparation’ for perimetry
from this study might be slightly longer than
necessary, since we used the HFA’s integral
touch screen for data input. The provision of
an external QWERTY keyboard (optional extra
for the HFA) might reduce preparation time.

2. Examination
Although the actual time to acquire a single
image is shorter with the GDx than HRT (0.7
versus 1.6 seconds), the longer ‘Examination’
time found with the GDx is a reflection of the
fact that the equipment takes longer to save the
images. It must be noted that, for both the
HRT and GDx, our thorough approach of
taking five images on each eye has led to this
phase being longer than that in other clinics
where a smaller number of images are
collected. The design of the GDx software
additionally contributed to this: it requires the
electronic patient ‘folder’ to be closed after the
first eye has been examined, because
the maximum number of images that it can
contain is six. If only three images had been
taken on each eye, they could have all been
saved in one ‘folder’. 

3. Analysis
The ‘Analysis’ with the HFA is clearly far
quicker than with the imaging devices since it
requires no reviewing of images or operator
input. Timing data from the HRT and GDx
might differ from a normal clinical setting on
two counts. First, our strategy of selecting the
three best quality images will have increased
the time taken for this phase. Second, the
process of recalling the baseline images for the
purposes of exporting the reference ring might
have been quicker than elsewhere, owing to our
policy of keeping all data on very large hard
disks, rather than archiving data and having to
recall them at a later date. 

4. Total examination
The result of greatest potential significance
from this study is the determination of the
maximum number of patients who could be
examined during one clinical session with each
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instrument. If an average clinical session is
considered to be 3.5 hours, then seven, 17 and
18 patients could be examined with the HFA
24–2 program, HRT and GDx, respectively.
These estimates have been derived for a mix of
patients (seven new and 33 follow-up), which is
probably a realistic scenario in a glaucoma
clinic.

The maximum number of perimetric tests
within one session is possibly an underestimate
of the real value that would be relevant to a
contemporary glaucoma clinic. We used the full
threshold algorithm, whereas the SITA Standard
strategy, which is now widely employed, reduces
testing time by an estimated 56% in normal
individuals and 45% in glaucoma patients.161

To calculate the theoretical number of patients
who could be examined per 3.5-hour session
with SITA Standard, halving the examination
phase from this study (from 23.62 to
11.81 minutes), gives a total examination time
of 16.5 minutes.  This would mean that the
number of patients who could be examined per
session would increase to 13. (This calculation
is slightly imperfect because SITA would
marginally lengthen the ‘Analysis’ phase owing
to a longer processing time.)

Another consideration is that in our ‘ideal’
research environment each perimetric patient
is given the full attention of one operator,
whereas in other settings, one technician may
supervise several patients simultaneously (Poole
BN, Fields Technician, Central Manchester and
Manchester Children’s University Hospitals
NHS Trust; personal communication, 2001).
Such multi-taking could potentially increase the
number of perimetric patients examined per
session, but there would be implications for the
quality of the examinations, as many patients
require continuous input from the perimetrist
to ensure that they maintain central fixation.

5. New versus follow-up patients
For patients who have not been examined
previously, additional time is required to
measure their spectacle prescription and
corneal curvature (the former is required for
examination with the HFA and the latter for the
HRT). Although this measurement takes a
relatively short time, it is nonetheless worthy of
consideration, since two of the methods of
examination cannot be performed without these
data. (It must be remembered that the sample
size for these measurements was small, n = 7.)

The time required to perform these
measurements is highly dependent on the
equipment used. Focimetry was performed with

an automated instrument; clearly, a manual
device would have taken longer. Conversely,
this study used a manual keratometer, whereas
a more rapid examination could have been
performed with an auto-keratometer. If a new
imaging clinic were to be established, it is
possible that it would be equipped with the
most up-to-date equipment (i.e. auto-focimeter
and auto-keratometer). Although this study
neglected to measure the time spent on moving
the patient to and from the keratometer, this is
unlikely to be an issue with a more
contemporary instrument, where the device is
taken to the patient. Relocating the patient is
also not an issue for focimetry, as the patient
remains seated while their spectacles are
carried to the instrument by the technician.

Examination duration with the HFA was
longer for new patients than those attending
follow-up appointments (32.63 ± 3.84 versus
27.26 ± 3.95 minutes). A contributory factor is
potentially the inclusion of the full
demonstration phase (1 minute) for those
unfamiliar with perimetry (five of the seven new
patients were normal control individuals who
had not previously undergone a full threshold
perimetric examination). However, this phase
does not fully account for the differences
between the two groups, since the testing time
(excluding demonstration and resting time both
within and between eyes) recorded from the
HFA printouts was also significantly longer for
new than follow-up patients (25.51 ± 3.85 and
20.75 ± 3.26 minutes, respectively).

For the imaging techniques, the differences
in the total examination time between new and
experienced subjects did not achieve statistical
significance, although the preparation phase
with the HRT was marginally longer for new
than follow-up patients (1.83 ± 0.46 versus
1.28 ± 0.54 minutes).

In an average 3.5-hour clinical session, the
HFA, HRT and GDx could each be used to
examine six, 17 and 18 new patients or seven,
17 and 17 follow-up patients, respectively. As far
as clinic scheduling is concerned, it would be
reasonable to book perimetric appointments at
30-minute intervals and imaging appointments
at 15-minute intervals, with no discrimination
between new and follow-up patients.

6. Refractive error
It was felt that the different types of fixation
targets with the HRT (distant light) and GDx
(proximal light-emitting diode) might have
been preferred by hypermetropic and myopic
patients, respectively. Patients who are
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presbyopic hypermetropes often report that the
GDx’s proximal target is difficult to use.
However, it transpired that there was no
significant effect on testing time. This might be
a reflection of the high proportion (>80%) of
patients who have previously undergone the
examination and become accustomed to the
procedure. Patients who were unable to
undergo the examination owing to an inability
to view the fixation targets had already been
excluded from the imaging study (this issue is
discussed further in Chapter 5).

7. Pupil diameter
Smaller pupil diameters were associated with
longer examination times for the HRT and
GDx. This is due to the critical alignment
required, because even image illumination is
more difficult to achieve with small pupils.
Mydriasis is, however, not a solution to
decreasing examination time, since there is
greater scope for misaligning the laser beam
from the visual axis in a widely dilated pupil.

Additionally, for patients with small pupil
diameters, any eye movement during image
capture has a greater effect on the quality of
the image. Consequently, a greater number of
images might have to be taken in order to
achieve five of a good standard.

8. Pattern standard deviation
The relationship of increased testing time and
PSD has been documented previously.162,163

This is because, at the outset of the test, the
thresholding procedure is lengthier for points
of reduced sensitivity and also a reflection of
the inefficiency of the ‘next points’ algorithm
when presented with an uneven hill of vision.

9. Other factors
This study was performed prior to the upgrade
of our HRT to the latest Windows-based
software version. While the timing study was
conducted, the original DOS-based software
was used. The use of the earlier version will
have affected elements of the examination,
such as the length of time taken to identify the
margin of the ONH and the speed with which
baseline examinations could be identified from
the database. Therefore, the results are not
necessarily applicable to the current technology.

If these results are to be used in planning clinic
schedules, several other issues need to be
considered. All three instruments are computer
driven and, consequently, the pace with which they
function is dependent on their processor speed.

Our values are based on new equipment of a high
specification. An example is the HRT, which is
equipped with the latest (Windows) capture card
and a PC that has 256 MB RAM and fast disk
access. Prior to upgrading to this specification, the
previous system had considerably longer
processing times.

Another factor for consideration is the 30-minute
warm-up period that the HRT requires prior to
use. The HFA also cannot be used immediately, as
it takes several minutes to ‘boot up’. All three
instruments require stored data to be backed up
[see the section ‘Back-up procedures’ (p. 28). The
approximate times taken to perform the back-up
of the HFA, HRT and GDx are 30, 20 and
45 minutes, respectively. Of course, the duration
of the process is dependent on how much data has
been collected. In addition, the transfer of data to
the off-site server is usually performed overnight.
To increase efficiency, the three pieces of
equipment can be backed up simultaneously, with
the operator switching between devices; this
process takes >1 hour, during which the
instruments and the technician are unavailable for
examining patients.

Data presented in this chapter may not be
applicable to the more contemporary version of
the HRT and GDx, the HRT II and GDx VCC.
Examination duration with both instruments may
be significantly different than with their
predecessors on account of differences in the
software interface, methods of image capture and
analysis. The GDx VCC also has a significantly
different software interface to the original GDx,
and has been designed to take only one image of
each eye (the latter will, of course, lead to greatly
reduced examination times; however, no
independent research has yet been performed to
investigate the implications of this approach for
precision and repeatability). At the baseline
examination, the GDx VCC involves a system for
compensating for individual variations in anterior
segment birefringence, which involves the capture
of an additional macular image at the baseline
examination. This additional measurement may
have consequences for differences in examination
duration between new and follow-up patients. The
GDx’s successor also contains a modified system
for identifying the disc margin.

The effects of developments incorporated in both
the HRT II and GDx VCC will need to be
considered in calculations of the number of
patients to be seen per session with the more
contemporary equipment.

Comparison of examination times with the Heidelberg Retina Tomograph, GDx and Humphrey Field Analyzer 24-2 program
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Afundamental consideration in the modern
NHS is financial expediency. Several aspects of

the clinical application of the HRT, GDx and HFA
are described in this report. However, it is also
important to report the fiscal feasibility of
incorporating such equipment into the normal
clinical armoury. Chapters 4 and 6 examine the
time taken to perform a complete examination
with each piece of equipment and the proportion
of an unselected population of glaucoma patients
that can successfully undergo the tests,
respectively. Although a formal economic
evaluation is not given, this chapter will examine
various economic aspects of the equipment. It will
do so by taking a largely differential approach, by
examining the differences and similarities in
running and operating costs between the HRT,
GDx and HFA.

Costs of computer consumables were correct on
1 April 2004 and were taken from a major UK
supplier.164 Prices of hardware and maintenance
contracts were also confirmed, on the same date,
by the manufacturers’ UK representatives, as was
the estimate of a technician’s salary.

Labour
Each of the three instruments requires a skilled
technician to perform the examination. Although
this study used optometrists and orthoptists who
were qualified to MSc standard (or higher), this
calibre of staff is not actually necessary for
successful operation of the equipment. There is no
large disparity in the skill level required to
perform any of the three tests and a trained
technician could reasonably conduct all three
methods of examination (especially with the newer
versions of the imaging devices, the HRT II and
GDx VCC, whose operation is far simpler than
that of their predecessors). From our experience in
a newly developed glaucoma scheme at MREH, a
trained technician can easily and successfully
perform perimetric examination and optic disc
photography (which is roughly equivalent in
complexity to digital imaging).

Labour costs for each technique are, therefore,
dependent on the number of patients who can be

examined within a clinical session. As described in
the previous chapter, the HRT, GDx and full
threshold 24-2 program of the HFA could each be
performed on 17.1, 17.8 and 7.4 patients,
respectively, in a 3.5-hour period. These figures
reflect the length of time required to position the
patient at the instrument, perform the test and
complete the analysis (e.g. compose mean images,
define the optic disc margin). In calculating labour
costs, discrimination could be made between
actual examination of the patient and subsequent
analysis of data, as separate individuals could
perform the two tasks. However, in reality, it is
most likely that the same member of staff would
complete the entire examination.

The employment cost of an appropriate technician
(grade MT02) is £17,082.00. This amount
includes basic salary (£14,105.00), employer’s
national insurance contribution (£861.00) and
superannuation (£2116.00) (Chesters I,
Accountant, Central Manchester and Manchester
Children’s University Hospitals NHS Trust:
personal communication, 2004).

In addition to the actual examination of patients,
consideration must be taken of the time taken to
back up the three instruments. For the HFA, HRT
and GDx, this process takes approximately 30, 20
and 45 minutes, respectively. Of course, the
duration of the process is proportional to the
amount of data that has been collected since the
previous back-up and the size of the database files.
To increase efficiency, the three pieces of
equipment can be backed up simultaneously, with
the operator switching between devices; this
process takes more than 1 hour, during which all
three instruments and the technician are
unavailable for examining patients. To save time,
the transfer of data to the off-site server can be
performed overnight. There is potential for
improved back-up, such as using more automated
systems, in the future.

Consumables
The main consumables for the instruments are
paper, print cartridges and removable back-up
media.
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The amount of paper used for all three
instruments is equal as, for the most
comprehensive printout, each requires one sheet
per eye. Each device has the facility to generate
and print a summary of longitudinal examinations
but, again, there is little difference in the number
of sheets required.

Currently, the HRT and GDx use a colour inkjet
printer (Deskjet 1600C, Hewlett Packard),
compared with the HFA’s monochrome laser
printer (Laserjet 4, Hewlett Packard). However, if
a new clinic were to be established, it is probable
that a colour laser printer would be used for the
imaging devices, since the cost of these devices has
dropped considerably since the beginning of the
study. (The HRT and GDx require a colour
printer, since some elements of the printout are
colour-coded.) The price of colour and black toner
cartridges for a Hewlett Packard Laserjet 3700 are
£115.00 and £95.23 (including VAT) each,
respectively; however, the printer requires three
different colour cartridges plus a black cartridge
(total cost = £440.23). Cartridges for a
comparable monochrome printer (e.g. Hewlett
Packard Laserjet 1300) are £52.87 (including VAT)
each. Projections on the number of pages printed
per cartridge are impossible to make, owing to
multiple confounding factors such as amount of
text per page, density of print and absorbency of
paper.

The cost of backing up data is highly dependent
on the medium employed. Initially, for HRT and
GDx data, the study used 1-GB Jaz disks (Iomega,
San Diego, CA, USA). However, this system proved
to be both expensive and unreliable. Therefore,
the HRT’s computer was modified to incorporate
a RAID level 4 system and a CD writer, and
computers controlling both imaging devices were
networked in order to store data on a university
server. To compare the prices of removable storage
media, the cost (including VAT) of a 1-GB Jaz disk
is £62.27. For a pack of 50 CDs (each with 700 MB
capacity), the price is £11.75. Therefore, the
relative costs are £62.27 and £0.34 for Jaz disks
and CDs, respectively.

Costings should allow for data security following a
hard disk drive (HDD) failure and secure back-up
of data to a remote file server or to removable
media. For the HRT and GDx, back-up can be
achieved by RAID systems on the PC and back-up
to a networked file server. For the HFA, the
current system involves saving all data to the HDD
and floppy disk drive (FDD) (standard feature of
the HFA) and backing up to FDDs. Differences

between the HFA and the imaging devices reflect
the much large storage capacity requirements of
the latter. Costings for file server and networking
are highly dependent on the status of existing
facilities, such as whether or not the room where
the instrument is housed is already networked and
whether or not spare disk capacity is available on
existing file servers. The cost of file security is,
however, much greater for the imaging devices
and can easily run into several thousands of
pounds.

Overheads
The overheads for the three instruments are
similar: the floor space needed for each is
comparable. In an ideal situation, each test would
be performed in isolation in a quiet room, where
the lighting and heating conditions can be easily
controlled. These limitations apply equally to all
three devices, so there is no overall difference in
the overheads for the HRT, HRT and GDx.

Capital and maintenance
The purchase price and cost of annual
maintenance contracts are given in Table 16. For
the HRT and HFA, prices are given for different
models. However, data presented in this study
could be collected with the most basic version of
each, as features contained in the more
sophisticated models are mainly employed within
research environments and are not frequently used
within normal clinical practice. This study used an
HFA Model 740.

Discussion
This chapter has considered various elements of
the cost of purchase and day-to-day operation of
the HRT, GDx and HFA. However, the results
from our study do not necessarily correspond to
values relevant to a newly established imaging
clinic, where a greater number of patients could
potentially be examined. There is a variety of
reasons for this disparity:

� If an HRT II were to be used, rather than its
predecessor, then image capture times would be
reduced. This decrease would also apply to the
time taken to perform analysis, since when the
latter duration was calculated from this study,
the previous (lengthier) method of defining the
margin of the optic disc was used.

Economic evaluation
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� Image capture would also be more rapid with
the GDx VCC, since it only requires the capture
of a single image for each eye. There would be
a corresponding reduction in the time required
to perform the analysis, because the operator
would not have to review the original images
and select, then compose, a mean image.

� Since the original design of the study, the
SITA135 on the HFA have become widely used
in both clinical and research environments.
Implementation of these algorithms would
cause a reduction in perimetric testing time.
This issue is discussed further in the section
‘Discussion’, point 4 (p. 34).

� The duration of analysis for the imaging devices
(described in Chapter 4) included time taken to
generate the printout with a colour ink jet
printer. If a laser printer were used, the process
would be more rapid.

� The PCs controlling the HRT and GDx were
both replaced during the study and were of
high specification at the time. However,
functions such as recalling images from the
hard disk are dependent on processor speed
and would be quicker with more contemporary
equipment.

� This study used the approach of capturing five
images with the HRT and GDx, then selecting
the best three for composition of the mean
image. This very thorough strategy is not
necessarily appropriate for a clinical
environment, and capturing fewer images may
lead to an increased rate of examination.

� The study used highly qualified/motivated staff,
with strong backgrounds in both clinical
practise and academia. If trained technicians
were to be employed, then the rate of
examination may be lower. 

Overall, the purchase and running costs of the
HRT and GDx are fairly comparable. Small
disparities exist between the costs of maintenance
contracts but these differences are small compared
with the overall cost of the instruments. The cost
of a basic HFA (Model 720) is less than half that of
the imaging devices, as is its basic maintenance
package. Back-up costs are also far cheaper for the
HFA than either the HRT or GDx. Differences in
the costs of print cartridges are relatively small.
The main source of disparity in the financial
efficiency of the equipment is the rate at which the
examinations can be performed.
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TABLE 16 Equipment costs

Purchase price (including VAT) (£) Maintenance cost/year (including VAT) (£)

HRT I No longer available Bronze:a 1412.35
Silver:b 1777.78
Gold:c 2225.45

HRT II 30388.34f Bronze:a 822.50
Silver:b £1036.35
Gold:c £1239.63

GDx No longer available N/A

GDx VCC 29369.13f Basic contract: 1410.00
Gold standard contract: 2585.00d

HFA 720 13605.33

HFA 740 26226.38 Basic contract: 548.73

HFA 745 28399.75 Superior contract: £1175.00e

HFA 750 34577.90

N/A, not applicable.
a Does not cover call-out charge, parts or consumables.
b Does not cover call-out charge or consumables.
c Does not cover consumables.
d Includes download of all data on to loan equipment.
e Includes emergency call-out and loan of equipment.
f Does not include costs of RAID system (or equivalent).





Introduction
In order to evaluate thoroughly the potential
utility of a clinical test, it is important to derive an
estimate of the proportion of an unselected group
of patients who can successfully undergo the
examination. This analysis is an essential
component of appraising a system and is often not
reported.165,166

Chapter 2 described some of the wide body of
research that has investigated the HRT and GDx.
A common factor of these studies is the use of
strict exclusion criteria (e.g. constraints on
refractive error, an absence of coexisting ocular
pathology, level of minimum visual acuity). A
feature of the cross-sectional arm of the Glaucoma
Imaging Study that fundamentally differs from the
above is its broad inclusion criteria: any Caucasian
patient aged ≥ 40 years who was able to attend for
examination was eligible to participate.

The aim was to attempt to perform perimetry,
confocal SLO and SLP on all subjects and analyse
the reasons that prevented the collection of good-
quality data.

One of the original aims of examining this cross-
sectional group of patients was to derive sensitivity
and specificity estimates for the HRT and GDx;
these calculations will be reported in Chapter 7. It
must be noted that data from a different group of
patients have been used to calculate diagnostic
accuracy. This disparity resulted from the data loss
suffered in the early stages of the study, where
data from many of the patients reported in this
chapter had been lost.

Method
Patients were examined according to the method
described in the section ‘Data collection’ (p. 18).
Patients were not excluded if their previous
perimetric examinations had yielded unreliable
results, even highly unreliable, as the aim was to

produce findings that are relevant to a typical
hospital-based glaucoma population.

Every reasonable attempt was made to complete
each component of the examination. Mydriasis
was performed if the pupil diameter was clearly
too small for imaging (e.g. <1 mm) or if imaging
was unsuccessful through the undilated pupil.
(Perimetry was always performed prior to
dilation.) When adequate HRT image quality
could not be achieved, the decision that the
examination had ‘failed’ was made by the
operator. A threshold value of the GDx image
quality score was not used to categorise acceptable
images, since experience has shown that the GDx
sometimes gives a high numerical value to an
image that is clearly substandard [see the section
‘Results’ (p. 99)].

With the HRT and GDx, a ‘failed’ attempt at
imaging was recorded if there was a complete
failure to record an image or if the image quality
was considered inadequate. Reasons for the latter
included: images that were too dim and could not
be remedied by increasing the intensity of the
laser beam; images that consistently showed
evidence of excessive eye movement (despite
prompting the patient); and cases where the
image could not be adequately centred (e.g.
during GDx imaging when the patient could not
follow the fixation target with the contra-lateral
eye). Thresholds of features of adequate images
were established for the research team to ensure
consistency between operators; for example, an
HRT image was judged to show too much eye
movement if there was a shift of one-third of the
disc diameter or more on playing the ‘movie’ of all
32 HRT sections.

When a patient’s refractive error fell outside the
range of the HRT or GDx, imaging was attempted
through the subject’s spectacles. The operators
had experience of this technique, since the HRT
requires patients with >1.00DC astigmatism to be
examined through their refractive correction.
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In the eventuality of an unsuccessful examination
with any of the instruments, the reason for this
failure was recorded. The visual acuity and
perimetric reliability indices were also noted.
Patients were examined by experienced
technicians; consequently, occurrences of failed
examination cannot be attributed to operator
inexperience.

Results
A total of 179 patients were examined, mean age
71.7 ± 12.1 years. The experimental group
comprised 23 OHT patients and 156 patients with
POAG, 82 females and 97 males, 94 right eyes
and 85 left eyes. The mean logMAR visual acuity
was 0.27 ± 0.25 (the score for subject 140 was
excluded as his acuity was count fingers at a
distance of 1 m). The mean spherical equivalent
refractive error was –1.10 ± 6.20DS (range
–23.50DS to +13.00DS). 

Perimetry, HRT and GDx could not be performed
on three (1.7%), 35 (19.6%) and 21 (11.7%) of
patients, respectively. A total of 40 patients
(22.3%) were unable to undergo examination with

at least one of the three instruments; reasons are
summarised in Table 17 and shown graphically in
Figure 14. Some patients were unable to be
examined with more than one instrument - the
Venn diagram (Figure 15) illustrates this
distribution. 

Perimetry was performed successfully on 176
subjects. Using widely accepted standards of
reliability [<20% fixation losses (FLs), <33% false
positives (FPs) and <33% false negatives (FNs)],
reliable results were achieved from 144 subjects
(81.8%). Of those with unreliable results, 22 cases
(12.5%) were due to FLs, one case (0.6%) to FP
and 11 cases (6.3%) to FN responses. One patient
exceeded reliability thresholds for both FLs and
FPs. The frequencies of failure to reach
recommended reliability criteria, together with
results for patients who were unable to undergo
imaging, are shown in Table 18.

Of the patients who had difficulties with their
positioning at the instruments, two were
completely unable to achieve the correct posture
at the perimeter owing to spondylitis; another was
able to achieve the correct alignment, but could
not maintain it owing to arthritic back pain. Also,

Applicability of perimetry, the Heidelberg Retina Tomograph and GDx to an unselected population of patients
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TABLE 17 Reasons for unsuccessful examination (some patients are represented in more than one column)

Instrument

Reason HFA HRT GDx

Could not maintain position at instrument 3a 3b 2c

Cataract or media opacity 0 16 5
Contra-lateral eye unable to fixate 0 8 8
Head or eye movement/blinking 0 5 3
High refractive error 0 2 3
Instrument malfunction 0 1 0
Total 3 35 21

a One patient due to arthritis and two due to spondylitis.
b One patient due to arthritis, one due to spondylitis and one due to a previous cerebrovascular accident.
c One patient due to arthritis and one due to previous cerebrovascular accident.

TABLE 18 Frequency of failed catch trials

Frequency of failed catch trials (%)

Selection of patients ≥ 20% FL ≥ 33% FP ≥ 33% FN

Whole group (n = 176) 17.6 0.6 6.3
Patients unable to undergo HRTa (n = 35) 18.8 3.1 3.1
Patients unable to undergo GDxb (n = 21) 15.8 5.2 10.5

a p = 0.0014 (�2 test).
b p � 0.001 (�2 test).



imaging with both the HRT and GDx could not be
performed on one patient who had previously
suffered a cerebrovascular accident (this patient
was, however, able to perform perimetry).

The presence of cataract or multiple vitreous
floaters was a common cause of unsuccessful
examination with the imaging devices, causing
nearly half (HRT) and one-quarter (GDx) of all
failures. (During GDx examination, the latter
could potentially be confused with artefacts

attributable to the tear film, but the author is
familiar with both of these phenomena and could
easily differentiate the two.) One patient was
pseudophakic and had undergone a laser
capsulotomy. However, the clear zone in the
posterior capsule was not large enough to allow
passage of the laser beam with either instrument. 

A frequent cause of unsuccessful imaging was
either very poor acuity or a grossly restricted field
in the contra-lateral eye (one patient had a
prosthetic eye). This occurrence accounted for
22.9% and 38.1% of failures with the HRT and
GDx, respectively. Causes of poor acuity or field
loss in the contra-lateral eye were (in decreasing
order of prevalence) glaucoma, age-related
macular degeneration, amblyopia and congenital
macular scar. 

Both imaging devices were equally affected by
patients who were unable to keep their head
and/or eye sufficiently still, or to control their
blinking, causing 14.3% of unsuccessful attempts,
which is clearly a problem, especially in older
patients who may have a physiological tremor.
Excessive blinking was often caused by anxiety,
worsened by the proximity of the instrument and
the brightness of the laser.
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FIGURE 14 Fate of examination of unselected population with
HFA, HRT and GDx. Proportions are shown to the nearest 1%.
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FIGURE 15 Distribution of subjects unable to undergo
examination procedures. a One subject due to arthritic back pain
and one due to spondylitis (fields) and blinking (imaging). 
b One subject due to cerebrovascular accident, three to cataract,
five to fixation, two to high refractive error and three to
movement/blinking.



The lack of constraint on refractive error as an
exclusion criterion in this study meant that the
range of refractive errors examined was high
(–23.25DS to +13.00DS). Performing imaging
through the patient’s spectacles (none of the
experimental group wore contact lenses) was
largely unsuccessful, owing to reflections from the
lens surface. The mean absolute value of refractive
error in the group who could not be imaged owing
to refractive error was 17.13DS (HRT) and
15.75DS (GDx).

Discussion
The aim of this study was to reproduce a normal
clinical scenario as closely as possible. In the
literature, most research uses strict inclusion
criteria and, despite sound scientific method, the
results cannot be transferred to a typical hospital-
based glaucoma population. The concept of such
weaknesses within research has been described
previously.166 Of the many studies investigating
sensitivity and specificity of the HRT and GDx,
selection criteria may influence the outcomes of
the investigations. Also, none of the research has
considered the aspect of how widely the
techniques can be applied. This study aimed to
address this issue and is essentially different from
most glaucoma research, in that there were no
restrictions on inclusion and patients with poor
visual acuity, high refractive error and coexisting
ocular pathology were not excluded.

The proportion of these patients who could
successfully undergo assessment with the 24-2 full
threshold program of the HFA and the capture of
five good-quality images with both the HRT and
GDx was 98.3, 80.4 and 88.3%, respectively.
Kremmer and colleagues167 found that 4.7% of
their population could not undergo SLP. However,
the authors did not state the characteristics of
their population with regard to acuity, refractive
error and visual field status. Another study states
that 92.6% could be imaged with the GDx,119

although this study did not examine patients with
poor acuity (>0.5), which would explain the
higher success rate.

The applicability of polarimetry has also been
examined by Vitale and colleagues:168 from a large
sample of 497 eyes of 249 patients, they
determined the proportion of eyes that could
undergo successful examination and analysis with
the GDx and found a very similar result to the
current study (88%). This finding is likely to be a
manifestation of similarities in the experimental

protocols, where a large number of individuals
were examined and constraints of ocular
parameters (e.g. refractive error, visual acuity,
extent of visual field loss) were not placed on the
experimental groups.

The apparently high applicability of perimetry
from the current study only describes the number
of patients who were able to perform the
examination and does not taken into account
reliability estimates. Current thresholds169 are not
based on any careful scientific study; infrequent
sampling of FLs, FPs and FNs means that the
estimates have very wide confidence limits.133

Additionally, catch trial estimates have been shown
to be poor predictors of visual field repeatability in
glaucoma patients.134

When fields that exceed the standard thresholds
for reliability are excluded, the proportion drops
to 81.8% (similar to the proportion of patients
who could be examined with the HRT). However,
in considering the usefulness of the data, there is a
fundamental difference between an unsuccessful
attempt at imaging and a perimetric examination
that exceeds the recommended reliability
thresholds: if a patient is not successfully imaged
with an instrument, there is no resulting clinical
data on which a management decision could be
made; in the scenario of a patient not reaching
the recommended perimetric reliability criteria,
some data are still available to aid the clinician.
These facts suggest that, although an ‘unreliable’
field may not provide the clinician with the
‘quality’ of data he or she requires, it still may be
sufficient to discriminate between a normal and
abnormal result, and subsequent tests may yield
more reliable data, as the patient becomes more
familiar with the test. This situation contrasts with
the scenario of a failed attempt at imaging from
this study, where all reasonable efforts (e.g.
mydriasis) were made to ensure a successful result
and, therefore, additional examination would not
bring further benefits – the data presented show
the proportion of cases where there would be no
data at all to aid the clinician.

Within this study, patients were categorised as
having unreliable fields due to ‘failing’ a
proportion of catch trials and incurring ≥ 20% FLs
(17.6% of cases), ≥ 33% FPs (0.6%) or ≥ 33% FNs
(6.3%). These rates compare fairly well to those
from a large-scale study at Moorfields Eye
Hospital (n = 62,784),170 which found 17.4, 1.2
and 6.9%, respectively. Their overall rate of
unreliability was higher than in this study (23.4%
versus 18.8%). However, in comparing results, it
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must be remembered that reliability is dependent
on the severity of field defects in the experimental
group, with more damaged fields associated with
higher numbers of FN responses.171

The incidence of FLs was much higher than FP or
FN responses. Patients who are accurate fixators
can sometimes incur FLs if the blind spot is
incorrectly located at the outset of the
examination.172 However, this occurrence is
unlikely to be a causative factor in this study, since
the perimetrist always replotted the blind spot if
the patient failed the fixation checks. The re-
establishment of the blind spot was always
performed sufficiently early to prevent the patient
‘failing’ the critical 20% of trials if they were an
otherwise steady fixator.

A follow-up study to that by Vitale and
colleagues168 found that perimetry could be
successfully performed on 94% of eyes. However,
there are several confounding factors in
comparing research from the two studies. Vitale
and colleagues used the Dicon LD 400
Autoperimeter 40-point suprathreshold program,
which differs significantly from the HFA 24-2 full
threshold examination; for example, the Dicon
examination duration typically lies between 2 and
4 minutes,173 which is far shorter than with the
HFA (see Chapter 4); for patients who are unable
to perform the examination for reasons such as
postural disability, the length of the examination is
of fundamental importance, since some patients
may be able to tolerate the far shorter
examination times. This factor, however, does not
explain the lower applicability of perimetry by
Vitale and colleagues, but further comparisons
cannot be made because the authors do not give
reasons for unsuccessful examinations. A
comparison of the number of patients able to
perform a ‘reliable’ perimetric test is also not
possible since, although Vitale and colleagues give
the range and mean of the frequency of failed
catch trials, they do not state the number of
individuals who exceeded recommended reliability
criteria.

A reason for unsuccessful examination that
affected all three instruments was patients who
could not be adequately positioned at the
instrument. In the three cases in this study, the
patients were suffering from spondylitis, arthritic
back pain and reduced mobility following a
cerebrovascular accident. It is to be expected, with
an age-related condition such as glaucoma, that
age-related orthopaedic and systemic diseases will
have an impact on test applicability.

Cataract and vitreous floaters were common causes
of unsuccessful imaging. Owing to the lack of
exclusion criteria, the approach used by the study
was to attempt imaging on all patients. Unclear
media contributed to 9% (HRT) and 3% (GDx) of
unsuccessful examinations. Kremmer and
colleagues167 state that cataract was a common
cause of failed examination with the GDx, but do
not qualify the statement numerically.

When imaging could not be adequately performed
on a patient owing to cataract, this study used the
strategy of repeating the imaging under mydriasis,
with the aim of improving image quality.86 Despite
this approach, cataract was still a major cause of
failed examination.

This study did not use a defined threshold for
determining unacceptable image quality with the
HRT and GDx; in both cases, the decision was at
the sole discretion of the operator. Each
instrument does possess a quantitative description
of image quality: the HRT calculates the MSD of
the pixels in a mean image (derived from the
height measurements of all picture elements), and
the GDx produces a numerical quality score for
each image. A limit of MSD was not used for the
HRT because, although a limit of 50 �m is
suggested by the manufacturers,149 there is no
widely accepted limit in the literature and, at the
time the data were collected, the PC was not able
to compute mean topography images. The GDx
image quality score was not used because the value
produced is not always a reliable indicator of
image quality [see the section ‘Results’ (p. 99)]:
occasionally, the GDx gives a high numerical value
to an image that is poorly focussed or shows
evidence of eye movement during image capture.
An argument in favour of the study’s protocol of
using the technician’s judgement in determining
adequate image quality is the fact that most failed
images were not borderline; in the majority of
cases, unacceptable image quality was easy to
define.

Cataracts were recorded by describing their
morphology, together with a rough estimate of
their density, in a similar manner to that often
used in clinical notes. This method (rather than a
grading system) was believed to be adequate, since
no correlation has been shown for the HRT
between the degree of cataract and the extent of
image degradation.174 The effect of cataract on
GDx images is thought to be small,175,176 which is
consistent with the lower number of patients for
whom cataract resulted in an unsuccessful
examination with the GDx, compared with the

Health Technology Assessment 2005; Vol. 9: No. 46

45

© Queen’s Printer and Controller of HMSO 2005. All rights reserved.



HRT. Minimum levels of acuity have been
proposed which are thought to allow GDx images
to be captured through cataract,109,114 although
this study found no clear threshold for either
instrument.

An inability to fixate with the contra-lateral eye
was a common reason for failed examination with
the HRT and/or GDx. Contributory reasons were
reduced acuity or very restricted visual field
precluding a view of the fixation target, which was
a particular problem with the GDx, since
centration of the disc within the image is achieved
by altering the position of gaze of the contra-
lateral eye. Therefore, the proportion of patients
who could not undergo imaging owing to difficulty
with fixation was higher for the GDx than the
HRT (38.1% versus 22.9%). Of interest, the
shorter image capture time may have a positive
bearing on the GDx, since there were two patients
(one whose fellow eye was completely blind and
the other who had an artificial eye) who were
examined successfully with the GDx. The
successful outcome was because the examiner was
able to establish excellent cooperation and the
patients were able to maintain steady fixation;
albeit neither could do this for the longer capture
times of the HRT.

The successors to the HRT and GDx, the HRT II
and GDx VCC, each use an ipsi-lateral fixation
target,149,177 which will obviously overcome the
problems described above. However, it may lead to
difficulty examining the eye with poor acuity,
especially in cases of ocular co-morbidity, such as
age-related macular degeneration.

Both imaging devices could not examine patients
with very high refractive error. The HRT is
capable of examining patients who lie in the range
–11.75 to +11.75DS and the GDx –10.00 to
+10.00DS [in reality, a wider range can possibly
be examined (Rennie–Cassell JR, Laser Diagnostic
Technologies, California, USA: personal

communication, 2001) although the limits of this
are not given], but the study group contained
three patients who lay outside these ranges. For
these patients, attempts were made to perform the
test through the patient’s spectacles. This was
largely unsuccessful owing to reflections from the
lenses precluding successful imaging.

The number of patients in the study with large
degrees of ametropia was low, which prevents
meaningful comparison between myopia and
hypermetropia. None of the patients within the
study group wore contact lenses. Further research
is necessary to determine whether the use of such
devices would provide an adequate solution. An
additional issue for investigation is the validity of
GDx assessment of patients with high refractive
error, since all measurements are compared with a
normative database, which was compiled from
individuals with <5.00DS ametropia. 

The exclusion of patients who had problems with
communication or memory [see the section 
‘Cross-sectional patients’ (p. 17)] may have led 
to selection bias and may be a source of error in
that the experimental group does not truly
represent a population of glaucoma patients,
where such conditions are not uncommonly
encountered.

It would be useful to look at the relationship
between successful imaging and the grade of
cataract, which would allow further analysis
regarding the likelihood of HRT and GDx
examination in the presence of cataract.
Unfortunately, the relevant supplementary
assessment cannot be performed retrospectively.
Also, analysis of HRT MSD and GDx image
quality score would have provided an interesting
insight into cases of failed examination. However,
the latter analysis cannot be performed from the
population described in this chapter, since much
of the data, which were collected in the early
period of the study, have been lost.
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The main purpose of the cross-sectional study is
to determine the sensitivity and specificity of

the HRT and GDx for glaucomatous visual field
loss. The study used the presence of a
glaucomatous visual field defect as the diagnostic
indicator of glaucoma from which the diagnostic
precision of the HRT and GDx was determined.

Introduction
The HRT and GDx provide rapid and objective
examination of the ONH and RNFL, respectively,
and consequently have the theoretical potential 
to provide accurate diagnosis of glaucoma. The
diagnostic precision of both instruments has 
been widely investigated in previous research.
However, there are several problems in 
comparing such studies. These issues, and the
subsequent approach taken by the glaucoma
imaging study, are discussed in the following four
subsections.

Definitions
Prior to the determination of sensitivity and
specificity, a fundamental problem is how actually
to define glaucoma. In the clinical and research
settings, cases of glaucoma are usually identified
by the presence of visual field defects and/or the
appearance of the ONH and RNFL. When
performing an evaluation, it is important to have a
‘gold standard’ classifier that is independent of the
test being evaluated.94 This exclusion prevents
artificial inflation of the apparent sensitivity of the
technique. Consequently, since this study has been
investigating systems that examine the ONH and
RNFL, glaucoma has been defined on the basis of
visual fields alone. This strategy may incur a
disparity between a patient’s research and clinical
diagnostic classifications.

A further issue, which is also of great relevance to
this study, is defining the boundary between
normality and pathology. Moving this limit can
profoundly affect the apparent diagnostic accuracy
of an examination modality. The absence of a
universally accepted definition of glaucoma
contributes to this problem.1 This research,

therefore, took the approach of comparing
sensitivity and specificity estimates derived
following categorisation of the experimental group
by three different perimetric boundary 
definitions.

Inclusion criteria
An additional feature that can significantly affect
diagnostic precision is the level of disease in the
experimental group: if all the patients within the
cross-sectional group had advanced glaucoma, it
would not pose a diagnostic challenge to the
equipment and the apparent sensitivity would be
artificially high. The issue of inclusion and
stratification of the experimental group has been
widely discussed in the literature and underlies the
criticism of some widely quoted research (e.g. by
Tjon-Fo-Sang and Lemij117) that has reported
inflated levels of diagnostic precision. Therefore,
some of the analysis described in this chapter 
was performed subsequent to subclassification of
the experimental group by the level of perimetric
loss.

Specificity
In evaluating previous research, an obstacle to
making comparisons between studies is the
widespread use of isolated sensitivity and
specificity values. For the purposes of screening, it
is generally accepted that high specificity is
required when dealing with diseases of low
prevalence (approximately 1% of the population
≥ 40 years of age has undetected glaucoma).
Therefore, where appropriate, this study chose to
set the cut-off criteria to give a specificity of 95%,
which is considered to be appropriate for
glaucoma.178

Supplementary analysis
Some studies that have reported high sensitivity
and specificity have done so via sophisticated
mathematical manipulation of HRT or GDx
parameters.107,117 These modifications are not
available with the instruments’ default software
and were not, therefore, used in this research,
whose main objective was to report on the utility
of these instruments in the normal clinical
environment.
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Method
Patients were recruited and examined according to
the procedures detailed in Chapter 3.

Patient groups
Data from one, randomly selected, eye of 250
subjects were included in this study. Of this total,
98 were normal control individuals and 152 were
patients from the cross-sectional arm of the study.
The latter group comprised patients who had
been recruited from the general and glaucoma
clinics at MREH – they were not patients who met
any consistent definition of glaucoma. In most
cases, glaucoma patients were receiving treatment.

Originally, 179 glaucoma patients had been
examined in the cross-sectional category (owing to
over-achievement of the initial recruitment target).
However, as described in Chapter 6, the three
examinations could not be successfully performed
on some patients. From the initial cohort, 139
patients were amenable to examination with all
three instruments. Unfortunately, following the
data loss [see the section ‘Data loss’ (p. 24)], data
remained for only 61 patients (see Table 5). (This
experimental group was badly affected by the
database malfunction that occurred in the early
phases of the research project.)

Therefore, in order to improve the confidence limits
of the sensitivity and specificity estimates, additional
data were added to the original cross-sectional
group to increase its size. The supplementary data
came from 48 longitudinal patients (from both the
high risk and glaucoma groups) who were
unsuitable for inclusion in the longitudinal arms
owing to lack of data or early discontinuation. In
addition, randomly selected data sets (n = 43) from
the longitudinal glaucoma category were added to
increase the group size to 152.

Analysis
Statistical analysis was performed with Excel 2000
(Microsoft) and MedCalc version 7.3.0.1 (Frank
Schoonjans). The area under the receiver
operating characteristic (ROC) curve179–182 [with
95% confidence intervals (CIs)] was established for
all the global HRT parameters (n = 22) (the
parameter rim:disc area ratio was not included in
the analysis, since there is a constant relationship
between this parameter and C:D area ratio, which
was incorporated) and GDx parameters (n = 28).
A rough guide for classifying the accuracy of the
area underneath a ROC curve is shown in
Table 19.180,182–184 For the HRT DFAs87,88 the area
underneath the ROC curve was plotted for the

DFA statistic. The threshold of the DFA statistic
that yielded a specificity of 95% was calculated, as
were the sensitivity and specificity when zero cut-
offs were used.

This analysis was performed following
classification of the experimental group by each of
the three perimetric definitions listed below.

Definition 1: The fifth centile of the global MPD
of the normal group was calculated. Patients with
an MPD lying below this level were categorised as
abnormal.

Definition 2: Perimetric data were analysed by the
method described in the section ‘Analysis of visual
field data’ (p. 20), which gives a probability value
for asymmetry between superior and inferior
visual field sectors. The concept of comparing the
sensitivity of zones above and below the horizontal
mid-line is well established for glaucoma
diagnosis60 and is the basis of the GHT used by
the HFA.

For each eye, the number of areas with p ≥ 0.95
was counted. Any patient with one or more sectors
lying outside this threshold was defined as
abnormal.

Definition 3: The same principle as Definition 2,
except a cut-off of p ≥ 0.99 was used.

With each perimetric definition, subjects from the
control group whose visual fields were categorised
as normal were entered into the analysis to
generate specificity estimates. Patients from the
cross-sectional group who were found to have
abnormal fields with each system were used to
calculate sensitivity values. Individuals from the
cross-sectional category who had normal visual
fields (according to each criterion) were
categorised as ‘at risk’.

In addition to analysis of the HRT stereometric
parameters, the output from MRA was also
investigated. The MRA outputs three categories
(normal, borderline and outside normal limits), as
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TABLE 19 Interpretation of area underneath ROC curve

Area under ROC curve Interpretation

0.97–1.00 Excellent
0.92–0.96 Very good
0.75–0.91 Good
0.60–0.74 Fair
0.50–0.59 Very poor



described in the section ‘Diagnostic algorithms’
(p. 8). To determine fully the sensitivity and
specificity of the MRA, two sub-classifications were
employed: MRA1, where borderline results were
treated as abnormal, and MRA2, where borderline
results were treated as normal.

Where appropriate, levels of sensitivity at
approximately 95% specificity were estimated. In
addition, positive and negative likelihood ratios
were calculated, using the formulae sensitivity/
(1 – specificity) and (1 – sensitivity)/specificity,
respectively.

Sensitivity of the MRA and GDx number were also
recalculated after the experimental group had
been stratified by the degree of perimetric loss.
The categories used were: mean pattern deviation
from –1.3 to –2.00 dB, –2.01 to –3.00 dB, –3.01 to
–6.00 dB and <–6.01 dB.

Results
Characteristics of the experimental groups are
detailed in Table 20 and Figure 16. The mean age
of the normal controls and cross-sectional groups
was significantly different (p � 0.01; two-tailed
Student’s t-test). The visual field MPD was
–0.52 dB (95% CI: –0.60 to –0.43 dB) and
–3.29 dB (95% CI: –3.77 to –2.80 dB) for the
control and cross-sectional groups, respectively
(see Figure 17); this difference is highly statistically
significant (p <<< 0.001; two-tailed Student’s 
t-test). The number of patients with abnormal
visual field segments is shown in Figure 18.

The fifth centile of MPD for the normal group was
–1.3 dB; this value was used as the threshold of
normality for definition 1. Table 21 shows the
proportion of patients from each of the
experimental groups who are defined as having
normal and abnormal visual fields by each of the
methods. The resulting number of subjects in each
subgroup is shown in Table 22.

HRT parameters
For each visual field definition, the areas
underneath the ROC curve for the HRT
parameters are given in Table 23. In all cases,
optimum discrimination between glaucoma
patients and normal individuals was provided by
the Bathija DFA.88 Other parameters that
performed favourably were C:D area ratio, 
vertical C:D ratio, mean RNFL thickness and the
Mikelberg DFA; there was a large degree of
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TABLE 20 Characteristics of experimental groups

Characteristic Normal Cross-
group sectional group

Number 98 152
Minimum age (years) 39.5 42.0
Maximum age (years) 87.8 95.6
Median age (years) 59.7 69.0
Right eyes (%) 44.4 49.3
Left eyes (%) 55.6 50.7
Male (%) 43.4 58.6
Female (%) 56.6 40.4
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FIGURE 16 Age distribution of subjects
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TABLE 21 Outcome of stratification of experimental group by different criteria (95% CIs in parentheses)

Experimental group Outcome of Visual field Visual field Visual field 
visual field classification definition 1 (%) definition 2 (%) definition 3 (%)

Normals Normal fields 95.9 82.7 92.9
(90.0 to 98.4) (74.0 to 88.9) (86.0 to 96.5)

Abnormal fields 4.1 17.4 7.14
(1.6 to 10.0) (11.1 to 26.0) (3.5 to 14.0)

Cross-sectional Normal fields 28.3 54.6 63.8
(21.7 to 35.9) (46.7 to 62.3) (55.9 to 71.0)

Abnormal fields 71.7 45.4 36.2
(64.1 to 78.3) (37.7 to 53.3) (29.0 to 44.1)



commonality between the three visual field
definitions. For Bathija DFA, the areas underneath
the ROC curves were 0.831, 0.834 and 0.865 for
visual field definitions 1, 2 and 3, respectively.

ROC graphs for the four ‘best’ HRT parameters
are shown in Figure 19. In all cases, there was no
significant difference in area under the ROC
curve182 between the parameters shown. To
highlight the diagnostic accuracy at 95%
specificity, Table 24 shows the sensitivity (together
with positive and negative likelihood ratios) of
these parameters.

The DFA sensitivities shown above correspond to a
specificity of approximately 95%. However, the
cut-off of the DFA statistic to achieve this level was
not zero. For each of the three categories, the cut-
offs of the Bathija DFA were ≤0.059, ≤–0.087 and
≤0.059, respectively. The corresponding
thresholds were ≤–0.973, ≤–0.951 and ≤–0.671 for
the Mikelberg DFA. Table 25 shows the sensitivities
and specificities that were achieved when a level of
zero was used. (The latter are consistent with the
diagnostic accuracy of the HRT, since the software
uses a cut-off of zero.)

Moorfields regression analysis
The results of the MRA are shown in Table 26. The
highest sensitivity was 75% (with a corresponding
specificity of 75%), which was for MRA1 using
visual field definition 1. The highest specificity
(96% with sensitivity of 58%) was for visual field
definition 3 determined with MRA2. For all three
visual field criteria, the group categorised as ‘at
risk’ had a higher rate of MRA abnormality than
the normal control group (for both MRA1 and
MRA2).

GDx parameters
The areas under the ROC curves (together with
95% CIs) for the GDx are given in Table 27. The
GDx parameters the number, maximum
modulation, superior maximum/nasal median,
ellipse modulation and inferior maximum/nasal
median feature in the four ‘best’ for each visual

field definition. ROC curves for these parameters
are shown in Figure 20. From visual field 
definition 1, the number had a significantly 
larger area under the ROC curve182 than ellipse
modulation (p = 0.011), maximum modulation
(p = 0.002) and superior maximum/nasal 
median (p = 0.03). In definition 2, a significant
disparity in area was found between the 
number and ellipse modulation (p = 0.027) and
maximum modulation (p = 0.001). From
definition 3, a significant difference was found
between the number and ellipse modulation
(p = 0.035) and inferior maximum/nasal media
(p = 0.011). 

Table 28 gives the sensitivity, at approximately 95%
specificity, of the four optimum parameters for
each visual field definition; the positive and
negative likelihood ratios are also given. Although
the GDx number featured amongst the best
parameters, the threshold of this parameter
differed for definition 2. The optimum threshold
for the three groups was ≥ 42, ≥ 36 and ≥ 42,
respectively. The sensitivities and specificities for
recommended thresholds185 of the GDx number
are shown in Table 29.

Stratification by level of damage
Table 30 shows the output of the MRA stratified by
the level of perimetric loss. At the most severe
level of damage (i.e. MPD <–6.01 dB), MRA1

detected 83% of cases (at a specificity of 75%).
Higher specificity (95%) was associated with a
sensitivity of 79% for MRA2. For patients with very
early field loss, the sensitivities of MRA1 and
MRA2 are 66 and 31%, respectively.

Similar analysis for the GDx number is shown in
Table 31. Sensitivity is shown for three different
cut-off values of the number: 42 (derived to give
95% specificity), and the manufacturer’s
recommended levels of 30 and 70. For the lowest
threshold (i.e. number ≥ 31), the sensitivity is 75%
for diagnosing patients in the category with the
most advanced visual field loss (the specificity at
this level is 86%).
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TABLE 22 Number of subjects in experimental subpopulations

Number of subjects

Category Visual field definition 1 Visual field definition 2 Visual field definition 3

Normal 94 81 91
At risk 42 82 96
Glaucoma 109 69 55
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TABLE 23 Area underneath ROC curve for HRT parameters (95% CIs in parentheses)

Area under ROC curve

Global HRT parameter Visual field Visual field Visual field 
definition 1 definition 2 definition 3

Average variability 0.753 0.767 0.758
(0.688 to 0.81) (0.691 to 0.832) (0.680 to 0.825)

Bathija DFA 0.831 0.834 0.865
(0.773 to 0.879) (0.765 to 0.89) (0.799 to 0.916)

Cup area 0.782 0.788 0.801
(0.72 to 0.837) (0.714 to 0.851) (0.727 to 0.863)

Cup shape measure 0.750 0.782 0.796
(0.685 to 0.807) (0.708 to 0.845) (0.721 to 0.858)

Cup volume 0.757 0.748 0.773
(0.693 to 0.814) (0.671 to 0.815) (0.696 to 0.838)

C:D area ratio 0.806 0.802 0.827
(0.745 to 0.857) (0.729 to 0.863) (0.756 to 0.885)

Height variation contour 0.620 0.529 0.585
(0.550 to 0.684) (0.446 to 0.611) (0.500 to 0.665)

Horizontal cup:disk ratio 0.733 0.726 0.749
(0.668 to 0.792) (0.648 to 0.796) (0.671 to 0.817)

Infero-temporal contour line modulation 0.762 0.738 0.749
(0.698 to 0.818) (0.659 to 0.806) (0.671 to 0.817)

Maximum contour depression 0.637 0.691 0.678
(0.568 to 0.703) (0.61 to 0.764) (0.595 to 0.753)

Maximum contour elevation 0.772 0.725 0.761
(0.709 to 0.828) (0.646 to 0.794) (0.683 to 0.827)

Maximum cup depth 0.625 0.602 0.624
(0.555 to 0.691) (0.519 to 0.681) (0.541 to 0.703)

Mean cup depth 0.702 0.690 0.712
(0.635 to 0.763) (0.609 to 0.763) 0.632 to 0.784)

Mean RNFL thickness 0.792 0.749 0.804
(0.730 to 0.845) (0.672 to 0.816) (0.730 to 0.865)

Mikelberg DFA 0.770 0.791 0.826
(0.707 to 0.826) (0.717 to 0.853) (0.755 to 0.884)

Reference height 0.499 0.523 0.514
(0.429 to 0.57) (0.44 to 0.605) (0.430 to 0.597)

Rim area 0.741 0.728 0.795
(0.675 to 0.799) (0.649 to 0.797) (0.721 to 0.858)

Rim volume 0.782 0.747 0.806
(0.72 to 0.836) (0.669 to 0.814) (0.733 to 0.867)

Rim:disc area ratio 0.806 0.802 0.827
(0.745 to 0.857) (0.729 to 0.863) (0.756 to 0.885)

RNFL cross-sectional area 0.755 0.710 0.783
(0.691 to 0.812) (0.631 to 0.781) (0.708 to 0.847)

Supero-temporal contour line modulation 0.719 0.722 0.786
(0.652 to 0.779) (0.643 to 0.792) (0.710 to 0.849)

Vertical C:D ratio 0.815 0.807 0.819
(0.755 to 0.865) (0.734 to 0.867) (0.747 to 0.878)
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Definition 1

Definition 3

Definition 2

 Bathija DFA
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TABLE 24 Diagnostic precision of HRT parameters at 95% specificity (95% CIs in parentheses)

Sensitivity (%) Positive likelihood ratio Negative likelihood ratio

Visual field definition 1: specificity = 94.7% (88.0 to 98.2)
Bathija DFA 56.6 10.65 0.46

(47.0 to 65.9)

Vertical C:D ratio 53.1 9.58 0.50
(43.5 to 62.5)

C:D area ratio 51.3 9.65 0.51
(41.7 to 60.8)

Mean RNFL thickness 34.5 6.49 0.69
(25.8 to 44.0)

Visual field definition 2: specificity = 95.1% (87.8 to 98.6)
Bathija DFA 44.9 9.10 0.58

(32.9 to 57.4)

Vertical C:D ratio 49.3 9.98 0.53
(37.0 to 61.6)

C:D area ratio 47.8 9.68 0.55
(35.6 to 60.2)

Mikelberg DFA 49.3 9.98 0.53
(37.0 to 61.6)

Visual field definition 3: specificity = 94.5% ( 87.6 to 98.2)
Bathija DFA 54.5 9.93 0.48

(40.6 to 68.0)

C:D area ratio 58.2 10.59 0.44
(44.1 to 71.3)

Mikelberg DFA 56.4 10.26 0.46
(42.3 to 69.7)

Vertical C:D ratio 54.5 9.93 0.48
(40.6 to 68.0)

TABLE 25 Diagnostic characteristics of HRT discriminant function analyses (95% CIs in parentheses)

Visual field Visual field Visual field 
definition 1 definition 2 definition 3

Bathija DFA88

Sensitivity at zero threshold of DFA statistic 53.1 49.3 52.7
(43.5 to 62.5) (37.0 to 61.6) (38.8 to 66.3)

Specificity at zero threshold of DFA statistic 95.7 95.1 95.6
(89.5 to 98.8) (87.8 to 98.6) (89.1 to 98.8)

Mikelberg DFA87

Sensitivity at zero threshold of DFA statistic 63.7 65.2 70.9
(54.1 to 72.6) (52.8 to 76.3) (57.1 to 82.4)

Specificity at zero threshold of DFA statistic 79.8 80.2 82.4
(70.2 to 87.4) (69.9 to 88.3) (73.0 to 89.6)
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TABLE 26 Results from MRA of HRT data (95% CIs in parentheses)

MRA Resulta Visual field definition 1 Visual field definition 2 Visual field definition 3

MRA1 MRA2 MRA1 MRA2 MRA1 MRA2

Normal Negative 74.5 94.7 74.1 95.1 76.9 95.6
(64.8 to 82.2) (88.2 to 97.7) (63.6 to 82.4) (88.0 to 98.1) (67.3 to 84.4) (89.2 to 98.3)

Positive 25.5 5.3 25.9 4.9 23.1 4.4
(17.8 to 35.2) (2.3 to 11.9) (17.6 to 36.4) (1.9 to 12.0) (15.6 to 32.7) (1.7 to 10.8)

At risk Negative 53.5 79.1 31.3 31.3 34.0 57.7
(38.9 to 67.5) (64.8 to 88.6) (22.4 to 41.9) (43.6 to 64.5) (25.4 to 43.9) (48.0 to 67.1)

Positive 46.5 20.9 68.7 45.8 66.0 42.3
(32.5 to 61.1) (11.4 to 35.2) (58.1 to 77.6) (35.5 to 56.5) (56.1 to 74.6) (32.9 to 52.2)

Glaucoma Negative 24.8 41.3 34.8 49.3 30.9 41.8
(17.6 to 33.6) (32.5 to 50.7) (24.6 to 46.6) (37.8 to 60.8) (20.3 to 44.0) (29.7 to 55.0)

Positive 75.2 58.7 65.2 50.7 69.1 58.2
(66.4 to 82.4) (49.3 to 67.5) (53.5 to 75.4) (39.2 to 62.2) (56.0 to 79.7) (45.0 to 70.3)

a Negative, MRA output ‘normal’; positive, MRA output ‘abnormal’.

TABLE 27 Area under ROC curve for GDx parameters (95% CIs in parentheses)

Area under ROC curve

GDx parameter Definition 1 Definition 2 Definition 3

Average thickness 0.609 0.547 0.568
(0.539 to 0.677) (0.464 to 0.629) (0.483 to 0.649)

Ellipse modulation 0.763 0.753 0.747
(0.698 to 0.82) (0.677 to 0.82) (0.668 to 0.815)

Inferior integral 0.536 0.563 0.536
(0.464 to 0.606) (0.479 to 0.643) (0.452 to 0.619)

Inferior maximum 0.693 0.636 0.635
(0.624 to 0.755) (0.553 to 0.713) (0.551 to 0.713)

Inferior maximum/nasal median 0.741 0.719 0.719
(0.676 to 0.8) (0.64 to 0.789) (0.638 to 0.79)

Inferior ratio 0.693 0.633 0.629
(0.624 to 0.756) (0.55 to 0.71) (0.545 to 0.708)

Inferior/nasal integral 0.632 0.578 0.584
(0.561 to 0.698) (0.495 to 0.659) (0.499 to 0.665)

Inferior/temporal integral 0.654 0.588 0.580
(0.584 to 0.719) (0.505 to 0.668) (0.496 to 0.662)

Maximum modulation 0.759 0.733 0.719
(0.694 to 0.816) (0.655 to 0.802) (0.639 to 0.791)

Nasal maximum 0.601 0.600 0.588
(0.53 to 0.669) (0.517 to 0.679) (0.504 to 0.668)

Nasal integral 0.547 0.598 0.584
(0.476 to 0.617) (0.515 to 0.677) (0.500 to 0.665)

Nasal median 0.494 0.550 0.544
(0.423 to 0.565) (0.467 to 0.631) (0.46 to 0.627)

continued



Discussion
This study has examined the ability of two
instruments, the HRT and GDx, to identify
patients with glaucomatous visual field loss. It has
the methodological advantage of comparing the
diagnostic accuracy of the two instruments on one
population, whereas many other studies review
only one device.90,92,108,186,187 Overall, the results
show that both techniques fail to detect a
significant number of cases of glaucoma. This
finding, which is in line with many other
researchers, is likely to be associated with the large
overlap in the appearance of the ONH in normal
and glaucomatous eyes.90,188,189

The Glaucoma Imaging Study used three different
perimetric methods to define patients with
glaucomatous visual field loss. Patients were
defined on the basis of their visual field status
alone so as not to induce an apparent increase in
the sensitivity of the HRT and GDx by using ONH
and RNFL characteristics as diagnostic criteria.94

However, the use of a perimetric definition is,
itself, associated with difficulties since, currently,
there is no universally agreed definition of
glaucoma. Although several systems have been
described in the literature,132,190,191 none has
become accepted as definitive.192 Therefore, this
study took the approach of using three different
methods of defining glaucoma. Visual field
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TABLE 27 Area under ROC curve for GDx parameters (95% CIs in parentheses) (cont’d)

Area under ROC curve

GDx parameter Definition 1 Definition 2 Definition 3

Number 0.84 0.827 0.820
(0.782 to 0.887) (0.757 to 0.884) (0.748 to 0.879)

Superior integral 0.576 0.511 0.546
(0.504 to 0.644) (0.428 to 0.594) (0.462 to 0.529)

Superior maximum 0.724 0.712 0.715
(0.657 to 0.784) (0.632 to 0.783) (0.634 to 0.786)

Superior maximum/nasal median 0.753 0.782 0.784
(0.687 to 0.81) (0.707 to 0.845) (0.708 to 0.847)

Superior ratio 0.734 0.718 0.712
(0.667 to 0.793) (0.639 to 0.789) (0.631 to 0.784)

Superior/inferior integral 0.523 0.610 0.632
(0.452 to 0.594) (0.528 to 0.689) (0.548 to 0.71)

Superior/nasal integral 0.645 0.637 0.658
(0.575 to 0.711) (0.554 to 0.714) (0.575 to 0.735)

Superior/temporal integral 0.668 0.633 0.642
(0.599 to 0.733) (0.551 to 0.71) (0.558 to 0.72)

Symmetry 0.518 0.615 0.611
(0.447 to 0.589) (0.532 to 0.694) (0.527 to 0.691)

Temporal integral 0.599 0.619 0.596
(0.528 to 0.667) (0.536 to 0.697) (0.512 to 0.677)

Temporal maximum 0.512 0.516 0.507
(0.441 to 0.583) (0.433 to 0.598) (0.423 to 0.591)

Temporal median 0.521 0.523 0.512
(0.45 to 0.591) (0.440 to 0.605) (0.428 to 0.596)

Temporal median/nasal median 0.498 0.529 0.543
(0.427 to 0.569) (0.446 to 0.611) (0.459 to 0.626)

Temporal/nasal integral 0.573 0.554 0.533
(0.502 to 0.642) (0.471 to 0.636) (0.448 to 0.616)

Total polar average 0.663 0.596 0.615
(0.594 to 0.728) (0.513 to 0.675) (0.531 to 0.694)

Total polar integral 0.527 0.554 0.521
(0.456 to 0.597) (0.471 to 0.635) (0.437 to 0.605)
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TABLE 28 Diagnostic precision of GDx parameters at 95% specificity (95% CIs in parentheses)

Sensitivity (%) Positive likelihood ratio Negative likelihood ratio

Visual field definition 1: specificity = 94.7% (88.0 to 98.2)
Number 40.4 7.59 0.63

(31.1 to 50.2)

Ellipse modulation 26.6 5.00 0.78
(18.6 to 35.9)

Maximum modulation 25.7 4.83 0.78
(17.8 to 34.9)

Superior maximum/nasal median 26.6 5.00 0.78
(18.6 to 35.9)

Visual field definition 2: specificity = 95.1% (87.8 to 98.6)
Number 44.9 9.10 0.58

(32.9 to 57.4)

Superior maximum/nasal median 24.6 4.99 0.79
(15.1 to 36.5)

Ellipse modulation 29.0 5.87 0.78
(18.7 to 41.2)

Maximum modulation 23.2 4.70 0.81
(13.9 to 34.9)

Visual field definition 3: specificity = 94.5% (87.6 to 98.2)
Number 38.2 6.95 0.65

(25.4 to 52.3)

Superior maximum/nasal median 29.1 5.29 0.75
(17.6 to 42.9)

Ellipse modulation 30.9 5.63 0.73
(19.2 to 44.8)

Inferior maximum/nasal median 9.1 1.65 0.96
(3.1 to 20.0)

TABLE 29 Diagnostic features of the GDx number (95% CIs in parentheses)

Visual field Visual field Visual field
definition 1 definition 2 definition 3

Sensitivity for number ≥ 31 64.2 56.5 60.0
(54.5 to 73.2) (44.0 to 68.4) (45.9 to 73.0)

Specificity for number ≥ 31 86.2 88.9 85.7
(77.5 to 92.4) (79.9 to 94.8) (76.8 to 92.2)

Sensitivity for number ≥ 71 11.0 10.1 12.7
(5.8 to 18.4) (4.2 to 19.8) (5.3 to 24.5)

Specificity for number ≥ 71 100.0 100.0 98.9
(96.1 to 100.0) (95.5 to 100.0) (94.0 to 99.8)

definition 1 took the fifth centile of mean pattern
deviation from the normal group and used this
threshold as the upper limit of normality. Global
indices, such as MPD, have the limitation that they
take an average of data over all locations that have
been tested. Consequently, the impact of small

defects may be ‘diluted’ by considering a global
measure. However, the study chose to utilise
pattern (rather than total) deviation since,
although the measurement gives one value for the
whole visual field, the parameter expresses
localised, rather than diffuse, loss. In real terms,



pattern deviation ‘lifts off ’ any diffuse perimetric
loss, for example due to cataract. This strategy
does, however, incur the possibility of neglecting
diffuse perimetric loss, which can occur in early
glaucoma.193 Definitions 2 and 3 aimed to address
this issue by examining sectors of the visual field.
This method is well established for determining
localised loss and has been shown to perform well
in the detection of glaucomatous visual field
defects60 and is the basis of the HFA’s GHT [see
the section ‘Analysis of visual field data’ (p. 20)],
which is widely considered to be a useful tool for
glaucoma diagnosis. There was little overall pattern
of agreement between the detection of ONH and
RNFL damage and any of the visual field
definitions (although definitions 1 and 3 tended to

perform slightly better than 2) – this is likely to be
a manifestation of the wide range of patterns of
damage in glaucoma and the complexity of the
relationship between morphological change and
alteration in visual function.

For determining diagnostic precision, two different
methods were used: the sensitivity at 95%
specificity was calculated for the optimum
parameters – this level was used since it is thought
to be appropriate for a condition such as
glaucoma.178 In addition, the areas underneath
the ROC curve were computed for all HRT and
GDx parameters – this technique has the
advantage of being a criterion-free method of
establishing overall diagnostic accuracy.
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TABLE 30 MRA analysis of HRT data following stratification by level of visual field damage (95% CIs in parentheses)

MRA result Mean pattern No. of Sensitivity of MRA1 (%) Sensitivity of MRA2 (%)
deviation (dB) subjects

Normal 29 35 69
–1.3 to –2.00 (20 to 53) (51 to 83)

Glaucoma 66 31
(47 to 80) (17 to 49)

Normal 17 27 41
–2.01 to –3.00 (13 to 53) (22 to 64)

Glaucoma 71 59
(47 to 87) (36 to 78)

Normal 39 21 33
–3.01 to –6.00 (11 to 36) (21 to 49)

Glaucoma 80 67
(65 to 89) (51 to 79)

Normal 24 17 21
<–6.01 (7 to 36) (9 to 41)

Glaucoma 83 79
(64 to 93) (60 to 91)

TABLE 31 Analysis of GDx number following stratification by level of visual field damage (95% CIs in parentheses)

Mean pattern deviation No. of Sensitivity of Sensitivity of Sensitivity of 
(dB) subjects GDx number ≥ 42(%) GDx number ≥ 31 (%) GDx number ≥ 71 (%)

–1.3 to –2.00 29 31 52 3
(17 to 49) (34 to 69) (1 to 17)

–2.01 to –3.00 17 35 65 6
(17 to 59) (41 to 83) (1 to 27)

–3.01 to –6.00 39 41 67 13
(27 to 57) (51 to 79) (6 to 27)

<–6.01 24 63 75 21
(43 to 79) (55 to 88) (9 to 40)



The majority of global HRT stereometric
parameters had areas underneath the ROC curve
that were interpreted as either good or fair, which
was not the case for the GDx, where a few
parameters fell into the good or fair categories,
but most were categorised as very poor; many
measurements yielded a result just over 0.5, which
represents little better than pure chance.

With the HRT, the single best discriminator (of the
parameters) was the Bathija DFA.88 The
superiority of combinations of stereometric
parameters over single values has been documented
previously.194,195 The Bathija algorithm combines
the parameters cup shape measure, height
variation contour, rim area and RNFL thickness;
of interest, these parameters also fare
comparatively well as individual measurements.
The maximum area under the ROC curve was
0.865 for the Bathija DFA, which means that a
randomly selected glaucoma patient will exceed
the normal value of the measurement 87% of the
time. This result is very similar to that found by
Zangwill and colleagues; for the Bathija DFA, they
found an area under the ROC curve of 0.85.36

For the Mikelberg DFA, previous research has
found sensitivity and specificity estimates of 74%
and 88%196, 87% and 84%87 and 42% and 90%,36

compared with 56% and 95% in this study. As
already highlighted, making comparisons between
studies is confounded by multiple factors which
could easily account for the apparent disparities in
diagnostic precision.

Reasonable diagnostic precision was also found with
the Mikelberg DFA87 with a maximum area under
the ROC curve of 0.826. This formula combines
cup shape measure, rim volume and height
variation contour. Again, these measurements also
perform well singly. The sensitivity of these indices
at 95% specificity was 57% and 56% for Bathija and
Mikelberg, respectively. It must be noted that these
levels of diagnostic accuracy do not represent those
produced by the HRT software; the reason for this
is that the HRT uses a cut-off of zero of the DFA
statistic. When the latter level was used, sensitivity
and specificity of 53% and 96%, respectively, were
achieved for the Bathija DFA; corresponding values
were 71% and 82%, for the Mikelberg DFA. A
potential source of error in our specificity estimates
at non-zero thresholds is that, ideally, the analysis
should be repeated with an independent data set,
other than that on which the new cut-off was
established. For all three visual field definitions, 
the Bathija cut-offs were far closer to zero than
those for the Mikelberg algorithm, which is

consistent with the superior diagnostic performance
of the former.

Two definitions of the MRA were used to allow for
alternative classifications of the ‘borderline’
category. MRA1 treated borderline cases as
abnormal, whereas MRA2 categorised them as
normal. Optimum diagnostic ability was found for
MRA1 with visual field definition 1 (sensitivity of
75% for 75% specificity); these estimates were 59%
and 95%, respectively, for MRA2. The highest
specificity (96%) was found for MRA1 with visual
field definition 3 at 58% sensitivity. On account of
the categorical output of the MRA, specificity
could not be pegged at 95%.

A further way of describing diagnostic precision is
in terms of positive and negative predictive values
(positive and negative predictive values were
calculated assuming a prevalence of 1.5%).197 For
MRA1, these levels were 4.4% and 99.4%,
respectively, for MRA2, 16.8% and 99.3% and
15.4% and 99.3% for the Bathija DFA (using a cut-
off of zero).

The MRA has the theoretical advantage for
diagnosing glaucoma in that it takes into account
optic disc size, which is especially important in the
light of the close correlation between disc, neuro-
retinal rim and cup sizes,198,199 and is of particular
significance in small discs.200 This factor is likely
to explain the better discriminating ability (albeit
slight) that the MRA has over the other HRT
algorithms, which do not take account of overall
disc size.

MRA data were also analysed for the group
considered ‘at risk’ of developing glaucoma (these
patients were originally included in the cross-
sectional group, but had no evidence of visual
field damage by each of the definitions). In all
three cases, the MRA found a higher incidence of
abnormality at the ONH in the ‘at risk’ group
than in the control group. This finding is likely to
be due to patients who have undergone
morphological change at the ONH prior to the
onset of functional damage (so-called pre-
perimetric glaucoma).33,93,201,202 For definitions 1
and 3, the levels of abnormality from the ‘at risk’
category were lower than for those with perimetric
loss, although the relationship was reversed for
definition 2, which is possibly a manifestation of
the complex nature of the relationship between
structure and function in glaucoma.

The issue of pre-perimetric changes to the ONH
and RNFL may influence the diagnostic precision
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of the HRT and GDx; if a significant number of
patients developed structural change (prior to
functional loss), it would reduce the specificity of
the technique. In the situation where the
specificity is pegged at 95%, it would then reduce
the sensitivity.

Miglior and colleagues performed a large-scale
study that evaluated the MRA and Mikelberg
DFAs.97 They classified ‘borderline’ results as
‘normal’ (i.e. equivalent to MRA2 from this study)
and found a sensitivity of 74% for 85% specificity,
compared with 58% and 96% in the present study.
However, although Miglior and colleagues used
the commendable strategy of not defining
glaucoma on the basis of retinal characteristics,
they defined abnormality as the presence of a
glaucomatous visual field defect plus a history of
IOP >21 mmHg. This strategy will have excluded
from their experimental group the proportion of
glaucoma patients (between 25 and 50%) who
have IOPs within the normal range at
diagnosis,7,17,27 so their findings are not
necessarily applicable to a typical population of
glaucoma patients where significant numbers have
normal tension glaucoma.

Diagnostic precision with the MRA from this study
is lower than that determined by the creators of
the analysis, Wollstein and colleagues.95 They
found sensitivity and specificity of 78% and 81%,
respectively. Our findings are in agreement with
those found in another study that yielded values of
58% and 96%96 (identical with our estimates from
MRA2 with visual field definition 3). The finding
of lower levels of diagnostic precision from
independent studies is not surprising, since an
algorithm will perform optimally when tested on
the original population from which it was derived.
This explanation could also account for
differences in performance of the two DFAs
compared with the original research.87,88 This
study’s levels of diagnostic accuracy were more in
line with those found by other independent
research.96

A potential limitation of the approach taken by
this study is that we only considered global HRT
parameters and did not examine results from
sectoral values. However, it is highly likely that this
will have no consequence on the final outcome.
The basis for this assumption is that one of the
definitive papers in this area did review both
global and sectoral parameters and found that,
when areas under the ROC curve were put in
descending order, only one sectoral parameter was
superior to the Bathija linear discriminant

function (LDF), and this was by a margin of
0.01.36 Therefore, sectoral analysis is unlikely to
have yielded superior diagnostic accuracy to its
global counterpart. A further weakness of the
study is that the control subjects from this study
were used to derive the normative database from
which the visual field probability values were
calculated. An optimal strategy would have been
to use a separate data set, since characteristics of
the normal database can have a profound effect
on diagnostic precision.156

Overall, the performance of the GDx did not
match that of the HRT, although, for both
instruments, the highest area under the ROC
curve for the GDx was for the number (0.840),
with a sensitivity of 45% at 95% specificity.
Consequently, the positive and negative predictive
values were 12.3% and 99.1%, respectively. The
other GDx parameters that performed well were
superior maximum/nasal median, maximum
modulation and ellipse modulation. The reason
why these parameters achieved reasonable
diagnostic precision is that (with the exception of
the number) they do not express straightforward
thickness measurements. This will render them
less likely to be affected by anomalous values of
corneal polarisation [see the section ‘Corneal
polarisation’ (p. 13)]. The number is also thought
to be relatively insensitive to anterior segment
birefringence, which may contribute to its
favourable performance. Individual compensation
has been shown to improve the discriminating
ability of the GDx.125,203 However, such
modifications could not be incorporated in this
study as they are only available with the GDx VCC,
which is the successor to the model used in our
laboratory. Since the developments incorporated
in the new instrument are both hardware and
software based, our instrument cannot be
upgraded to allow us to determine the effect of
customised corneal compensation on our data set.
Therefore, the distribution of diagnostic abilities
of the GDx parameters found from this study may
well differ from the GDx VCC.

Four new GDx parameters have recently been
described.104 However, they are only available via a
special version of the software and are not
computed by the default version on our
instrument. Of interest, in the study by Colen and
colleagues104 each of the new parameters did not
perform as well as the number, so the results of
our study still represent the optimal GDx
parameters. From their research, they found the
number to have an area under the ROC curve of
0.90 (compared with 0.84 from our results).
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However, the former figure was derived from the
entire experimental group who had an average
mean deviation of –10.4 dB, that is, far more
severe damage than in this study, which would
account for the higher diagnostic precision. When
they stratified their experimental group by the
degree of damage, the subset they classified as
having ‘early’ loss (mean MD = –3.5 dB) had an
area under the ROC curve of 0.84 for the number
(identical with our estimate). 

Similar performance of the GDx number was
found in the study of Zangwill and colleagues, who
found it to have an area under the ROC curve of
0.81.36 They also examined an LDF204 (not
currently available with the basic GDx software),
which had previously been found to have good
discriminating ability. However, this function was
not included in our research, since this study did
not include parameters that require
supplementary analysis for their derivation.

The strategy of subclassifying the experimental
group according to the level of damage highlights
the issue of how critical the degree of perimetric
loss is to sensitivity estimates. This study used very
narrow increments to subdivide the glaucoma
population, but still yielded very different
sensitivity estimates for each category. For MRA1,

the sensitivity for patients with mean pattern
deviation of –1.3 to –2.00 dB was 66%, whereas for
those with loss in the –3.01 to –6.00 dB range it
was 80% (the specificity for both of these
categories was 75%). A similar pattern was found
for the GDx number. Although this form of
analysis has the advantage of allowing enhanced
exploration of the experimental group, the
adverse consequence of examining small sample
sizes is that it significantly increases the 95% CIs
of the estimates.

Overall, this study has found that, although the
HRT and GDx do appear to have reasonable
diagnostic precision, they still fail to detect a
significant number of cases with glaucomatous
visual field loss. This finding is likely to be a
manifestation of the complex relationship between
structure and function in glaucoma. Previous work
has shown that significant damage can occur at
the ONH and RNFL prior to the onset of
perimetric loss.201,205 However, more recent
research suggests that this is not necessarily always
the case,35 where some patients may show
evidence of functional damage prior to structural
change. Greater understanding of the association
between structure and function is necessary before
the shortcomings of the HRT and GDx in
glaucoma diagnosis will be fully apparent.
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This chapter reports the results from the
longitudinal high risk category of patients.

Introduction
In the literature, there is a paucity of studies that
describe the performance of imaging techniques
in longitudinal follow-up of glaucoma suspects; of
those that exist, most only include a relatively
short period of follow-up.

The fundamental issue to be addressed in this
section of the study concerns which of the two
methods of assessment [topographic analysis of
the ONH (HRT) or polarimetric examination of
the RNFL (GDx)] is best able to identify patients
developing glaucomatous optic neuropathy
(known as conversion). 

As already described in Chapter 7, the issue of
definitions is pivotal in determining diagnostic
precision. The problematic issue with glaucoma is
that there is no gold standard definition and
alterations in the threshold criteria can profoundly
affect the outcome.

Consistent with the theme of this report, a
perimetric definition of glaucoma is used. This
strategy is taken in order to prevent bias of the
results towards the imaging devices.94

Method
Patients from the longitudinal high risk category
were examined according to the procedures
detailed in the section ‘Data collection’ (p. 18).
Two different types of analysis were performed on
visual field data to identify patients who showed
perimetric conversion: the rate of change in
pattern deviation values derived from linear
regression analysis (described in the following
subsection) and comparison of results with data
collected from the control population (see the
subsequent subsection).

Rate of change of pattern deviation
Longitudinal visual field data were analysed by
three different methods:

1. Global
Linear regression analysis was performed on
longitudinal global MPD values. The number of
patients whose rate of change exceeded the 
p levels of ≤0.05, ≤0.02, ≤0.01 and ≤0.005 was
calculated. In order to estimate the amount of
experimental noise, the number of patients whose
rate of change exceeded the p levels of ≥0.95,
≥0.98, ≥0.99 and ≥0.995 was also calculated.

2. Sectoral
Linear regression analysis was performed on
sectoral MPD, for 10 visual field sectors, using 
the GHT locations [see the section ‘Analysis of
visual field data’ (p. 20)]. The computation was
repeated for the same levels of probability as
described above.

3. Pointwise
Pointwise linear regression analysis was performed
on the 54 points in each visual field. The
computation was repeated for the same levels of
probability as described above.

The following definitions were used to identify
converters from each category:

1. Global
Patients who showed a rate of change with a
p ≤ 0.05 on linear regression.

2. Sectoral
Patients who had ≥1 sector with a rate of change
with a probability of p ≤ 0.05.

3. Pointwise
Patients who had ≥ 3 points with rates of change
with p ≤ 0.02.

A Venn diagram was constructed to describe the
extent of agreement between the three methods
described above.

Patients who showed conversion were subsequently
subclassified:

� Definite converters: patients who fulfilled all
three criteria for conversion.

� Probable converters: patients who fulfilled any
two criteria for conversion.

Health Technology Assessment 2005; Vol. 9: No. 46

63

© Queen’s Printer and Controller of HMSO 2005. All rights reserved.

Chapter 8

Longitudinal high risk study



� Suspect converters: patients who fulfilled only
one criterion for conversion.

� Stable fields: patients who showed no
significant change in any of the three criteria.

Each of the above categories is mutually exclusive;
for example, the classification of probable
converters does not also include those who showed
definite conversion.

The category of patients with ‘stable fields’ was
included for those cases that showed evidence of
conversion on ONH and/or RNFL characteristics,
but not on the basis of their perimetric data.

From the cross-sectional study (Chapter 7), the
four parameters with the largest areas underneath
the ROC curves were selected for analysis. For the
HRT, these were C:D area ratio, mean RNFL
thickness, vertical C:D ratio and the Bathija DFA,
and for the GDx they were, the number, ellipse
modulation, maximum modulation and superior
maximum:nasal median. Linear regression
analysis was performed on each parameter.

For each perimetric conversion category (see
above), the number of patients showing significant
change (at the 5% level) in their HRT and GDx
parameters was calculated; this analysis was
repeated for both ‘improvement’ and
‘deterioration’. The p ≥ 0.95 or p ≤ 0.05 threshold
was chosen for each parameter depending on
whether the parameter value increased or
decreased with abnormality, respectively. Venn
diagrams were constructed to show the extent of
overlap between the detection of conversion
between the three techniques; the analysis was
repeated, taking into account the number of
parameters showing evidence of change. 

Pattern deviation outside normal limits
Global MPD at baseline and the final examination
was compared with the fifth centile from the

normal control population (n = 98) described in
Chapter 7. The lower limit of normality was
–1.3 dB [see the section Results (p. 49)]: global
MPDs lying above and below this threshold were
classified as normal and abnormal, respectively.
The number of patients who showed an alteration
in classification between their initial and final
examinations was calculated. 

For patients who showed evidence of conversion,
the number of HRT and GDx parameters that
showed significant change (at the 5% or 95% level,
as appropriate) was documented and agreement
between the three techniques ascertained.

For this section of the analysis, the HRT
parameters global and vertical C:D ratio were not
used; instead, each parameter was divided by disc
diameter, which was calculated as 2 (disc area/π )

1⁄2.
This strategy was adopted to account for the well-
established relationship between neuro-retinal rim
area and disc size.198,199,206–208

Results
Patient demographics, together with duration of
follow-up, the number of examinations and data
required by standards established by the
QUOROM152 are given in the section
‘Longitudinal high risk and longitudinal glaucoma
groups’ (p. 25); additional details are given in
Table 32.

Figure 21 shows the frequency distribution of global
MPD at baseline and completion of the study. To
quantify the overall amount of perimetric change
that was observed during the period of the study,
the frequency distribution of the gradients from
linear regression of global MPD is shown in 
Figure 22. Figure 23 shows the relationship between
the gradient of the regression line and the
associated probability value.

Longitudinal high risk study
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TABLE 32 Details of longitudinal high risk population

Characteristic Longitudinal high risk patients

Number of subjects 240
Minimum age at baseline (years) 38.2
Maximum age at baseline (years) 86.5
Median age (years) 63.9
Right eyes (%) 51.3
Left eyes (%) 48.7
Male (%) 60.8
Female (%) 39.2



Table 33 illustrates the outcome of linear
regression analysis of visual field data; the results
from global, sectoral and pointwise analysis are
given. In addition to cases showing significant
deterioration (i.e. with negative gradient of
regression line and probability values ≤ 0.05,
≤ 0.02, ≤ 0.01 and ≤ 0.005), the proportion of
patients who showed apparent ‘improvement’ at
the corresponding levels of significance are also
given.

In total, 72 patients showed some evidence of
perimetric conversion by one, or more, of the
three definitions. The number of patients who
converted according to the global, sectoral and
pointwise criteria were 26, 30 and 45, respectively.
Clearly, the criteria agreed on some cases, but
disagreed on others. Figure 24 shows the frequency
distribution of high risk patients with respect to
the number of perimetric criteria in which they
showed perimetric conversion. The extent of
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TABLE 33 Outcome of linear regression analysis of visual field data [data shown as a percentage of total group (n = 240)]

Sectoral (%) Pointwise (%)

p-Value Global ≥ 1 sector ≥ 2 sectors ≥ 3 sectors ≥ 4 sectors ≥ 1 point ≥ 2 points ≥ 3 points ≥ 4 points
(%)

Negative gradient
≤ 0.05 10.8 49.2 22.9 6.3 3.3 93.8 78.3 59.6 43.3
≤ 0.02 7.5 31.3 7.1 2.1 1.3 72.5 41.7 18.8 8.3
≤ 0.01 5.4 19.2 3.3 0.8 0.4 47.5 20.0 7.1 2.5
≤ 0.005 2.5 12.5 1.3 0.4 0.0 29.2 9.6 2.9 1.7

Positive gradient
≥ 0.95 5.8 40.4 11.3 4.2 1.7 92.1 75.4 48.3 26.7
≥ 0.98 3.3 20.8 3.8 0.4 0.0 61.3 29.2 13.8 4.6
≥ 0.99 2.5 12.9 1.7 0.0 0.0 39.2 13.3 3.3 1.7
≥ 0.995 0.8 8.8 1.3 0.0 0.0 26.3 4.2 1.3 0.0
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agreement between the three methods derived
from linear regression is shown in Figure 25.

From the entire high risk group, the number of
patients showing significant deterioration and
improvement of their HRT and GDx parameters
is shown in Table 34.

The extent of agreement between the HFA, HRT
and GDx for glaucomatous conversion when
global, sectoral and pointwise definitions of
perimetric conversion were used is shown in
Figure 26. In this case, significant deterioration
with the HRT and GDx was defined as any patient
who had linear regression that was significant at
the ≤ 5% level (or ≥ 95% level, as appropriate) for
one or more of the four parameters considered.

From the total of 240 high risk eyes, the numbers
showing definite conversion, probable conversion,
suspect conversion and stable visual fields were 7,
15, 50 and 168, respectively.

Definite converters
Seven patients were defined as showing ‘definite
perimetric conversion’, that is, they fulfilled all
three criteria for conversion derived from linear
regression of their perimetric data. From this
group, the number of patients showing significant
change in their HRT and GDx parameters is
shown in Table 35. The agreement between the
visual field analysis, HRT and GDx is shown in
Figure 27.

Probable converters
Fifteen patients were defined as showing ‘probable
conversion’, that is, they fulfilled any two criteria
for conversion derived from linear regression of
their perimetric data (patients categorised as
definite converters were not included in this
group). From the probable converters, the number
of patients showing significant change in their
HRT and GDx parameters is shown in Table 36.
The agreement between the visual field analysis,
HRT and GDx is shown in Figure 28.

Suspect converters
Fifty patients were defined as showing ‘suspect
conversion’, that is, they fulfilled any one criterion
for conversion derived from linear regression of
their perimetric data (patients described in the
previous two sections were not included in this
group). From this population, the number of
patients showing significant change in their HRT
and GDx parameters is shown in Table 37. The
agreement between visual field analysis, HRT and
GDx is shown in Figure 29.
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FIGURE 25 Venn diagram showing agreement between
different criteria for detecting perimetric conversion (total
number = 240)

TABLE 34 Number of patients with significant deterioration in linear regression of HRT and GDx parameters (maximum = 240)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija
ratio thickness ratio DFA

No. of eyes with significant deterioration 34 28 48 26
No. of eyes with significant improvement 18 20 15 14

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 46 35 32 36
No. of eyes with significant improvement 7 11 15 17



Stable visual fields
No significant perimetric change by any of the
three methods was found in 168 eyes. From this
population, the number of patients showing
significant change in their HRT and GDx
parameters is shown in Table 38. The agreement
between visual field analysis, HRT and GDx is
shown in Figure 30.

Comparison with normative data
From Chapter 7, the 95th centile of the global
mean pattern deviation from the normal group
was –1.3 dB. Twenty-three high risk eyes changed
from above to below this threshold during their
period of follow-up. Fourteen subjects showed an
apparent ‘improvement’, that is, they went from
below to above the threshold during the study.

From the 23 eyes that showed conversion
according to this criterion, the numbers of

patients whose HRT and GDx parameters lay
outside the fifth or 95th centile of normality (as
appropriate) are shown in Table 39. These figures
give the sensitivity of the technique to detect early
glaucoma at 95% specificity. For example, the
sensitivity of the GDx number is 26%.

Table 40 shows the number of patients who showed
significant change in their HRT and GDx
parameters. Figure 31 shows the agreement
between visual field analysis, HRT and GDx.

Discussion
This study has the methodological advantage of
comparing two imaging techniques (HRT and
GDx) in one population of ‘high risk’ patients. In
the literature, there is a definite lack of large-scale
longitudinal research on the use of the HRT and
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FIGURE 26 Venn diagrams showing the extent of agreement between change in HRT and GDx parameters for different definitions of
glaucomatous perimetric conversion. Data from patients who showed conversion according to (a) the global criterion, (b) the sectoral
criterion and (c) the pointwise criterion

TABLE 35 Number of definite converters showing significant change in HRT and GDx parameters (maximum = 7)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 4 4 6 4
No. of eyes with significant improvement 2 2 0 2

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 4 3 5 4
No. of eyes with significant improvement 1 1 1 1
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FIGURE 27 Agreement between visual field analysis, HRT and GDx in patients showing definite conversion (maximum = 7)

TABLE 36 Number of probable converters showing significant change in HRT and GDx parameters (maximum = 15)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 5 5 5 2
No. of  eyes with significant improvement 2 2 5 3

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 6 3 2 4
No. of eyes with significant improvement 1 1 0 3
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FIGURE 28 Agreement between visual field analysis, HRT and GDx in patients showing probable conversion (maximum = 15)

TABLE 37 Number of suspect converters showing significant change in HRT and GDx parameters (maximum = 50)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija
ratio thickness ratio DFA

No. of eyes with significant deterioration 10 3 18 6
No. of eyes with significant improvement 3 7 2 5

GDx parameter

No eyes with significant deterioration Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 7 4 6 6
No. of eyes with significant improvement 1 4 6 5
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FIGURE 29 Agreement between visual field analysis, HRT and GDx in patients showing suspect conversion (maximum = 50)

TABLE 38 Number of suspect converters showing significant change in HRT and GDx parameters (maximum = 168)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 15 16 19 14
No. of eyes with significant improvement 11 9 6 4

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 29 25 19 22
No. of eyes with significant improvement 4 5 8 8
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TABLE 39 Number of converters with abnormal HRT and GDx results (maximum = 23)

HRT parameter

C:D area ratio/ Mean RNFL Vertical C:D Bathija 
disc diameter thickness ratio/disc diameter DFA

Outside normal limits at final examination 9 3 6 8

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

Outside normal limits at final examination 6 3 6 7
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FIGURE 31 Agreement between visual field analysis, HRT and GDx (maximum = 23)

TABLE 40 Number of converters who showed change in HRT and GDx parameters (maximum = 23)

HRT parameter

C:D area ratio/ Mean RNFL Vertical C:D Bathija 
disc diameter thickness ratio/disc diameter DFA

No. of eyes with deterioration 6 2 2 3
No. of eyes with improvement 6 1 0 5

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with deterioration 3 3 4 3
No. of eyes with improvement 4 7 3 3



GDx in such patients. This paucity was
highlighted at the annual meeting of the ARVO
and Ophthalmology in April 2004, where few such
longitudinal studies were described. 

In this study, the designation of eyes as high risk
was conferred either due to ocular hypertension
and/or a fellow eye with glaucomatous visual field
loss. Consistent with the theme of this report,
glaucomatous conversion was defined in terms of
visual field changes. In all, 72 patients showed
some evidence of the development of a visual field
defect (otherwise known as perimetric conversion);
however, the level of certainty of this status
differed between individuals. The total number 
of converters exceeded the study’s original 
target of 55.

When the converters were stratified according to
the degree of certainty that they had developed a
visual field defect, 3, 6 and 21% of the initial high
risk population showed definite, probable and
suspect conversion, respectively. The different
proportions in each of these categories highlights
the susceptibility of conversion rates to the
definition of perimetric conversion. This
vulnerability, along with selection criteria,
confounds the comparison of conversion rates
from this study with those found by other research,
where alternative definitions have been employed.
From a study with a similar population size, Kamal
and colleagues found a conversion rate of 5.5% for
ocular hypertensives reviewed over a period of
5 years.202 However, the authors used a different
tool for identifying conversion.132 Johnson and
colleagues209 highlighted the susceptibility of
conversion rates to the defining criteria: from
their large-scale study (479 eyes), they found that
between 5.3 and 17.5% of subjects showed
evidence of conversion.

The Longitudinal Diagnostics Innovations in
Glaucoma Study found a conversion rate of
7.5%.210 However, this figure was derived using
short-wavelength perimetry, the results of which
are not necessarily comparable to those derived
from this study. Using an alternative definition of
conversion with conventional perimetry, the
Ocular Hypertension Treatment Study found that
10% of patients converted over a period of
5 years.211

A factor influencing conversion rate is the degree
of risk of each patient; an important risk factor is
IOP.6,27,211–215 Consequently, a greater number of
untreated ocular hypertensive patients within the
study population would increase the rate of

perimetric deterioration. The majority of the
patients within the Glaucoma Imaging Study were
receiving treatment for their ocular hypertension.
A possible further factor contributing to the
proportion of converters is that in recruiting for a
longitudinal study, where a significant
commitment is required from participants, there is
the potential of selection bias: on the whole,
patients who volunteer for such research are
conscientious, reliable individuals who are
compliant with their medication regime and
regularly attend for clinic appointments. Also, any
patient participating in the study in whom any
deterioration was detected (e.g. visual acuity, visual
field status, appearance of the ONH, IOP,
compliance with treatment) was immediately
referred back to their clinician, with the intention
of minimising any decline. Consequently, the
conversion rate from the study population may
not reflect that found in an average glaucoma
clinic. Such disparities will form the basis of
further research within the University of
Manchester over the next 2 years.

For detection of change in visual field data, HRT
and GDx parameters, linear regression analysis
was used. This technique has the advantage that it
will identify a small magnitude of change in
patients who show low intraindividual variability,
whereas it requires a greater amount of change to
achieve significance in cases where measurement
noise is larger. Individualised regression was
considered an optimum strategy compared with
averaging values across the entire population.

In addition to documenting the numbers of
patients in whom statistically significant
deterioration in visual field, optic disc or RNFL
characteristics were detected, the numbers of
individuals in whom an apparent improvement
occurred were also documented. The latter could
be considered a surrogate for the number of FP
converters. Alternatively, in a few cases, the
apparent improvement in HRT and/or GDx
parameters may be attributable to
pharmacologically or surgically decreased IOP,
where the optic disc may ‘rebound’.216,217

Supplementary investigation of the relationship
between intervention and change in HRT and
GDx parameters lies outside the scope of this
study.

This study took the approach of comparing
conversion rates with three different definitions of
perimetric conversion: global, sectoral and
pointwise. There was a specific rationale to each of
these criteria. The global value was used because it

Longitudinal high risk study

74



is known that diffuse visual field loss can occur in
early glaucoma.44 The study used the visual field
measure ‘pattern deviation’, which has the benefit
of negating any change due to conditions such as
cataract (which may well be a factor in a
longitudinal study where many of the patients are
in their seventh and eighth decades). However, on
account of attempting to ‘remove’ any diffuse
change, pattern deviation may negate diffuse
glaucomatous loss.

Sectoral visual field loss was investigated using the
same sectors as the GHT [see the section ‘Analysis
of visual field data’ (p. 20)]. This form of analysis
was employed because it has been acknowledged
to be ideal for detecting localised glaucomatous
visual field loss,60 which is characteristic of the
condition. 

Pointwise analysis was also used in order to detect
very small areas of visual field loss, whose impact
may be lost when values are averaged over a larger
area. In order to minimise the number of FPs, the
threshold was defined at ≥ 3 points with
probability values of ≤ 0.02. The agreement
between patients detected by the different
definitions was poor and is a manifestation of the
different patterns of visual field loss encountered
in glaucoma.218

In the group showing definite conversion, analysis
of the extent of agreement between the three
techniques is adversely affected by the small
number of subjects in this category (n = 7). When
considering patients who showed significant
deterioration in one or more parameter,
agreement between the three instruments was
good. However, there was little overlap when the
threshold was increased to four parameters.

The general trend in the other subpopulations is
that there was a relatively low degree of
commonality between the different tests. Some
perimetric converters appeared to be detected by
the HRT and others by the GDx, with only a small
extent of agreement between the two. In the group
of patients with stable visual fields (who could
feasibly be undergoing pre-perimetric changes)
there is, again, comparatively little agreement
between cases identified by the HRT and GDx.

The finding that visual field and ONH analysis
detect different groups of patients is consistent
with other recent research. Over the last 10 years,
scientific opinion dictated that morphological
change at the ONH and RNFL preceded visual
field damage detected with conventional

perimetry.201,205 However, recently, other
researchers have concluded that there are two
disparate groups of patients: those who initially
develop perimetric damage and others who
initially develop optic disc changes.34,35 The
findings of this study coincide with the more
contemporary conclusions.

The section of our analysis that compared results
from the longitudinal high risk group with data
from our own normal population had the
methodological advantage that we used control
individuals with a similar demographic profile to
the patients and also the same equipment had
been used to examine all individuals. However,
since linear regression analysis was not
appropriate in this situation, the strategy of only
utilising the initial and final examinations does
not take full advantage of the longitudinal data
and renders the results more vulnerable to
measurement error.

A further limitation of the analysis, which also
holds for our sensitivity and specificity estimates
(see Chapter 7), is that using a normal population
of around 100 individuals with a definition of
abnormality at the fifth centile makes the
threshold very vulnerable to a small number of
anomalous values.

The study was compromised by the fact that
longitudinal data had not been collected on the
normal control individuals; these data would have
been useful for calculating an estimate of
measurement variability: changes outside this level
could have been defined as conversion.

From the cross-sectional analysis, relatively good
discrimination between glaucoma patients and
normal individuals was achieved by the MRA.
However, data from this algorithm could not be
incorporated in this chapter, as the MRA output is
categorical, which is not amenable to longitudinal
analysis. Consequently, MRA results have not been
analysed for the high risk eyes.

The study took the approach of considering the
four HRT and GDx parameters that had been
identified by the cross-sectional study as having
optimum diagnostic accuracy (largest area under
the ROC curve). A strength of this strategy is that
it concentrated on the parameters that were most
likely to detect abnormality from our experimental
population. A disadvantage is that it may have
neglected other parameters that were capable of
providing detection of perimetric conversion. An
argument in favour of our approach is that it has
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been documented that some of the GDx
parameters are of minimal utility and may give
clinically misleading information when they are
flagged as being abnormal.121

This report has already discussed the issue that
the version of the GDx that was used during the
study was not capable of making individualised
adjustments for patients’ corneal polarisation.
This factor may have had significant consequences
for the cross-sectional study, where sensitivity and
specificity estimates may have been adversely
affected. However, for analysis of longitudinal
data, there should be no negative consequence for
our results, as temporal fluctuations of corneal
polarisation are unlikely.219

This study examined the number of eyes that had
undergone statistically significant deterioration
during the period of follow-up. However, in cases
where abnormality was defined by linear
regression of pattern deviation values, it has not
considered results from the baseline examination,
as to whether the HRT and GDx categorised
patients as normal or abnormal. There is the
potential that, at the outset of the study, a 
patient had normal visual fields, but clinically
detectable optic disc and/or RNFL damage 

(i.e. a temporal shift between structural and
functional change). If the patient showed no
further alteration in the last two variables during
the study, they would not have been identified as
having a detectable abnormality. This issue was
addressed for patients whose data were analysed
with respect to the normal control population.
From the former group, at 95% specificity,
sensitivity estimates of the HRT and GDx
parameters ranged from 13 to 39%. However,
these levels of diagnostic accuracy do not
necessarily relate to patients who fulfilled the
other criteria for conversion.

Overall, analysis of the high risk eyes has shown
that there is poor agreement for identification of
converters between visual fields, ONH and RNFL
examination. Further work investigating the
relationship between structure and function in
glaucoma is necessary to understand the
relationship between these three variables. From
the data presented in this chapter, the conclusion
is that examinations with the HRT and GDx are a
useful adjunct to visual field assessment. However,
on account of the fact that the HRT and GDx fail
to detect a significant number of cases of
conversion, they cannot provide a replacement for
visual field examination.
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This chapter reports the results from the
longitudinal glaucoma category of patients.

Introduction
As with the high risk category, there are very few
published data concerning the use of the HRT
and GDx in longitudinal examination of glaucoma
patients.

The aim of this section of the study was to
ascertain whether the HRT or GDx can detect
deterioration in patients who already have
glaucomatous visual field defects. Patients showing
such change have been termed ‘progressors’; in
line with the rest of this report, a perimetric
definition of progression has been used.

This issue of definitions is, yet again, pivotal in
describing progression. As already highlighted in
Chapters 7 and 8, where it has been identified
that there are no well-established criteria for
defining glaucoma and glaucomatous conversion,
respectively, there is also no widely accepted gold-
standard definition for determining the occurrence
of glaucomatous progression. Therefore, a variety
of perimetric criteria were used.

Method
Patients from the longitudinal glaucoma group
were examined according to the criteria described
in the section ‘Data collection’ (p. 18).

Longitudinal visual field data were analysed by
three different methods:

1. Global
Linear regression analysis was performed on
longitudinal global MPD values. The number of
patients whose rate of change exceeded p levels of
≤0.05, ≤0.02, ≤0.01 and ≤0.005 was calculated. In
order to estimate the amount of experimental
noise, the number of patients whose rate of
change exceeded p levels of ≥0.95, ≥0.98, ≥0.99
and ≥0.995 was also calculated.

2. Sectoral
Linear regression analysis was performed on
sectoral MPD values, using the GHT sectors [see
the section ‘Analysis of visual field data’ (p. 20)].
The computation was repeated for the same levels
of probability as described above.

3. Pointwise
Pointwise linear regression analysis was performed
on the 54 points in each visual field. The
computation was repeated for the same levels of
probability as described above.

The following definitions were used to identify
progressors from each category:

1. Global
Patients who showed a rate of change with a
probability value of ≤0.05 on linear regression.

2. Sectoral
Patients who had ≥1 sector with a rate of change
with p ≤ 0.05

3. Pointwise
Patients who had ≥3 points with rates of change
with p ≤ 0.02.

A Venn diagram was constructed to describe the
extent of agreement between the three methods
described above.

Patients who showed progression were subsequently
subclassified:

� Definite progressors: patients who fulfilled all
three criteria for progression.

� Probable progressors: patients who fulfilled
any two criteria for progression.

� Suspect progressors: patients who fulfilled only
one criterion for progression.

� Stable fields: patients who showed no
significant change in any of the three criteria.

Each of the above categories is mutually exclusive;
for example, the classification of probable
progressors does not also include those who
showed definite progression.
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The category of stable visual fields was
incorporated for those cases that showed evidence
of structural (ONH and/or RNFL) progression but
no evidence of deterioration according to their
perimetric data.

From the cross-sectional study (Chapter 7), the
four parameters with the largest areas underneath
the ROC curves were selected for analysis. For the
HRT these were C:D area ratio, mean RNFL
thickness, vertical C:D ratio and the Bathija DFA,
and for the GDx they were the number, ellipse
modulation, maximum modulation and superior
maximum:nasal median. Linear regression
analysis was performed on each parameter.

For each perimetric progression category (see
above), the number of patients showing significant
change (at the 5% level) in their HRT and GDx
parameters was calculated; this analysis was
repeated for both ‘improvement’ and
‘deterioration’. The p ≥ 0.95 or p ≤ 0.05 threshold
was chosen for each parameter depending on
whether the parameter value increased or
decreased with abnormality, respectively. Venn
diagrams were constructed to show the extent of

overlap between the detection of progression
between the three techniques; the analysis was
repeated, taking into account the number of
parameters showing evidence of change. 

Results
Patient demographics, together with duration of
follow-up, the number of examinations and data
required by standards established by QUOROM152

are given in the section ‘Longitudinal high risk
and longitudinal glaucoma groups’ (p. 25);
additional details are given in Table 41.

Figure 32 shows the frequency distribution of
global MPD at baseline and completion of the
study. The baseline and final global MPDs were
–3.20 dB (95% CI: –3.84 to –2.56) and –3.27 dB
(95% CI: –3.92 to –2.63), respectively; these two
levels were not significantly different (p = 0.52;
Wilcoxon matched pairs test). To quantify the
overall amount of perimetric change that was
observed during the period of the study, the
frequency distribution of the gradients from linear
regression of global MPD is shown in Figure 33.
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TABLE 41 Details of longitudinal glaucoma patients

Characteristic Longitudinal glaucoma patients

Number of subjects 75
Minimum age at baseline (years) 38.2
Maximum age at baseline (years) 84.1
Median age (years) 67.8
Right eyes (%) 51.4
Left eyes (%) 48.6
Male (%) 58.1
Female (%) 41.9
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FIGURE 32 Frequency distribution of global MPD at baseline and final examination



Figure 34 shows the relationship between the
gradient of the regression line and the associated
probability value.

Table 42 illustrates the outcome of linear regression
analysis of visual field data; the results from global,
sectoral and pointwise analysis are given. In
addition to cases showing significant deterioration
(i.e. with negative gradient of regression line and
probability values ≤0.05, ≤0.02, ≤0.01 and
≤0.005), the proportion of patients who showed
apparent ‘improvement’ at the corresponding
levels of significance is also given.

In total, 44 (59%) patients showed some evidence
of perimetric progression by one or more of the

three definitions. The number of patients who
progressed according to the global, sectoral and
pointwise criteria were 7 (9%), 42 (56%) and 14
(19%), respectively. Clearly, the criteria agreed on
some cases, but disagreed on others. Figure 35
shows the frequency distribution of glaucoma
patients with respect to the number of perimetric
criteria in which they showed visual field
progression. The extent of agreement between the
three methods is shown in Figure 36. 

Figure 37 shows the relationship between baseline
global MPD and the number of perimetric criteria
that showed progression. There is no significant
difference in the mean global MPD between the
four categories.
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From the entire longitudinal glaucoma group, the
number of patients showing significant
deterioration and improvement of their HRT and
GDx parameters is shown in Table 43.

The extent of agreement between the HFA, HRT
and GDx for glaucomatous progression when
global, sectoral and pointwise definitions of
perimetric progression were used is shown in
Figure 38. In this case, significant deterioration
with the HRT and GDx was defined as any patient
who had linear regression that was significant at
the ≤ 5% level (or ≥ 95% level, as appropriate) 
for one or more of the four parameters
considered.

From the total of 75 eyes, the numbers showing
definite progression, probable progression, suspect
progression and stable visual fields were 5, 9, 30
and 31, respectively.
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TABLE 42 Outcome of linear regression of visual field data [data shown as percentage of total group (n = 75)]

Sectoral (%) Pointwise (%)

p-Value Global ≥ 1 sector ≥ 2 sectors ≥ 3 sectors ≥ 4 sectors ≥ 1 point ≥ 2 points ≥ 3 points ≥ 4 points
(%)

Negative gradient
≤ 0.05 9 56 23 8 4 97 82 57 39
≤ 0.02 7 31 9 3 1 69 41 19 8
≤ 0.01 3 16 5 1 0 45 18 9 3
≤ 0.005 3 14 1 0 0 38 8 4 1

Positive gradient
≥ 0.95 11 38 15 4 0 89 73 54 38
≥ 0.98 3 22 3 1 0 74 35 12 11
≥ 0.99 3 14 3 1 0 46 14 7 3
≥ 0.995 1 8 0 0 0 34 5 1 1
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Definite progressors
Five patients were defined as showing ‘definite
perimetric progression’, that is, they fulfilled all
three criteria for progression derived from linear
regression of their perimetric data. From this
group, the number of patients showing significant
change in their HRT and GDx parameters is
shown in Table 44. The agreement between the
visual field analysis, HRT and GDx is shown in
Figure 39.

Probable progressors
Nine patients were defined as showing ‘probable
progression’, that is, they fulfilled any two criteria

for progression derived from linear regression of
their perimetric data (patients categorised as
definite progressors were not included in this
group). From the probable progressors, the
number of patients showing significant change in
their HRT and GDx parameters is shown in
Table 45. The agreement between the visual field
analysis, HRT and GDx is shown in Figure 40.

Suspect progressors
Thirty patients were defined as showing ‘suspect
progression’, that is, they fulfilled any one
criterion for progression derived from linear
regression of their perimetric data (patients
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TABLE 43 Number of patients with significant deterioration in linear regression of HRT and GDx parameters. (maximum = 75)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 8 9 6 8
No. of eyes with significant improvement 3 10 4 5

GDx Parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 12 11 8 9
No. of eyes with significant improvement 1 2 3 3



described in the previous two sections were not
included in this group). From this population, the
number of patients showing significant change in
their HRT and GDx parameters is shown in
Table 46. The agreement between visual field
analysis, HRT and GDx is shown in Figure 41.

Stable visual fields
No significant perimetric change by any of the
three methods was found in 31 eyes. From this
population, the number of patients showing
significant change in their HRT and GDx
parameters is shown in Table 47. The agreement
between visual field analysis, HRT and GDx is
shown in Figure 42.

Discussion
This chapter has presented data collected on a
group of glaucoma patients who were reviewed
over a period of approximately 3.5 years. It has
the methodological advantage of comparing two
imaging techniques (HRT and GDx) in one
population of patients. The scarcity in the
literature of studies that review the longitudinal
examination of perimetric, ONH and RNFL
characteristics in glaucoma patients has been
identified.220

The longitudinal glaucoma category of patients
contained 75 eyes from 75 patients; this figure
represents an over-achievement of the original
target by 50%. As in previous chapters, a
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FIGURE 38 Venn diagrams showing the extent of agreement between change in HRT and GDx parameters for different definitions of
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TABLE 44 Number of definite progressors showing significant change in HRT and GDx parameters (maximum = 5)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 0 0 0 0
No. of eyes with significant improvement 1 0 1 1

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 2 2 1 0
No. of eyes with significant improvement 0 2 0 0
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FIGURE 39 Agreement between visual field analysis, HRT and GDx in patients showing definite progression (total = 5)

TABLE 45 Number of probable progressors showing significant change in HRT and GDx parameters (maximum = 9)

HRT parameter

C:D area Mean RNFL Vertical C:P Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 1 2 1 1
No. of eyes with significant improvement 1 2 1 1

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum:

nasal median

No. of eyes with significant deterioration 2 2 2 1
No. of eyes with significant improvement 0 0 0 0
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TABLE 46 Number of suspect progressors showing significant change in HRT and GDx parameters (maximum = 30)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 2 4 2 2
No. of eyes with significant improvement 1 5 1 2

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 2 4 1 3
No. of eyes with significant improvement 0 0 2 1
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TABLE 47 Number of suspect progressors showing significant change in HRT and GDx parameters (maximum = 31)

HRT parameter

C:D area Mean RNFL Vertical C:D Bathija 
ratio thickness ratio DFA

No. of eyes with significant deterioration 5 3 3 5
No. of eyes with significant improvement 0 3 1 1

GDx parameter

Number Ellipse Maximum Superior 
modulation modulation maximum: 

nasal median

No. of eyes with significant deterioration 6 3 4 5
No. of eyes with significant improvement 1 0 1 2



perimetric criterion for establishing progression
was adopted. Three different definitions were used
– the rationale for each is given in the section
‘Discussion’ (p. 68).

Overall, there was very little deterioration in the
visual field status of most patients; indeed, there
was no statistically significant difference between
the global MPD of the whole group between
baseline and final examinations. A variety of
factors may contribute towards this finding:

� Patients were receiving medication (or had
previously undergone glaucoma filtration
surgery) to lower their IOP. These interventions
have been shown to lower the risk of
progression.215,221–224

� The study protocols excluded patients with
visual acuity worse than 6/12. This strategy
restricted the level of disease within the
experimental group and may have lessened the

proportion of progressors, since patients with
more advanced glaucoma are thought to be
more likely to undergo progression.225

� Patients who had previously undergone
complicated glaucoma filtration surgery were
excluded from the study, as were individuals
who had secondary glaucoma (e.g. due to
pseudoexfoliation or pigment dispersion).225

� There is a likely selection bias in recruiting
patients for a longitudinal study such as the
Glaucoma Imaging Study, which requires a
significant commitment from participants.
Patients who enrol are likely to be compliant
conscientious individuals who use their
medication as directed and regularly attend
clinic appointments.

� A further form of selection bias might have
occurred: if an individual was invited to join the
study, but was undergoing a period of rapid
decline in their condition, they will have been
undergoing frequent review at clinic (e.g. every
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3 months) and, consequently, may have felt
reluctant to attend for supplementary research
appointments.

� The fact that patients were participating in the
study may have led to a decreased rate of
progression – at each appointment, if there was
any evidence of clinical deterioration (e.g.
decreased visual acuity, ONH and/or RNFL
change, worsening of the visual field), poor
concordance with medication regimen or
adverse drug response, then the patient was
referred back to their consultant
ophthalmologist. This strategy may have
resulted in a more rapid response to a small
decline than if the patient waited until their
routine clinic appointment.

� The relatively short length of follow-up in this
study will have reduced the number of
progressors. Review periods ranged from 1.1 to
5.1 years (median = 3.5 years). In another
study, with much longer follow-up
(8.5–24.1 years; median = 15.0 years), 60% of
eyes showed a significant rate of change.226

The factors stated above might have all
contributed, in some way, towards a low rate of
perimetric deterioration within the experimental
group. Findings from this study may, therefore,
not relate to an average glaucoma population,
where a larger proportion of patients may show a
decline.

When the progressors were categorised according
to the level of certainty that they had shown
evidence of perimetric change, the proportions of
patients who demonstrated definite, probable and
suspect progression were 7, 12, and 40%,
respectively (these groups were mutually
exclusive). In common with the previous chapter,
which reviewed glaucomatous conversion, data
from the glaucoma patients also highlight the
vulnerability of the number of progressors to the
definition employed. Using global, sectoral and
pointwise definitions, 9, 56 and 19% of patients,
respectively, showed evidence of perimetric
progression. There was only a relatively small
extent of agreement between the three criteria –
11% of cases. The susceptibility of the number of
patients showing perimetric deterioration to the
criteria used has been previously identified by
Johnson and colleagues.209

The Early Manifest Glaucoma Trial (EMGT) found
that 51% of untreated and 41% of treated
glaucoma patients showed evidence of
progression.215 However, different criteria for
establishing perimetric and morphological change

were used compared with this study. An interesting
similarity in the findings between the two studies
is that the majority of progressors from the EMGT
were detected by evidence of perimetric
deterioration, rather than from observation of
alterations at the ONH. This result, together with
data presented in this chapter, conflicts with
previous scientific thinking that structural change
precedes functional change.33,201 However, other
research groups have made similar findings,34,35

which also challenge the previously held assertion
of the temporal relationship between structure and
function.

In common with the previous chapter, linear
regression analysis was used to detect change in
perimetric, ONH and RNFL characteristics. This
technique has the advantage that it will identify a
small magnitude of change in patients who show
low intrasubject variability, but requires a larger
magnitude of change in cases of higher variability.
Detecting change by utilising regression is a
superior technique to a ‘change analysis’
approach, where individual values are compared
with group values. Additionally, linear regression
of perimetric data has been shown to be a useful
tool for predicting future loss.227,228

In addition to calculating the number of patients
who showed ‘deterioration’ in their perimetric,
HRT and GDx indices, the proportion of patients
who showed ‘improvement’ was also calculated;
the latter could be considered a surrogate for the
FP rate. Following linear regression of the global
MPD, 9 and 11% of subjects showed significant
deterioration and improvement, respectively, at
the 5% level. When sectoral analysis was
employed, the proportions were 56 and 38% (at
the same level of significance). From the pointwise
data, 57 and 54% showed significant negative and
positive change when the threshold was set at ≥ 3
points. These data are a manifestation of the high
level of noise encountered in the glaucomatous
visual field.229–231

In contrast to the number of patients showing
apparent ‘improvement’ in perimetric
characteristics, some of the HRT and GDx
parameters appeared to be less immune to
intrasubject variability. In particular, linear
regression analysis of the GDx number identified
very few apparent cases of ‘improvement’. This
finding may indicate that the number may have
significant promise for detection of longitudinal
change, with the inclusion of very few FPs. The
opposite scenario is found in the HRT parameter
mean RNFL thickness. In most cases, the number
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of significantly positive and negative gradients was
approximately equal, which suggests that this
parameter is particularly vulnerable to
measurement variability. Owing to the small
numbers of cases showing significant change,
further analysis of this data is not possible.

With regard to the extent of commonality between
the detection of change between the three
different forms of examination, the outcome is in
line with the previous chapter, namely that there is
little overlap between perimetry, HRT and GDx.
When the threshold for abnormality was set at ≥ 1
parameter, perimetry and the GDx agreed on the
presence of progression in three out of five cases
of definite progression. As the threshold for the
number of parameters was increased, the level of
agreement decreased – this trend was consistent
for all the other subgroups. Unfortunately, further
investigation of the proportion of cases detected
by the different techniques is undermined by the
small number of progressors.

The lack of agreement between the three
modalities of examination could be a
manifestation of incorrect identification of true
progressors. It has already been identified that a
relatively high proportion of cases showed
significant perimetric ‘improvement’; this finding
gives an indication that a high proportion of
‘converters’ may be FPs. Consequently, a lack of
concordance between the presence of
deterioration detected by perimetry, HRT and
GDx would be expected.

This study found that there was no relationship
between baseline global MPD and number of
criteria showing progression. This finding differs
from EMTG data, where it has been shown that
eyes with more significant perimetric damage are
more likely to undergo further deterioration.232

The result from the Glaucoma Imaging Study may
have been affected by the small number of cases
showing definite progression (n = 5). A study by
Schwartz and colleagues233 conflicts with the data
from the EMTG: the former reports a more rapid
rate of visual field loss in less damaged fields. The
disparate conclusions may be explained by
differences in the populations used by the two
studies: the EMTG population had baseline mean
deviation of –5 dB, whereas the subjects in

Schwartz and colleagues’ study had far more
advanced glaucoma (baseline mean threshold =
18 dB). The combined results of the two studies
may suggest different phases of perimetric decline
at different stages of the condition.

A limitation of the study is that it has not
performed any form of ‘event analysis’. During the
period of review, some patients might have
undergone an episode of relatively rapid decline
that was halted owing to alteration in medication
regimen and/or surgical intervention. Associated
changes in visual field, optic disc and/or RNFL
characteristics may not have been detected by
linear regression analysis, and so the case not
identified as one that showed significant
deterioration.

The wider findings of the study are limited by the
early stage of the condition in the experimental
group. Ideally, the glaucoma population could
have been stratified according to the level of
perimetric damage and the analysis repeated to
determine the ability of the HRT and GDx to
determine progression at different stages of the
disease. However, owing to the constraints of the
cohort, namely that the patients showed mainly
early perimetric loss and few demonstrated a large
extent of deterioration, such analysis was not
possible.

Overall, longitudinal follow-up of our cohort of
glaucoma patients showed that most of the group
remained stable, with only a small proportion
showing definite progression (five out of 75 eyes).
There was little commonality in patients identified
by perimetry, HRT and GDx as progressing. In
common with the findings from the high risk
group, data from the glaucoma cohort suggest that
examination with the HRT and/or GDx cannot
provide a replacement for visual field
examination. Instead, it is more likely that the
instruments would provide a useful clinical adjunct
in facilitating rapid and objective examination of
the ONH and RNFL. Reasons underlying the lack
of agreement between perimetry, HRT and GDx
may lie in the complex structure–function
relationship in glaucoma. Future research to
elucidate fully the nature of this relationship may
explain why the HRT and GDx fail to detect cases
of glaucomatous progression.

Longitudinal glaucoma study

88



The aim of this chapter is to determine the
magnitude of interoperator variability of HRT

and GDx parameters. There are two main
components to interoperator variability: image
capture and the placement of the peri-papillary
contour line. This chapter does not discriminate
between the two sources of variability, and
considers them as one entity; however, Chapter 11
reviews, in detail, the effects of variability in
placement of the peri-papillary contour line.

Introduction
Individual studies have previously considered
reproducibility for the HRT78,234–237 and
GDx.110,238,239 However, there has been no study
that compares the reproducibilities of the two
instruments on the same group of patients. Such a
study is necessary to provide vital information in
the overall clinical evaluation of the equipment.

Method
Data presented in this chapter were collected
during supplementary examination sessions, and
are not presented elsewhere in the report. 

Three images of the ONH and peri-papillary
RNFL were taken with the HRT and GDx,
respectively, on five subjects by five operators. Two
glaucoma patients were chosen randomly from the
study database and three control individuals
volunteered to participate. The chin-rests were
adjusted after examination of each patient. During
examination, all study criteria were maintained.

A mean image was computed from the three single
images for both the HRT and the GDx. Each
observer identified the limits of the ONH,
according to the procedure described in the
section ‘Data collection’ (p. 18). Operators were
blinded to their colleagues’ contour lines.

The five operators all had strong histories in
clinical glaucoma and/or glaucoma imaging. One
(SQ) is an ophthalmologist with a special interest

in glaucoma. Three (AKJ, IPG and AC) are
present (or previous) data collection technicians
for the Glaucoma Imaging Study. One (RAH) is an
optometrist with an extensive track record in both
clinical and academic glaucoma and is also a co-
author of this report.

The five HRT parameters that were entered into
the analysis were selected on the basis of having
optimum diagnostic precision, as determined
within the literature. The same criterion was
applied to the GDx. The parameter disc area was
included in the analysis of HRT parameters, since
it provides a useful measure of variability due to
contour line alignment; it is also of clinical
significance because of the role it plays in the
MRA [see the section ‘Diagnostic algorithms’. 
(p. 8)].95

Agreement between the five observers was tested
for each parameter using the intraclass correlation
coefficient (ICC). Agreement was preferred to
simple correlation since ICC measures whether
observations are identical, whereas correlation
ascertains the presence of a linear relationship
between observations. Also, ICC allows for
variation between subjects. ICC outputs values that
lie between –1.00 and 1.00; guidelines for
suggested interpretation are given in Table 48.240 It
is widely accepted that ICC ≥ 0.90 indicated high
reproducibility of measurements.

To identify if there was a certain trend in observer
agreement, the coefficient of determination (r2)
was calculated for each possible combination of
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TABLE 48 Interpretation of intraclass correlation coefficient

Intraclass correlation Interpretation of 
coefficient agreement

–1.0 to 0.0 Poor agreement
0.01 to 0.20 Slight agreement
0.21 to 0.40 Fair agreement
0.41 to 0.60 Moderate agreement
0.61 to 0.80 Substantial agreement
0.81 to 0.99 Almost perfect agreement
1.0 Perfect agreement



two observers. Bland and Altman plots241 were,
subsequently, constructed for pairs of observers.

Results
Mean HRT and GDx parameter values for each
observer are shown in Tables 49 and 50,
respectively.

Tables 51 and 52 give the ICC for each HRT and
GDx parameter, respectively. Interobserver
agreement for the HRT parameters was almost
perfect for all parameters except rim area, which
had substantial agreement; ICCs of the five
selected parameters ranged from 0.66 to 0.99.
Interobserver agreement for the GDx was almost
perfect for all five parameters (ICCs from 0.86 to
0.99).

Agreement between operators is shown in 
Tables 53 and 54. The general pattern was of
considerable variability between the extent of
agreement for the different pairs of examiners: a
particular pair may have had good agreement for
one parameter, but poor concurrence for another.
Overall, the highest level of agreement was found
between observers RAH and SQ, although for the
parameter rim area, this pair showed poor
agreement (r2 = 0.15).

For the GDx parameters, the highest level of
agreement was between operators AC and SQ.
These two operators had very high levels of
concordance for all parameters, except ellipse
modulation. 

The Bland and Altman plots (Figures 43–46) show
examples of high and low variability for HRT and

Interoperator variability in Heidelberg Retina Tomograph and GDx parameters
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TABLE 49 HRT parameter values for each operator: values are presented as mean (standard deviation)

HRT parameter

Operator initials Disc area Rim area Cup shape Mikelberg Bathija
(mm2) (mm2) measure DFA DFA

AC 2.04 1.33 –0.10 0.42 0.88
(0.51) (0.25) (0.02) (0.79) (0.94)

AKJ 1.98 1.29 –0.10 0.53 0.70
(0.44) (0.17) (0.04) (1.65) (0.71)

IPG 1.92 1.31 –0.09 0.35 1.12
(0.54) (0.23) (0.02) (1.15) (0.66)

RAH 1.80 1.18 –0.11 0.02 1.25
(0.44) (0.08) (0.04) (0.81) (0.76)

SQ 2.12 1.30 –0.11 0.50 1.09
(0.49) (0.27) (0.04) (2.22) (1.33)

TABLE 50 GDx parameter values for each operator: values are presented as mean (standard deviation)

GDx parameters

Operator initials Number Superior Superior Ellipse Maximum 
maximum: ratio modulation modulation

nasal median

AC 21.6 1.93 2.39 2.06 1.41
(18.1) (0.20) (0.27) (0.37) (0.28)

AKJ 24.0 1.88 2.35 2.05 1.39
(18.3) (0.16) (0.29) (0.38) (0.27)

IPG 21.0 1.92 2.51 2.23 1.51
(17.2) (0.24) (0.33) (0.45) (0.33)

RAH 21.2 1.88 2.53 2.18 1.60
(20.1) (0.20) (0.37) (0.28) (0.39)

SQ 19.0 1.94 2.49 2.07 1.51
(15.1) (0.22) (0.29) (0.30) (0.28)
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TABLE 51 Interobserver agreement of HRT parameters

HRT parameter ICC

Disc area 0.99
Rim area 0.66
Cup shape measure 0.92
Mikelberg DFA 0.87
Bathija DFA 0.95

TABLE 52 Interobserver agreement of GDx parameters

GDx parameter ICC

Number 0.99
Superior maximum:nasal median 0.92
Superior ratio 0.93
Ellipse modulation 0.86
Maximum modulation 0.94

TABLE 53 Agreement between observers with HRT parameters

r2 values for HRT parameters

Pairs of operators Disc area Rim area Cup shape Mikelberg DFA Bathija
measure DFA

AC & AKJ 0.96 0.44 0.10 0.23 0.71
AC & IPG 0.99 0.61 0.05 0.37 0.82
AC & RAH 0.92 0.85 0.13 0.31 0.92
AC & SQ 0.89 0.00 0.08 0.20 0.81
AKJ & IPG 0.95 0.20 0.94 0.39 0.71
AKJ & RAH 0.96 0.19 0.98 0.77 0.52
AKJ & SQ 0.97 0.13 0.80 0.88 0.61
IPG & RAH 0.92 0.72 0.95 0.14 0.61
IPG & SQ 0.86 0.02 0.97 0.38 0.78
RAH & SQ 0.93 0.15 0.89 0.85 0.81

TABLE 54 Agreement between operators with GDx parameters

r2 values for GDx parameters

Pairs of operators Number Superior Superior Ellipse Maximum 
maximum: ratio modulation modulation

nasal median

AC & AKJ 0.91 0.59 0.27 0.99 0.41
AC & IPG 0.97 0.44 0.67 0.90 0.79
AC & RAH 1.00 0.47 0.44 0.01 0.43
AC & SQ 1.00 0.92 0.95 0.77 0.98
AKJ & IPG 0.93 0.25 0.74 0.95 0.70
AKJ & RAH 0.92 0.64 0.46 0.01 0.70
AKJ & SQ 0.91 0.83 0.44 0.70 0.50
IPG & RAH 0.98 0.27 0.33 0.04 0.40
IPG & SQ 0.98 0.45 0.82 0.51 0.85
RAH & SQ 1.00 0.54 0.49 0.06 0.51
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FIGURE 43 Bland and Altman plots for HRT parameters from observers RAH and SQ. Solid line = mean; dotted line = mean ± 1.96
standard deviations. 
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FIGURE 44 Bland and Altman plots for HRT parameters from observers AC and SQ. Solid line = mean; dotted line = mean ± 1.96
standard deviations. 
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FIGURE 45 Bland and Altman plots for GDx parameters from observers AC and SQ. Solid line = mean; dotted line = mean ± 1.96
standard deviations. 
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FIGURE 46 Bland and Altman plots for GDx parameters from observers IPG and RAH. Solid line = mean; dotted line = mean ± 1.96
standard deviations.



GDx parameters. HRT parameters shown in 
Figure 43 are from operators RAH and SQ who,
generally, showed good agreement. These graphs
are contrasted in Figure 44 with data from AC and
SQ, who showed poor agreement. Of interest, the
latter pair of operators had high concurrence for
GDx parameters (Figure 45), compared with IPG
and RAH, for whom higher variability was found
(Figure 46). (For each parameter, the ordinate scale
has been matched between graphs for different
pairs of operators to facilitate comparison.) The
low sample size (n = 5) does not allow for any
meaningful analysis of the variability with
parameter value.

Discussion
This study determined interobserver agreement
for five parameters from the HRT and five from
the GDx. Except for the HRT parameter disc area,
the parameters were selected because they had
previously been shown to provide optimal
discrimination between glaucoma patients and
normal individuals. For all the parameters,
interobserver agreement was very good for both
the HRT and GDx. This study is of interest, since
no study where repeatability of the two
instruments has been compared in the same group
of patients has been reported.

For the HRT parameters, agreement was
substantial to almost perfect and for GDx almost
perfect for all parameters. This finding has
important implications for the utilisation of the
equipment in the normal clinical environment,
where multiple users may operate the same
equipment.

There were, however, some differences between
operators. RAH and SQ had the highest level of
agreement for the HRT, although one parameter
showed a very low coefficient of determination
(r2 = 0.15). For the GDx parameters, operators AC
and SQ had the highest level of agreement for all
parameters, except ellipse modulation. 

Of the HRT parameters, disc area provides the
most direct measurement of the precision of
placement of the contour line. The parameter is
also of clinical significance because of the role it
plays in the MRA.95 This parameter had the
highest agreement between the operators. This
finding is slightly surprising, since it would be
thought that the disc area would be subject to
more variability between operators because of the

influence of the contour line placement. The
conflicting argument is that disc area may be less
affected by sources of variability in image capture,
such as head position, eye position and angle of
incidence of the laser beam into the eye, on
account of the fact that it does not describe aspects
of the three-dimensional characteristics of the disc
(such as cupping). 

Of the five GDx parameters, ellipse modulation is
probably the most sensitive to variation in contour
line placement, since the calculated area contains
the pixels covered by the measurement ellipse
surrounding the ONH. Subsequently, this
parameter had the lowest ICC and, therefore, the
least agreement between operators. Despite these
factors, agreement was almost perfect. The highest
ICC value was found for the number. This might
be explained by the fact that the number is
calculated by a neural network, rather than a
direct measurement of RNFL characteristics.
Therefore, the effect of interobserver variability
may have been smoothed out by values that are
insensitive to such variability.

Although the experimental group comprised a
mixture of control individuals and glaucoma
patients, the small numbers of each (three and
two, respectively) do not allow meaningful analysis
of the effect of diagnosis on variability. However,
the literature is unequivocal that variability is
higher in glaucomatous than normal eyes.77–79

The issue of repeatability must be considered
within the context of diagnostic precision (Chapter
7). Bailey and colleagues242 highlighted the issue
that, if concordance between examinations is high,
it may indicate that the scale of measurements is
too coarse, which would reduce diagnostic
precision.

Our method of capturing three images on each
eye with each instrument was to simulate the use
of the equipment in normal clinical practice. 
This strategy differs from the study’s rigorous
criteria of capturing five images of each eye and
the operator then selecting the three best from
the original five images. It was felt that, for the
purposes of this study, the selection process 
would add an undesirable component of
variability.

Overall, interoperator agreement between five
observers for five HRT and GDx parameters was
very good, with almost all parameters
demonstrating almost perfect agreement.

Interoperator variability in Heidelberg Retina Tomograph and GDx parameters
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Chapter 10 determined interobserver variability
in image capture with the HRT and GDx.

This chapter examines, in detail, one specific
component of this variability – definition of the
optic disc margin.

Introduction
In order to perform their calculations, both the
HRT and GDx require the operator to define the

margin of the optic disc. This study was carried
out in response to an observation that the
Mikelberg DFA87 could yield a different diagnostic
category following a minor modification to the
disc outline. An example of this occurrence is
shown in Figure 47, where the ‘classification’
changes following minor modification to the
contour line.

A positive attribute of a clinical instrument is its
independence from operator effects. Our
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FIGURE 47 HRT diagnostic classification. Parts (A) and (B) show conflicting diagnostic categorisation following a minor modification
to the contour line. Results are shown for subject 56 (EC), who showed an early perimetric defect. 



experience has shown that this is not necessarily
the case with the HRT. This study aimed to
establish the magnitude of the variability and to
investigate whether the GDx shows similar
susceptibility.185

This feature, per se, has not been widely explored.
Variability has been investigated at the optic
disc75,76 and macula,80,243,244 but these studies (as
with Chapter 10 of this report) included image
capture as a variable. A recent study245 examined
the effect of intraobserver variability in the
placement of the contour line on nine HRT
stereometric parameters. Each disc was outlined
seven times, producing ICCs of 0.861–0.997
(mean 0.934) for 10 normal individuals and
0.946–0.999 (mean 0.957) for 10 glaucoma
patients. However, the sample size was small and
only one operator’s variability was analysed.
Another study that examined the effects of inter-
and intraobserver variability in contour line
placement on HRT parameters was performed by
Garway-Heath and colleagues.246 They found that
the interobserver coefficients of variation were
4.4% (disc area), 8.2% (neuro-retinal rim area),
13.6% (rim volume) and 7.2% (reference height).
For within-observer variability, the coefficients of
variation were 2.4, 4.5, 8.4 and 5.7% for the same
parameters.246

Spencer and colleagues noted high interobserver
reproducibility (ICC = 0.969)236 for HRT disc
height using the ‘circle’ facility rather than
drawing around the disc margin. They did not
report on any other HRT parameters.

As with the HRT, studies reviewing GDx variability
include image capture.110,238,239 At the time of
writing, there is no specific mention in the
literature of the effect on GDx parameters of
variability in locating the peri-papillary contour
line.

Also, no study exists which compares HRT and
GDx parameters from the same group of patients,
which have been outlined by the same group of
operators.

Method
One examination was randomly selected for 60
people (20 normal individuals, 20 high risk and
20 glaucoma patients) from the Glaucoma
Imaging Study database. Normal individuals were
taken from the database of control patients,
whereas high risk patients were individuals

selected from the longitudinal high risk category,
who had no evidence of visual field loss. Patients
with glaucoma were taken from members of the
cross-sectional and longitudinal glaucoma groups
who had repeatable visual field loss.

For each examination, one image with the HRT
and GDx was randomly chosen. Images had
already been considered to be of adequate quality
at the point of image capture; no further quality-
control measures were established for this part of
the study. The visual field MD for that visit was
noted. 

Five observers were chosen. Three (AJK, DBH and
RAH) are optometrists with clinical vision science
backgrounds, one (JK) is a consultant
ophthalmologist and the other (STP) is an
optometrist with an academic background and
many years’ clinical experience.

To investigate interobserver variability, all five
operators outlined the 60 discs on both the HRT
and GDx; no time constraints were set for the task.
Three of the experimenters (AJK, DBH and JK)
repeated the exercise in a second session >1 week
after the first, in order to determine their
intraobserver variability.

All observers were masked to the diagnosis of the
patients and also to the outlines drawn by their
colleagues. They were all given appropriate
training and shown an identical set of ‘sample’
images.

A sixth observer (AKJ) graded all the images on
the HRT and GDx. Each was graded for image
quality (which combined centration, focus,
evenness of illumination and eye movement
during image capture) and ease of identification of
the disc margin (the ease with which the disc
margin could be differentiated, as seen on the
VDU). Each was categorised according to a three-
level score of good, moderate or poor for image
quality and whether it was easy, intermediate or
difficult to determine the disc margin.

Discs were also assessed for the presence of
significant PPA. PPA is divided into two zones:
central zone � and peripheral zone �. An eye was
considered to have significant PPA if the combined
extent of zones � and � was greater than half of
the disc diameter.

From each instrument, six parameters were
considered for analysis. These were selected on
account of their previously documented
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superiority in the diagnosis and monitoring of
glaucoma.

HRT
This study was performed prior to the upgrading
of the HRT to the new software with its improved
method of identifying the disc margin. All
researchers participating in the study were given
the option of ‘drawing’ the disc outlines with
either a ‘conventional’ computer mouse
(IntelliMouse Explorer, Microsoft) or a pen-style
mouse (Tablet, Wacom). Instructions were given to
draw along the inner aspect of Elschnig’s ring and
also not to follow automatically the ‘dark–light’
boundary, but to consider the overall shape of the
disc.

The study used images whose ‘aligned’ component
had been stored. This allowed a facility in the
HRT software to be used whereby any of the 32
‘sections’ can be selected to aid identification of
the disc margin. This is especially helpful in small,
healthy discs, which often have indistinct margins.
Most previous studies only used HRT mean
images, which do not offer this option.

The use of stereophotographs has been 
proposed in order to enhance differentiation 
of the disc margin.247,248 However, this aid was 
not incorporated in this study, the aim of which
was to reproduce a realistic clinical environment,
where such photographs are routinely not
available.

The six parameters selected for analysis were C:D
area ratio, cup area, cup volume, rim area, rim
volume and cup shape measure. The Mikelberg
DFA87 was also recorded.

GDx
Operators were instructed to adjust the preformed
ellipse such that it overlaid the inner aspect of
Elschnig’s ring. When outlining the discs of
patients with PPA, operators were instructed to
disobey this rule in order to prevent the

measurement ellipse overlapping the atrophic
area. This strategy is in accordance with
established guidelines.102

The six parameters selected were the number,
symmetry, superior:nasal ratio, average thickness,
ellipse modulation and superior average.
Diagnostic categorisation for the number was
taken from the manufacturer’s guidelines of
normal (≤30), borderline (31–70) and glaucoma
(71–100).

Analysis
Following identification of the disc margins,
parameters were exported from the instruments,
read into spreadsheets (Microsoft Excel 2000) and
analysed with SPSS (version 10.0.7). Agreement
for each parameter within and between operators
was calculated using ICCS.249 This statistic was
selected in preference to correlation because it
measures agreement, whereas correlation
identifies the presence of a linear relationship.
Also, ICC allows for variation between subjects. It
produces a result that lies between –1.00 and 1.00;
guidelines for suggested interpretation are shown
in Table 55.240 It is widely accepted that ICC ≥ 0.90
indicates high reproducibility of measurements.

For both the HRT and GDx, the consistency of
diagnostic classification (produced by the
Mikelberg DFA and interpretation of the number,
respectively) was determined. The proportion of
subjects for whom there was not perfect agreement
between the five observers was calculated.

The study aimed to ascertain whether any other
factors have a bearing on variability in reference
ring placement. The areas of interest were
patient’s diagnosis, the presence of PPA, image
quality and ease of identification of the disc
margin. To explore each of these, the
experimental group was stratified into the relevant
categories and the analysis repeated.

Bland and Altman plots were constructed to
display intra-observer repeatability for each
operator.

Results
The mean age of the experimental group was
63.42 ± 9.91 years. The visual field MD for each
group was normal individuals –0.66 ± 1.56 dB;
high risk –0.47 ± 1.42 dB; and glaucoma
–5.24 ± 6.09 dB. The results of the independent
observer’s assessment of the images are detailed in
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TABLE 55 Interpretation of ICC

ICC Interpretation 

–1.00 to 0.00 Poor agreement
0.01 to 0.20 Slight agreement
0.21 to 0.40 Fair agreement
0.41 to 0.60 Moderate agreement
0.61 to 0.80 Substantial agreement
0.81 to 0.99 Almost perfect agreement
1.00 Perfect agreement



Table 56. Thirteen patients were noted to have
significant PPA; of these, six were normal
individuals, one was a high risk eye and five were
glaucoma patients – this distribution was not
statistically significant (p = 0.191; �2 test). There
was exact agreement between the two instruments
regarding the presence of PPA.

Figure 48 shows the relationship between the GDx
image quality score (maximum 100) and AKJ’s

subjective assessment of image quality. It is
apparent that some images were judged as ‘poor’
quality, but achieved a high numerical value,
which is a not uncommon occurrence with the
GDx. No similar comparison can be made for the
HRT, as the instrument does not produce a
quantitative assessment for single images.

With both instruments, there is a statistically
significant relationship between the ease with
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TABLE 56 Independent observer’s assessment of images

Number of subjects

Category Quality of HRT HRT distinction Quality of GDx distinction 
imagesa of disc marginb GDx imagesc of disc margind

Normal Poor 3 Difficult 15 Poor 2 Difficult 6
Moderate 12 Intermediate 4 Moderate 7 Intermediate 9
Good 5 Easy 1 Good 11 Easy 5

High risk Poor 3 Difficult 4 Poor 3 Difficult 0
Moderate 9 Intermediate 6 Moderate 8 Intermediate 5
Good 8 Easy 10 Good 9 Easy 15

Glaucoma Poor 4 Difficult 2 Poor 4 Difficult 4
Moderate 8 Intermediate 5 Moderate 7 Intermediate 6
Good 8 Easy 13 Good 9 Easy 10

Total Poor 10 Difficult 21 Poor 9 Difficult 10
Moderate 29 Intermediate 15 Moderate 22 Intermediate 20
Good 21 Easy 24 Good 29 Easy 30

a p = 0.022
b p � 0.001
c p = 0.025
d p = 0.0002 (�2 test)
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FIGURE 48 Distribution of GDx image quality score. Data are grouped by the independent observer’s ranking of image quality.



which the disc margin can be identified and
diagnosis, with glaucomatous eyes having discs
with margins that were rated easier to define.

Interobserver variability
The mean and standard deviation for HRT and
GDx parameters for each observer are shown in
Tables 57 and 58 and the ICCs in Table 59. All
parameters show at least ‘substantial agreement’
(i.e. ICC ≥ 0.61). Four HRT parameters and all
GDx parameters have ‘almost perfect’ agreement
(ICC ≥ 0.81).

This study is particularly interested in the effect of
variability in contour line placement on diagnostic

categorisation by the two instruments. There was
inconsistency in the diagnostic category from the
HRT for 20 patients (33%) and from the GDx for
15 patients (25%), which occurred to different
patients for each instrument. There was no
tendency for a group of patients with a particular
diagnosis to be misclassified (as shown on 
p. 103). No particular observer was responsible for
the diagnostic discrepancies with either the HRT
or GDx.

Diagnostic category for the HRT was taken from
the Mikelberg DFA. The mean (and standard
deviation) for each group was 1.87 (1.55), 1.18
(1.76) and –1.29 (1.89) for normal, high risk and
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TABLE 57 HRT parameter values: data shown as mean (standard deviation)

HRT parameter

Observer C:D area Cup area Cup volume Rim area Rim volume Cup shape 
(initials) ratio (mm2) (mm3) (mm2) (mm3) measure

1 (AJK) 0.357 (0.224) 0.768 (0.600) 0.220 (0.255) 1.223 (0.389) 0.287 (0.155) –0.166 (0.091)

2 (DBH) 0.362 (0.223) 0.762 (0.603) 0.219 (0.267) 1.158 (0.348) 0.270 (0.141) –0.163 (0.091)

3 (JK) 0.779 (0.623) 1.888 (0.536) 0.334 (0.100) 0.376 (0.238) 0.230 (0.301) 0.623 (0.257)

4 (RAH) 0.365 (0.221) 0.752 (0.582) 0.213 (0.258) 1.135 (0.335) 0.263 (0.126) –0.161 (0.092)

5 (STP) 0.374 (0.228) 0.786 (0.609) 0.230 (0.282) 1.167 (0.410) 0.274 (0.151) –0.156 (0.090)

TABLE 58 GDx parameter values. data shown as mean (standard deviation)

GDx parameter 

Observer The number Symmetry Superior Average Ellipse Superior 
(Initials) nasal ratio thickness modulation average 

(�m) (�m) (�m)

1 (AJK) 26.783 (19.168) 1.002 (0.138) 1.884 (0.355) 67.917 (11.913) 2.122 (0.691) 76.029 (13.998)

2 (DBH) 27.317 (18.72) 1.006 (0.137) 1.872 (0.329) 67.950 (11.942) 2.153 (0.715) 76.185 (14.505)

3 (JK) 31.383 (20.620) 0.998 (0.137) 1.825 (0.319) 67.783 (11.888) 2.126 (0.685) 75.689 (14.241)

4 (RAH) 26.650 (18.742) 1.002 (0.138) 1.875 (0.336) 67.917 (11.814) 2.126 (0.662) 76.065 (14.250)

5 (STP) 27.483 (19.613) 1.004 (0.134) 1.871 (0.333) 68.000 (11.876) 2.146 (0.781) 75.973 (14.157)

TABLE 59 Interobserver variability for HRT and GDx

HRT GDx

Parameter ICC Parameter ICC

Cup to disc area ratio 0.814 Number 0.847
Cup area 0.840 Symmetry 0.902
Cup volume 0.839 Superior:nasal ratio 0.914
Rim area 0.761 Average thickness 0.988
Rim volume 0.731 Ellipse modulation 0.820
Cup shape measure 0.826 Superior average 0.981
MEAN 0.802 MEAN 0.909
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TABLE 60 Effect of patient’s diagnosis on interobserver variability with HRT

ICC

Parameter Normal High risk Glaucoma

C:D area ratio 0.661 0.728 0.858

Cup area 0.661 0.827 0.813

Cup volume 0.445 0.636 0.883

Rim area 0.461 0.852 0.798

Rim volume 0.791 0.772 0.653

Cup shape measure 0.721 0.820 0.718

Mean 0.623 0.773 0.787



glaucoma, respectively. These values are the mean
of results from all five observers and are shown
graphically in Figure 49. Interpretation of these
results categorises 37 patients as ‘normal’ and 23
as having glaucoma.

Diagnostic results for the GDx were taken from
interpretation of the GDx number. The mean (and
standard deviation) for each group was 18.70
(12.64), 23.93 (13.77) and 41.14 (19.52) for
normal, high risk and glaucoma, respectively.
These data are illustrated in Figure 50, where
patients are stratified by the diagnostic category
used within the study. From the mean value of the
number from all five observers, 36 patients were
categorised as normal, 22 as borderline and two as
glaucomatous. The relatively high frequency of
numbers <50 is reflected in the distribution of
those who received inconsistent diagnostic
category: of the total 15, only four fluctuated
between ‘borderline’ and ‘glaucoma’, whereas 11
fluctuated between ‘normal’ and ‘borderline’.

Effect of clinical diagnosis
The results for interoperator variability after the
experimental group had been stratified by
diagnosis (i.e. as normal, high risk or glaucoma)
are shown in Tables 60–62. Agreement is lowest for

normal eyes with both the instruments and highest
for glaucoma eyes (HRT) and high risk eyes
(GDx). With both instruments, the largest
difference in mean ICC for the six parameters was
between normal and high risk eyes.

A patient’s diagnosis had no effect on the
likelihood of receiving diagnostic misclassification
with either instrument (Table 62).

Effect of PPA
Agreement of HRT and GDx parameters for
patients with PPA (n = 13) and without PPA
(n = 47) is given in Tables 63 and 64. The presence
of significant PPA had opposite effects on
variability from the two instruments: for the HRT,
all parameters examined had higher ICCs in eyes
with PPA, whereas the converse was true for all
GDx parameters, except one. There was no
relationship between PPA and a tendency to show
inconsistent diagnostic categorisation with either
instrument (Table 65).

Effect of image quality
ICCs for each parameter within the three
categories of image quality (good, moderate and
poor) for each instrument are shown in Tables 66
and 67.
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TABLE 61 Effect of patient’s diagnosis on interobserver variability with GDx

ICC

Parameter Normal High risk Glaucoma

Number 0.763 0.717 0.924

Symmetry 0.804 0.979 0.888

Superior:nasal ratio 0.918 0.887 0.861

Average thickness 0.980 0.990 0.991

Ellipse modulation 0.718 0.980 0.806

Superior average 0.947 0.992 0.992

Mean 0.855 0.924 0.910

TABLE 62 Effect of patient’s diagnosis on inconsistent diagnostic categorisation with HRT and GDx

Inconsistent diagnostic category

Instrument Normal High risk Glaucoma

HRTa 7 6 7
GDxb 4 3 8

a p = 0.407 (�2 test).
b p = 0.247 (�2 test).
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TABLE 63 Effect of PPA on interobserver variability with HRT

ICC

Parameter With PPA Without PPA Difference (= with 
(n = 13) (n = 47) PPA – without PPA)

C:D area ratio 0.885 0.794 0.091

Cup area 0.891 0.833 0.058

Cup volume 0.915 0.832 0.083

Rim area 0.822 0.735 0.087

Rim volume 0.836 0.673 0.163

Cup shape measure 0.943 0.820 0.123

Mean 0.882 0.781 0.101

TABLE 64 Effect of PPA on interobserver variability with GDx

ICC

Parameter With PPA Without PPA Difference (= with 
(n = 13) (n = 47) PPA – without PPA)

Number 0.649 0.867 –0.218

Symmetry 0.863 0.931 –0.068

Superior:nasal ratio 0.945 0.900 0.045

Average thickness 0.979 0.991 –0.012

Ellipse modulation 0.799 0.833 –0.034

Superior average 0.967 0.990 –0.023

Mean 0.867 0.919 –0.052

TABLE 66 Effect of image quality on interobserver variability with HRT

ICC

Parameter Good (n = 21) Moderate (n = 29) Poor (n = 10)

C:D area ratio 0.784 0.787 0.922

Cup area 0.838 0.816 0.936

Cup volume 0.885 0.787 0.667

Rim area 0.813 0.663 0.841

Rim volume 0.826 0.610 0.719

Cup shape measure 0.770 0.872 0.859

Mean 0.819 0.756 0.824

TABLE 65 Effect of PPA on diagnostic categorisation with HRT and GDx

ICC

Instrument With PPA (n = 13) Without PPA (n = 47)

HRTa 4 16
GDxb 5 10

a p = 0.856 (�2 test).
b p = 0.273 (�2 test).



There was no definite relationship between ICC
and image quality for either instrument. Both the
HRT and GDx showed the lowest ICCs for the
‘moderate’ category and highest for ‘poor’ quality
images. There was no statistically significant
relationship for those who showed inconsistency in
their diagnostic categorisation (Table 68).

Effect of ‘ease’ of identifying disc margin
Interobserver variability, subsequent to stratifying
the experimental group for the ease with which the
disc margin could be identified, is detailed in Tables
69 and 70. With both instruments, the highest mean
ICC was for the group of patients with discs in the
‘intermediate’ category and the lowest for discs with
margins that were difficult to differentiate. However,
the difference was most marked for the HRT, with a
mean ICC for the ‘difficult’ category that is
interpreted as having only ‘fair agreement’. The
range of ICCs for the different parameters was
greatest for ‘difficult’ discs with both instruments. 

The likelihood of eyes in a particular category
being more prone to receiving a varying
diagnostic result does not reach statistical
significance (Table 71).

Intraobserver variability
For each of the three observers’ two sessions, the
mean and standard deviation for the parameters

and ICCs for intraobserver variability are given in
Tables 72–75.

From the HRT data, observers 1 and 2 each
produced parameters that have ‘almost perfect’
agreement, compared with observer 3’s
‘substantial’ agreement. The difference was not so
marked for the GDx, with all three showing
excellent agreement. Observer 3 had the lowest
mean ICC for both the HRT and GDx.

Overall, parameter values from both instruments
were largely similar for both AJK and DBH, with
their distributions appearing alike. Bland and
Altman plots (the ordinate scales on graphs of
corresponding parameters have been matched
between operators to facilitate comparison) are
shown in Figures 51 and 52 (HRT parameters from
AJK and JK, respectively) and Figures 53 and 54
(GDx parameters from DBH and JK, respectively);
these combinations were selected on the grounds
of having the highest and lowest intraobserver
variability for each instrument. These plots show
no relationship between values and variability for
most parameters. However, the GDx parameter
superior:nasal ratio appears to show greater
variability at higher values.

To compare consistency of diagnostic category, the
kappa statistic for each of the observers was 0.897,
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TABLE 67 Effect of image quality on interobserver variability with GDx

ICC

Parameter Good (n = 29) Moderate (n = 22) Poor (n = 9)

Number 0.895 0.552 0.979

Symmetry 0.913 0.869 0.967

Superior:nasal ratio 0.961 0.799 0.980

Average thickness 0.984 0.986 0.999

Ellipse modulation 0.863 0.675 0.984

Superior average 0.978 0.977 0.996

Mean 0.932 0.810 0.984

TABLE 68 Effect of image quality on diagnostic categorisation with HRT and GDx

Inconsistent diagnostic category

Instrument Good Moderate Poor

HRTa 7 9 4
GDxb 5 9 1

a p = 0.914 (�2 test).
b p =0.199 (�2 test).
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TABLE 70 Effect of ‘ease’ of identification of optic disc margin on interobserver variability with GDx

ICC

Parameter Easy (n = 30) Intermediate (n = 20) Difficult (n = 10)

Number 0.904 0.768 0.667

Symmetry 0.883 0.983 0.763

Superior:nasal ratio 0.892 0.913 0.987

Average thickness 0.988 0.994 0.965

Ellipse modulation 0.802 0.917 0.779

Superior average 0.975 0.994 0.984

Mean 0.907 0.928 0.858

TABLE 71 Effect of ‘ease’ of identification of optic disc margin on diagnostic categorisation with HRT and GDx

Inconsistent diagnostic category

Instrument Easy Intermediate Difficult

HRTa 8 4 8
GDxb 5 7 3

a p = 0.418 (�2 test).
b p = 0.420 (�2 test).

TABLE 72 HRT parameter values: data shown as mean (standard deviation)

HRT parameter

Observer and C:D area Cup area Cup volume Rim area Rim volume Cup shape 
session number ratio (mm2) (mm3) (mm2) (mm3) measure

AJK 1 0.357 (0.224) 0.768 (0.595) 0.220 (0.255) 1.222 (0.389) 0.287 (0.155) –0.166 (0.091)

AJK 2 0.357 (0.227) 0.768 (0.619) 0.226 (0.278) 1.195 (0.374) 0.278 (0.148) –0.165 (0.089)

DBH 1 0.362 (0.223) 0.762 (0.603) 0.219 (0.267) 1.158 (0.348) 0.269 (0.141) –0.163 (0.091)

DBH 2 0.358 (0.222) 0.738 (0.613) 0.216 (0.290) 1.107 (0.324) 0.260 (0.129) –0.157 (0.089)

JK 1 0.779 (0.623) 1.888 (0.536) 0.334 (0.100) 0.376 (0.238) 0.230 (0.301) 0.623 (0.257)

JK 2 0.386 (0.234) 0.790 (0.613) 0.227 (0.268) 1.070 (0.352) 0.246 (0.142) -0.156 (0.092)

TABLE 69 Effect of ‘ease’ of identification of optic disc margin on interobserver variability with HRT

ICC

Parameter Easy (n = 24) Intermediate (n = 15) Difficult (n = 21)

C:D area ratio 0.726 0.929 0.383

Cup area 0.850 0.932 0.310

Cup volume 0.888 0.870 0.180

Rim area 0.757 0.924 0.373

Rim volume 0.622 0.895 0.401

Cup shape measure 0.795 0.866 0.657

Mean 0.773 0.903 0.384



0.798 and 0.564 with the HRT and 0.827, 1.00
and 0.779 with the GDx.

Effect of clinical diagnosis
Table 76 shows the effect of patient’s diagnosis on
repeatability for the HRT and GDx. Mean ICC
values derived from all six parameters are given.

For HRT parameters, each of the observers showed
a different pattern of variation with diagnosis.
Observers 1 and 2 agreed with the trend found from

the interobserver study, where HRT parameters
from normal eyes showed the highest variability.
This was also the case for the GDx although, for
observers 1 and 2, the differences were small.

Effect of PPA
The effect of PPA on intraobserver variability with
the HRT and GDx is shown in Table 77. The 
trend is the same as for interobserver variability,
albeit the magnitude of the difference was much
lower.
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TABLE 73 GDx parameter values: data shown as mean (standard deviation)

GDx parameter

Observer and Number Symmetry Superior: Average Ellipse Superior 
session number nasal ratio thickness modulation average 

(�m) (average �m) (�m)

AJK 1 26.783 (19.168) 1.002 (0.138) 1.884 (0.355) 67.917 (11.913) 2.122 (0.691) 76.029 (13.998)

AJK 2 26.583 (18.832) 1.002 (0.138) 1.888 (0.355) 67.900 (14.040) 2.121 (0.687) 76.148 (14.155)

DBH 1 27.317 (18.72) 1.006 (0.137) 1.872 (0.329) 67.950 (11.942) 2.153 (0.715) 76.185 (14.505)

DBH 2 28.817 (19.719 1.006 (0.138) 1.870 (0.333) 67.850 (11.836) 2.143 (0.788) 76.037 (14.240)

JK 1 31.383 (20.620) 0.998 (0.137) 1.825 (0.319) 67.783 (11.888) 2.126 (0.685) 75.689 (14.241)

JK 2 32.317 (20.692) 1.004 (0.138) 1.837 (0.322) 67.633 (11.987) 2.126 (0.663) 75.070 (14.002)

TABLE 74 Intraobserver variability for HRT

ICC

Parameter Observer 1 (AJK) Observer 2 (DBH) Observer 3 (JK)

C:D area ratio 0.985 0.982 0.557

Cup area 0.926 0.896 0.666

Cup volume 0.980 0.978 0.697

Rim area 0.987 0.978 0.697

Rim volume 0.920 0.853 0.730

Cup shape measure 0.988 0.981 0.772

Mean 0.964 0.945 0.687

TABLE 75 Intraobserver variability for GDx

ICC

Parameter Observer 1 (AJK) Observer 2 (DBH) Observer 3 (JK)

Number 0.989 0.976 0.907

Symmetry 0.992 0.987 0.941

Superior:nasal ratio 0.953 0.990 0.982

Average thickness 0.994 0.994 0.986

Ellipse modulation 0.996 0.997 0.994

Superior average 0.991 0.999 0.999

Mean 0.986 0.991 0.968
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FIGURE 51 Bland and Altman plots for HRT parameters (observer 1, AJK). Solid line = mean; dotted line = mean ± 1.96 standard
deviations.
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FIGURE 52 Bland and Altman plots for HRT parameters (observer 3, JK). Solid line = mean; dotted line = mean ± 1.96 standard
deviations.



Effect of inter- and intraobserver variability in the definition of the peri-papillary contour line on HRT and GDx parameters

110

0 20 40 60 80 100

Mean number

60

40

20

0

–20

–40

–60

D
iff

er
en

ce

0.6 0.8 1.0 1.2 1.4 1.6

Mean symmetry

0.12

0.08

0.04

–0.00

–0.04

–0.08

–0.12

D
iff

er
en

ce

1.0 1.5 2.0 2.5 3.0

Mean superior:nasal ratio

0.50
0.40
0.30
0.20
0.10
0.00

–0.10
–0.20
–0.30
–0.40
–0.50

D
iff

er
en

ce

40 50 60 70 80 90 100 110

Mean average thickness (�m)

2.0

1.5

1.0

0.5

0.0

–0.5

–1.0

–1.5

–2.0

D
iff

er
en

ce

1 2 3 4 5

Mean ellipse modulation (�m)

0.5
0.4
0.3
0.2
0.1
0.0

–0.1
–0.2
–0.3
–0.4
–0.5

D
iff

er
en

ce

40 50 60 70 80 90 100 110 120

Mean superior average (�m)

5
4
3
2
1
0

–1
–2
–3
–4
–5

D
iff

er
en

ce

FIGURE 53 Bland and Altman plots for GDx parameters (observer 2, DBH). Solid line = mean; dotted line = mean ± 1.96 standard
deviations.
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FIGURE 54 Bland and Altman plots for GDx parameters (observer 3, JK). Solid line = mean; dotted line = mean ± 1.96 standard
deviations.



Effect of image quality
HRT image quality affected each observer
differently (with two producing their highest
reliability for poor-quality images), whereas GDx
quality produced a more consistent effect, with all
three observers showing the greatest reliability for
images that had been judged to have poor quality
(although by only a very small margin in two
cases) – see Table 78.

Effect of ‘ease’ of identifying disc margin
For HRT parameters, observers 1 and 2 show the
same pattern as for interobserver variability, that

is, highest repeatability for ‘intermediate’ discs
and lowest for discs with margins that were
difficult to differentiate; by far the larger
difference in agreement was between ‘moderate’
and ‘difficult’ discs. With the GDx, the same two
observers showed highest intraobserver agreement
for easier to define disc margins and lowest for
more difficult discs. From Table 79, it is clear that
observer 3 was affected differently by this variable.

Reanalysis of interobserver variability
From Table 72, it is evident that JK’s first session of
outlining the HRT disc margins produced outlying
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TABLE 76 Effect of patient’s diagnosis on intraobserver variability with HRT and GDx

Mean ICC

Observer Normal High risk Glaucoma

HRT
1 (AJK) 0.914 0.966 0.965
2 (DBH) 0.828 0.927 0.980
3 (JK) 0.542 0.889 0.434

GDx
1 (AJK) 0.976 0.993 0.984
2 (DBH) 0.986 0.989 0.989
3 (JK) 0.907 0.975 0.986

TABLE 78 Effect of image quality on intraobserver variability with HRT and GDx

Mean ICC

Observer Good Moderate Poor

HRT
1 (AJK) 0.969 0.953 0.972
2 (DBH) 0.976 0.897 0.962
3 (JK) 0.582 0.760 0.819

GDx
1 (AJK) 0.990 0.978 0.991
2 (DBH) 0.990 0.984 0.995
3 (JK) 0.954 0.974 0.982

TABLE 77 Effect of PPA on intraobserver variability with HRT and GDx

Mean ICC

Observer With PPA Without PPA Difference (= with 
(n = 13) (n = 47) PPA – without PPA)

HRT
1 (AJK) 0.973 0.960 0.013
2 (DBH) 0.977 0.934 0.043
3 (JK) 0.726 0.676 0.050

GDx
1 (AJK) 0.977 0.989 –0.012
2 (DBH) 0.982 0.992 –0.010
3 (JK) 0.965 0.968 –0.003



values. These data had been used to calculate
interobserver variability as discussed in the section
‘Intraobserver variability’ (p. 101). In order to
investigate whether this had adversely affected the
ICCs, the analysis was repeated, replacing JK’s first
data set with his second; this yielded a mean ICC
of 0.734 (compared with 0.802 previously). The full
results are detailed in Table 80. The number of
individuals who showed inconsistent diagnostic
classification actually increased from 20 to 21.

Discussion
This study has investigated the effects of inter-
and intraobserver variability on HRT and GDx
parameters. Its results are highly relevant to the
overall conclusions of the Glaucoma Imaging
Study, since the utility of the instruments is
dependent on them having high repeatability. The
analysis has investigated the effects of factors such
as diagnosis and the presence of PPA on
repeatability – these variables are of particular
importance to a population of glaucoma patients. 

Data presented in this chapter were collected and
analysed fairly early in the study. Therefore, on
several counts, the results are not applicable to the
most contemporary versions of the equipment
(HRT II and GDx VCC).

� The new HRT Windows-based software
incorporates a modified system for identifying
the optic nerve head margin (as shown in
Figure 3), which is far easier to use than its
predecessor (which was used in this section of
the study).

� Data presented in this chapter used HRT
images whose ‘aligned’ image had been saved,
in order to facilitate a system where individual
planes (of the original 32) could be viewed to
enhance identification of the disc margin. 
This option is not available with the new
software.

� The new HRT software does not incorporate
the system described above, but uses a pseudo-
three-dimensional display on which the outline
is overlaid. The effect of this display on inter-
and intraobserver variability needs to be
established by further research.

� From Chapter 7, optimum diagnostic precision
with the HRT was achieved by the MRA.95 This
algorithm was not incorporated in this substudy
since, at the time of analysis, we could not
access MRA results.

� The GDx VCC uses a completely different form
of display (integral screen versus VDU) and a
modified form of identification of the disc
margin on a reduced-size image. The impact of
these differences requires further investigation.

Overall, this study found interobserver agreement
of HRT and GDx parameters to be very good. For
the former, ICCs of the six selected parameters
ranged from 0.731 to 0.840 (mean 0.802); a
similar study, which also assessed variability
between five observers for six HRT stereometric
parameters, found a mean of 0.803,237 albeit for
different parameters. Agreement for GDx
parameters was even higher, ranging from 0.847
to 0.988 (mean 0.909); there are no other
published data with which the results can be
compared.
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TABLE 79 Effect of ‘ease’ of identification of disc margin on intraobserver variability with HRT and GDx

ICC

Observer Easy Intermediate Difficult

HRT
1 (AJK) 0.956 0.987 0.876
2 (DBH) 0.950 0.975 0.819
3 (JK) 0.441 0.877 0.428

GDx
1 (AJK) 0.996 0.986 0.974
2 (DBH) 0.993 0.987 0.981
3 (JK) 0.976 0.938 0.991

TABLE 80 Reanalysis of interobserver variability for HRT

Parameter ICC

C:D area ratio 0.742
Cup area 0.729
Cup volume 0.722
Rim area 0.741
Rim volume 0.704
Cup shape measure 0.763
Mean 0.734



It is important to recognise that even if an
instrument shows very high levels of agreement, it
is of no clinical use if its diagnostic accuracy is low.
The issue of the scale of a measurement is
highlighted by Bailey and colleagues, who note
that if concordance between examinations is high,
the scale might be too coarse, which would limit
the ability of the test to detect change.242

The levels of intraobserver agreement found in this
study varied between experimenters: AJK and DBH
produced parameters that were very repeatable with
both the HRT and GDx, achieving mean ICCs of
0.964 and 0.945 (HRT) and 0.986 and 0.991
(GDx). The third researcher (JK) showed higher
variability, with mean ICCs of 0.687 (HRT) and
0.968 (GDx). This is possibly attributable to the fact
that JK is the least familiar of the three observers
with the imaging techniques used in the study.

Comparing the repeatability of the different
parameters, our results differ slightly from other
findings that show cup shape measure to have low
variability with reference ring placement.237,248 In
the interobserver study, cup shape measure ranked
third best, but in the intraobserver study, AJK and
DBH showed it to be the most repeatable and
second most repeatable parameter, respectively.
This parameter is considered particularly
important, since it has been previously shown to
have good sensitivity and specificity for diagnosing
glaucoma and, compared with the other
parameters, it is considered suitable for
monitoring progression because it is independent
of change in the reference plane.87

Between the two studies of inter- and
intraobserver variability, there was no pattern to
the variability ranking of HRT parameters; for
example, cup area had the highest repeatability of
all six parameters in the interobserver study,
although for AJK and DBH in the intraobserver
study it ranked fifth. Of interest, the distribution
of HRT ICC values for these two researchers was
most similar within the study; this is likely to be a
reflection of their greater experience with the
equipment, compared with the other observers.

The GDx, similarly, showed no strong trend in
repeatability of parameters. The number tended
to have a low ranking in both parts of the study,
whereas ellipse modulation and superior average
showed higher levels of repeatability amongst the
parameters examined. The susceptibility of the
number is in accordance with warnings made by
the manufacturers that it is sensitive to correct
placement of the reference ring.105

A particular aim of this research was to investigate
the effect of variability in the placement of the
contour line on diagnostic categorisation by the
instruments. A surprisingly high proportion of
patients showed inconsistent diagnostic
classification with the HRT Mikelberg DFA (33%)
and GDx (25%). This finding is unexpected within
the context of the excellent agreement of both
HRT and GDx parameters between and within
operators. The distributions of data for the
Mikelberg DFA and GDx number show the
susceptibility of many patients to misclassification
owing to proximity of their result to the cut-off
values for each category. This occurrence could be
due to selection bias, that is, the inclusion of a
disproportionate number of ‘borderline’ patients,
although the study aimed to prevent such bias by
selecting 20 patients from the normal, borderline
and glaucoma groups. The mean visual field MD
of the glaucoma group was –5.24 ± 6.09 dB
(range –28.04 to 1.04 dB), so possibly the
tendency of this group towards patients with mild
to moderate visual field defects was associated with
their being more prone to misclassification.
However, the group of patients considered at ‘high
risk’ of developing glaucoma who, theoretically,
might be expected to lie within the borderline
range did not, in fact, show a greater frequency of
inconsistent diagnosis than the glaucoma patients
and normal control individuals.

Even if the experimental population was biased
towards borderline cases, it suggests a definite
weakness of the systems, since these are the
patients for whom examination with these
instruments is particularly indicated.

The prevalence of inconsistent diagnostic
classification was derived from the proportion of
subjects for whom there was not perfect agreement
between the five observers. The resulting rates are,
clearly, dependent on the number of observers.
The analysis could have been enhanced by
detailing the mean number of pair-wise
disagreements.

An incidental, but very interesting, observation is
the large extent of overlap of the normal, high risk
and glaucoma groups in their values of the HRT
discriminant analysis function and the GDx number.
This finding has been widely quoted elsewhere,90,250

but is not investigated further in this chapter,
because such issues have been discussed in much
greater detail in Chapters 7, 8 and 9.

For the within- and between-observer studies with
both the HRT and GDx, the effect of patient’s
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diagnosis follows a similar pattern, with high risk
and glaucoma eyes having higher ICCs than
normal eyes; other research has also found greater
agreement for glaucoma patients than normal
individuals.245 The higher levels of repeatability
found in glaucoma eyes are likely to be a
manifestation of the fact that the disc margins are
easier to determine in these cases, where the disc
margin is less obscured by the overlying retinal
nerve fibres. This finding is consistent with our
conclusion that eyes with glaucoma were more
likely to have disc margins that were easily
differentiated. Most of the observers who
performed the study concurred with this
observation, and agreed that small, healthy discs
are the hardest to outline.

Improved differentiation of the disc margin from
the surrounding retina is likely to be the reason
why eyes with PPA had more repeatable HRT
parameters in both parts of the study. The
converse was true for the GDx, where higher
variability was found in eyes with PPA. This
finding is likely to be due to the modified strategy
adopted for placement of the GDx reference ring
in eyes with PPA. Patients were only classified as
having PPA when the extent of the zone was half
the disc diameter or larger. For individuals with a
minimal extent of atrophy, GDx repeatability may
be unaffected as the damaged area is unlikely to
interfere with the measurement zone.

This study’s finding that eyes with glaucoma were
not significantly more likely to have PPA than their
normal counterparts differs from that of other
researchers251,252 and is probably a result of the
small sample size used and the definition of PPA.

Image quality had an unpredictable affect on both
instruments: images considered to be of poor
quality showed the highest repeatability in the
inter- and intraobserver studies. This is possibly
because some the criteria used to judge image
quality (e.g. evenness of illumination, centration)
have no actual bearing on placement of the
reference ring. In comparing the distribution of
numerical GDx quality scores with our
categorisation, there was poor separation of the
groups, especially for those images that were
considered poor. However, experience with the
instrument has shown that the GDx will, not
infrequently, give a high score to an image that is
obviously defocussed or shows eye movement
during image capture.

All HRT parameters had lower ICCs for eyes with
disc margins that were considered difficult to

determine. The magnitude of this difference was
much greater than any other variable assessed.
The mean ICC of HRT parameters in the group
with ‘difficult’ discs was 0.384, which is interpreted
as only ‘fair’ agreement. The difference was
nowhere near as marked for intraobserver
repeatability of AJK and DBH. A possible
explanation is that their familiarity with the
equipment allowed them to cope better with more
challenging discs. The same pattern was found for
the GDx, although the magnitude was far less.
The use of stereo-photographs has been shown to
improve repeatability of HRT parameters,248

which might be an especially useful aid for
analysing discs with margins that are considered
difficult to define.

After completing their sessions of disc outlining,
the observers were asked for their comments and
preferences. All reported that they performed the
GDx far more quickly than the HRT and found
the process far easier. Several expressed frustration
with the GDx’s lack of flexibility when presented
with a disc that did not have vertical or horizontal
symmetry, in that a ‘perfect’ outline could not be
achieved. The HRT does not have this limitation,
but the consensus of opinion was that this benefit
is outweighed by the complexity of the procedure. 

A clear omission from the study is a consideration
of the repeatability of the HRT parameter disc
area. This measurement is particularly important
because of the role it plays in the MRA.95 This
parameter has been investigated by other authors,
who showed it to have the highest repeatability
(both between and within observers) of all
measurements considered.246

A limitation of this study is its choice of observers,
all of whom had optometric, academic or
ophthalmological backgrounds. This is unlikely to
be the case if the instruments were to be used in a
clinical environment, where a skilled technician
would perform the examination and analysis. Also,
no time constraints were imposed on the task,
which allowed the participants to be meticulous in
their placement of the reference rings; this might
not necessarily be attainable in a busy clinical
setting.

Alternative strategies have been aimed at
developing methods of analysis that are
independent of observer input. Provisional
research has shown promising results for such
systems,253,254 but more thorough investigation is
required prior to their acceptance as established
techniques.
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Glaucoma is a common and potentially
blinding condition that poses a significant

burden to the NHS: patients who are suspected of
having the condition may require repeated
examinations to confirm their status, and
individuals who are diagnosed with glaucoma
require life-long follow-up.

Within the glaucoma clinic, the assessment of
patients typically involves a triad of examinations:
measurement of IOP, ophthalmoscopic
examination of the ONH and RNFL and
perimetric examination of the visual field. There
are several shortcomings to each of these
techniques:

� Measurement of IOP is a poor diagnostic
predictor of glaucoma since it will not identify
patients who have normal tension glaucoma
and will mis-classify individuals who have ocular
hypertension.

� Perimetry involves a lengthy and tiring
examination, which patients universally dislike.
The test is subjective and requires an attentive
patient with accurate observational skills.
Examinations frequently require repeating in
cases of unreliable results or when the result was
spoiled by a testing artefact.

� Examination of the ONH and RNFL is
compromised by high levels of inter- and
intraobserver variability and the extent of
overlap in appearance of normal and
glaucomatous eyes.

There is, therefore, a clear requirement for
objective techniques that provide rapid and
repeatable examination to assist in the diagnosis
and monitoring of glaucoma.

Two approaches that may fulfil this role are the
HRT and GDx, which provide topographic
examination of the ONH and measurement of
RNFL thickness, respectively. Each of the
instruments has been widely described in the
literature, although there is a noticeable lack of
large-scale longitudinal studies that review the
outcome of HRT and GDx examination in groups
of glaucoma suspects and patients.

The research described in this report was collected
over a 6-year period by the University of
Manchester at MREH. The study aimed to address
the hiatus in the literature and provide much
needed longitudinal data. The study examined
two groups of patients cross-sectionally
(150 glaucoma patients and 100 normal
individuals) and two groups longitudinally (240
high risk eyes and 75 glaucoma patients). Each
examination session involved image capture with
the HRT and GDx and assessment with the 24-2
full threshold program of the HFA. Amongst the
wider aims of the study was to investigate fully the
equipment with regard to the feasibility of
incorporating the HRT and GDx as part of the
normal ‘armoury’ of the glaucoma clinic.

The study was compromised by technical problems
(such as unstable back-up media) and data loss – a
significant amount of data was lost at the outset of
the study and further episodes followed.

A significant problem was identified that is highly
relevant to the viability of conducting longitudinal
research: whilst the study was under way,
significant advances in the technology underlying
the instruments occurred. This is particularly
relevant to the GDx – the original GDx that was
used for this research was superseded by the GDx
VCC, which allows customised adjustments for
individual variability in corneal polarisation. The
instrument used for the Glaucoma Imaging Study
was not amenable to upgrading, since both
hardware and software developments are
incorporated in its newer counterpart. The lack of
backward compatibility is likely to have had little
manifestation on the study’s longitudinal results,
since any error will have been constant throughout
the study; it is, however, not possible to estimate
the consequence to the results from the cross-
sectional study.

Advances in the HRT actually assisted the study,
since our system (an original ‘Mark I’ HRT) was
recently upgraded to use the software designed for
the HRT II (the instrument’s newer equivalent).
The more contemporary software is Windows
(rather than DOS) based and is, subsequently, 
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far easier and more efficient to use. Using the
improved technology greatly assisted analysis of
the HRT data.

The upgrading of the HRT has caused slight
inconsistencies within this report. For instance,
results from one of the newer diagnostic
algorithms, the MRA, are not reported in Chapter
11. In a study of this size, analysis was performed
in several phases, some of which were completed
with the earlier software.

Issues of developments in instrument hardware
and software and of data loss relate not only to the
research environment, but also to the clinical
situation. If the tests were adopted within the NHS
for clinical use, similar problems could occur. This
matter is of particular relevance to glaucoma,
where patients require long-term monitoring and,
consequently, instruments must be capable of
providing long-term follow-up.

In addition to the imaging devices, developments
have also taken place in perimetry. When the
study was established, the gold standard
examination in glaucoma research was the HFA
24-2 full threshold program. However,
subsequently, the new generation SITA algorithms
have become widely accepted in both clinical and
academic roles. Differences exist in the test
duration and repeatability.

Another aspect of long-term research is that
definitions and/or scientific opinion can change
while the study is under way. An example of this
problem is in defining glaucoma. The original
study protocols stated that glaucoma should be
defined in terms of visual field status and/or the
appearance of the ONH and RNFL. However,
subsequent to the beginning of the study, opinion
changed, because it is considered that if a study is
determining diagnostic accuracy of a technique,
then the condition should be defined by an
independent classifier. Consequently, patients
within the study were recategorised on the basis of
their visual fields alone, since if they had been
categorised on the basis of their ONH and 
RNFL characteristics, it may have led to 
elevation of the apparent diagnostic precision of
the HRT and GDx.

Technological developments in the HRT and GDx
may decrease the relevance of findings from data
presented in Chapter 4, which reported the
duration of examinations with the HRT, GDx and
HFA. It concluded that, in an average 3.5-hour
clinical session, the three instruments could each

be used to examine 17, 18 and seven patients,
respectively. A greater number of patients per
session could probably be examined with the
newer imaging devices; similarly, the number of
perimetric subjects could possibly be increased by
utilising newer testing algorithms. This study
defined the length of examination from the
moment the patient was seated at the instrument
until completion of the printout. This strategy was
used to prevent the preferential appearance of a
technique with rapid examination, but lengthy
analysis phase.

Chapter 5 discussed economic aspects of utilising
the equipment. Since there are many similarities
in consumables between the instruments, the main
differential financial factors are the number of
patients that can be examined per session and the
purchase and maintenance costs. Although the
imaging devices can be used to examine over twice
as many patients per session, the outlay for
equipment is much greater, with the HRT and
GDx each costing approximately twice that of a
basic HFA; maintenance packages for the imaging
devices are also more expensive than those for 
the HFA.

The issue of instrument development also applies
to the study described in Chapter 6: applicability
of the techniques. The number of patients who
can successfully be examined with an instrument is
clearly dependent on characteristics of that device.
If the latter changes, then patients who were
unable to be examined with the original appliance
may be able to undergo examination with the
more contemporary version and vice versa. The
Glaucoma Imaging Study found that, from an
unselected population of glaucoma patients, 98.3,
80.4 and 88.3% of patients could successfully
undergo examination with the HFA, HRT and
GDx, respectively. A common cause of failed
examination with the HRT and GDx was that
patients were unable to maintain fixation on the
contra-lateral fixation target. The HRT II and
GDx VCC each uses an ipsi-lateral fixation target.
However, whether the newer devices will be able to
successfully examine eyes with coexisting
pathology that involves fixation remains to be
determined. Another common cause of failed
examination was that patients could not keep their
eyes adequately still for the duration of image
capture (1.6 and 0.7 seconds for the HRT and
GDx, respectively). Reduced capture times with the
novel devices may lead to increased applicability.

The cross-sectional study described in Chapter 7
determined the sensitivity and specificity of HRT
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and GDx parameters. A limiting factor in
comparing data from previous research is that
different studies use diagnostic criteria with
varying levels of specificity. For a condition such as
glaucoma, it is thought to be ideal to set the
diagnostic criteria to yield a specificity of 95% and
estimate the corresponding sensitivity. 

Diagnostic precision is highly vulnerable to the
thresholds used to define abnormality. The
glaucoma imaging study took the approach of
defining glaucoma by three different perimetric
criteria.  At 95% specificity, optimum sensitivity
from all the global HRT parameters was for the
Bathija DFA, with sensitivity of 57%. The MRA
achieved 59% sensitivity at a similar level of
specificity. The diagnostic ability of the GDx was
inferior to that of the HRT, but this may be a
manifestation of the fact that our instrument was
not capable of providing individualised corneal
compensation: the optimum sensitivity (45%) was
for the GDx number at 95% specificity.

The study used another measure for determining
diagnostic precision: area underneath the ROC
curve: this technique has the advantage of being a
criterion-free method of establishing overall
diagnostic precision. The majority of global HRT
parameters had areas underneath the ROC curve
that were interpreted as good or fair. This was not
the case for the GDx, where a few parameters fell
into the good or fair categories, but more were
categorised as very poor; indeed, many
measurements yielded a result just over 0.5, which
represented little better than pure chance.

Chapter 8 described the outcome of longitudinal
follow-up of the high risk cohort. Patients in this
group had ocular hypertension and/or a fellow eye
with POAG. Different methods were employed to
determine if a visual field defect had developed,
with a low level of agreement between the
techniques. In all, 72 patients (30%) showed some
evidence of the development of a visual field
defect (termed perimetric conversion); however,
the level of certainty differed between patients.
Seven patients (3%) showed very definite
conversion. The extent of agreement of detection
of conversion appeared to be related to the
definition employed. When stringent criteria were
used, agreement improved. However, with less
rigorous criteria, there was little agreement
between the three measures. This finding suggests
that the three techniques may detect different
aspects of the development of glaucomatous optic
neuropathy, and that no single method of
examination can be used to detect early glaucoma.

The finding that ONH and RNFL analysis detects
different groups of patients from visual field
analysis challenges previous scientific thinking that
dictated that structural alteration precedes
functional change. However, findings from the
Glaucoma Imaging Study are in line with
contemporary findings from other research groups.

Chapter 9 reviewed longitudinal examination of
glaucoma patients. The conclusions are similar to
those from the high risk category, where there is
little agreement between the three techniques in
identifying patients who show deterioration. (Also,
similarities between the two groups exist regarding
the pattern of agreement depending on the
strictness of criteria used.) Detection of perimetric
progression was identified by three different
methods, but few patients demonstrated a
significant amount of change. The large degree of
noise associated with glaucomatous visual fields
may have incurred a number of FP progressors,
which may have confounded the relationship
between the HFA and the imaging devices. With
regard to noise, the GDx parameter appeared to
be less prone to intraindividual variation.
Consequently, it may have a promising role in
detection of glaucomatous RNFL changes.

Another finding from the longitudinal cohorts was
that the overall amount of change within the
groups was small. There may be an element of
selection bias in that patients who volunteered to
participate were meticulous and conscientious
individuals who were more likely to be compliant
with their medication and attendance at clinic
appointments were selected. Differences between
the rate of deterioration encountered in the
Glaucoma Imaging Study population and normal
clinic populations will form the basis of further
research within the University of Manchester over
the next 2 years.

Chapters 10 and 11 determined the effects of inter-
and intraobserver variability in image capture and
the placement of the peri-papillary contour line.
Overall, variability was low, with most operators
showing good agreement. However, the level of
agreement and outcome of diagnostic categorisation
varied between individuals. Such a study is necessary
if the instruments are to be used in the normal
clinical environment, where multiple operators may
use the equipment. In the NHS, it is likely that a
variety of operators might perform examinations
such as HRT and GDx. The Glaucoma Imaging
Study emulated this situation since, over the
duration of the study, a total of 10 members of staff
were involved in patient examination.

Health Technology Assessment 2005; Vol. 9: No. 46

119

© Queen’s Printer and Controller of HMSO 2005. All rights reserved.



The most fundamental question of the Glaucoma
Imaging Study is whether perimetry could be
replaced by the HRT or GDx. Data presented in
this report suggest that such a substitution could
not be made – there is little agreement between
the three techniques, which appear to identify
changes at different times in different patients.
Our findings are in line with the philosophy that
glaucoma is not one homogeneous disease, with
uniform appearance, but a variety of conditions,
each with individual variations. A hypothesis is
that the different methods of examination may
each be able to detect change in separate types of
glaucoma. However, further research would be
necessary to investigate this issue further.

It has been suggested that the HRT and GDx
could be used for ‘remote’ or ‘telemedicine’

clinics, where review of data and patient
examination are separated in time and/or location.
However, neither instrument provides adequate
information for such an examination. In order to
provide a full investigation of the glaucoma
patient or suspect, the clinician needs a
stereoscopic examination of the ONH and RNFL
with true colour representation. This examination
is necessary in order to detect changes such as
RNFL haemorrhages or pallor of the neuro-retinal
rim, which are significant findings in glaucoma.
Such alterations cannot easily be detected with the
HRT or GDx. The findings of the glaucoma
imaging study suggest that, although the HRT
and GDx provide good-quality digital images,
their data may contribute little to a patient’s
clinical diagnosis but would add significantly to
the cost of their assessment.
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