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Abstract
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Background: Visual field (VF) tests are the benchmark for detecting and monitoring the eye disease
glaucoma. Measurements from VF tests are variable, which means that frequent monitoring, perhaps over
a long period of time, is required to accurately detect true glaucomatous progression. In 2009, guidelines
for the diagnosis and management of glaucoma issued by the National Institute for Health and Care
Excellence revealed an absence of research evidence about the clinical effectiveness and cost-effectiveness
of using different monitoring intervals to detect disease progression. However, the European Glaucoma
Society (EGS) guidelines on patient examination recommend that newly diagnosed glaucoma patients
should undergo VF testing three times per year in the first 2 years after initial diagnosis.

Objectives: The primary objective of this project was to explore the clinical effectiveness and
cost-effectiveness of using different monitoring intervals to detect VF progression in newly diagnosed
glaucoma patients. Other objectives sought to (1) explore glaucoma patients’ views and experiences of
monitoring using focus groups; and (2) establish glaucoma subspecialists’ attitudes regarding frequency
of VF testing using a five-item questionnaire.

Design: These questions were investigated using a multicentre audit of current practice and existing NHS
data (VF records from almost 90,000 patients). New research knowledge was provided through statistical
and health economic modelling of these and additional published data.
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Results: The multicentre audit showed that VF monitoring is, on average, carried out annually. Patient
focus groups indicated that, although patients do not like VF testing, they accept it as a critical part of
their care. Patients raised concerns regarding distracting testing environments, quality of instructions,
explanation of results and excessive waiting times. Questionnaires revealed that clinicians’ attitudes
towards the frequency of VF testing varied considerably, and many glaucoma specialists believed that
current recommendations are impractical. Statistical modelling suggested that EGS recommendations could
be clinically effective as progression can be identified sooner than is possible with annual testing. Health
economic modelling suggested that increased VF monitoring may also be cost-effective [incremental
cost-effectiveness ratio (ICER) was equal to £21,679].

Conclusions: Statistical modelling of VF data suggests there is strong rationale for following EGS
recommendations with the primary benefit of providing better information about fast-progressing patients.
Our health economic model suggested that increasing VF testing may be cost-effective (ICER was equal to
£21,679), especially when accounting for gains to society. Nevertheless, many clinicians consider increased
VF testing of patients impossible with current resources. In addition, patient focus groups raised concerns
about the practicalities of delivery of VF tests.

Future work: Results from this study could inform the design of a prospective randomised comparative
trial of different VF monitoring intervals in glaucoma linked to stratifying patients according to risk factors
for progression. The statistical model for VF data can be further developed to be used as a practical tool
for optimising individualised follow-up. The views of clinicians and patients indicate that service delivery
of VF testing is an important issue and worthy of further investigation. Ensuring the confidence and
co-operation of the patient should be at the centre of future research into the most efficient strategies for
glaucoma monitoring.

Funding: This work was funded by the National Institute for Health Research Health Services and Delivery
Research programme.
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Plain English summary

G laucoma, an age-related eye disease, can lead to blindness if left untreated. The risk of blindness from
glaucoma is relatively low but is determined largely by the severity of disease at diagnosis. It is likely that

many of those who present late have rapidly progressing disease. Once diagnosed, a patient must be
monitored for life using a machine that detects worsening (‘progression’) of their vision [‘visual field’ (VF)].
Patients with fast VF progression are in greater danger of going blind, in a given time frame, than patients
with slow progression. However, VF test measurements can fluctuate considerably, meaning that patients
need several tests over a period of time before any change can be detected or acted on – this can be
expensive for the NHS. We set out to see if the benefits of extra tests were cost-effective. We first
established, using a clinical audit, that patients are tested less frequently than is recommended in guidelines.
Next, we found that eye doctors thought the idea of increased testing would be useful but not practical
given current NHS resources. Patient interviews (focus groups) indicated that, although patients do not like
VF testing, and some raised concerns about its current delivery, they accepted it as an important part of their
clinical care. Another study, making predictions based on statistical analysis of large numbers of VF data,
indicated that increasing frequency of VF testing could identify progression sooner than current practice.
Furthermore, an examination of costs and benefits (health economics) suggested that increased monitoring
of the VF in diagnosed patients is likely to also be cost-effective.
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Scientific summary

Background

People with glaucoma represent a major workload of UK NHS eye services. Comprehensive guidelines for
the diagnosis and management of glaucoma were published by the National Institute for Health and
Care Excellence (NICE) in 2009, revealing an absence of research evidence about how patients with the
condition should be monitored over time. The NICE Guideline Development Group published a few
important recommendations for essential future research and their very first question was:

. . . What is the clinical effectiveness and cost effectiveness of using different monitoring intervals to
detect disease progression in people with glaucoma who are at risk of progression? . . .

NICE. Diagnosis and Management of Chronic Open Angle Glaucoma and
Ocular Hypertension. NICE Clinical Guideline 85. Manchester: NICE; 2009

The importance of this question is emphasised further by the statement:

. . . The answer to this question is key to recommendations on chronic disease monitoring intervals . . .
NICE. Diagnosis and Management of Chronic Open Angle Glaucoma and
Ocular Hypertension. NICE Clinical Guideline 85. Manchester: NICE; 2009

A randomised comparative trial (RCT) of different monitoring intervals was suggested; this would be a
major undertaking, but a RCT would probably provide better evidence on a range of issues related to NHS
glaucoma management. The purpose of the current project was to explore NICE’s question by using
existing NHS data on current practice and to provide new research knowledge through modelling.
The audit and modelling work described in this study is an important step towards planning a RCT and
justifying the cost of such a study. This research is, therefore, concerned with identifying glaucomatous
deterioration (‘progression’) in a manner that is worth the cost. This project focused on the mainstay
measurement for glaucoma monitoring, visual fields (VFs).

Glaucoma management aims to preserve the patient’s vision and vision-related quality of life. Tests of
vision, such as the VF test, are, therefore, of considerable clinical importance, and continue to be the
yardstick for detecting and monitoring glaucoma in clinical practice. VF testing (also known as perimetry)
aims to locate damaged areas in a patient’s field of vision using an automated machine that systematically
measures the patient’s ability to identify the presence of a small spot of light at different locations in their
VF. Glaucoma patients must be monitored regularly for progression in their vision because perimetry
measurements are very variable (‘noisy’), which means that frequent monitoring, perhaps over a long
period of time, is required to accurately detect true disease progression.

The number of VF tests required to detect disease progression is often overlooked. It is essential to detect
rapid VF progression, in order to identify patients who would benefit from intensified treatment.
Until recently, there has been little research evidence concerning how frequently VF tests should be carried
out to optimally detect progression. It appears that the timetabling of VFs, in routine clinical practice,
is often intermittent and not well planned. In 2008, Chauhan et al., a group of leading experts in VFs
and glaucoma research, published recommendations for measuring rates of VF loss in newly diagnosed
glaucoma patients based on statistical power calculations (Chauhan BC, Garway-Heath DF, Goni FJ,
Rossette L, Bengtsson B, Viswanathan AC, et al. Practical recommendations for measuring rates of visual
field change in glaucoma. Br J Ophthalmol 2008;92:569–73. http://dx.doi.org/10.1136/bjo.2007.135012).
Fundamental to their results was the key principle that an adequate number of VF tests must be performed
over a given period in order to separate true disease progression from the measurement variability inherent
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in VF data. This conclusion is equivalent to the accepted notion that a clinical trial will not be sufficiently
powered to detect an experimental effect if too few patients are enlisted. One particular finding from the
Chauhan et al. study suggested that newly diagnosed glaucoma patients should undergo VF testing three
times per year in the first 2 years post diagnosis. This frequency of testing identifies rapidly progressing
eyes with greater certainty than if annual testing was implemented; progression was defined as a loss of
the mean deviation (MD) index, which measures overall VF defect severity of more than 2 dB per year.
Consequently, this recommendation has been adopted in the European Glaucoma Society (EGS) guidelines
on patient examination.

The purpose of this project was to explore the clinical effectiveness and cost-effectiveness of using
different monitoring intervals to detect disease worsening or stability in patients diagnosed with glaucoma.
These questions were investigated using existing NHS data from current practice and new research
knowledge was provided through statistical and health economic modelling.

Objectives

1. To survey and establish the current use of VF resources and to determine current practice in terms of
follow-up for a newly diagnosed patient in NHS glaucoma services in England.

2. To explore glaucoma patients’ views on VF testing during the follow-up of their condition.
3. To explore glaucoma clinicians’ views on frequency of VF testing for newly diagnosed

glaucoma patients.
4. To retrospectively investigate the distribution of the rate of VF progression in a large cohort of patient

records already archived from four different glaucoma clinics from hospitals in England. Information
about rates of progression in representative groups of glaucoma patients under clinical care will help us
to model typical results achieved with currently available treatment modalities and inform about the
magnitude of current and projected future visual function deficits caused by glaucoma.

5. To further develop a model for generating ‘virtual’ series of VFs in order to explore different follow-up
schemes. In particular, annual testing will be compared against three tests per year for clinical
effectiveness in determining glaucomatous progression.

6. To refine an existing health economic model for glaucoma care to estimate the cost-effectiveness of
proposed practice (the EGS recommendation of six VFs in the first 2 years) on long-term
health outcomes.

Methods

Each of the six objectives listed above were investigated as follows:

1. To estimate current clinical practice for the frequency of VF monitoring, a cross-sectional review of all
patients attending specialist glaucoma clinics at six hospitals in England was performed.

2. To explore patient views and experiences of glaucoma monitoring, particularly with regards to the type
and frequency of VF testing, patient focus groups took place at three different eye hospitals in England.

3. To establish the attitudes of glaucoma subspecialists to the frequency of VF testing, a five-item
questionnaire was administered to all UK glaucoma specialists as listed by the Royal College of
Ophthalmologists (n= 150). Each participant was required to self-complete the questionnaire and return
it to the experimenters anonymously.

4. To investigate the rate of VF progression in clinical populations, a retrospective multicentre study of VF
databases from four separate hospitals was conducted, comprising 473,252 VFs in 88,954 patients.

5. To advance our model for simulating VFs, VF variability was estimated using the VF data described
above; these data were used to build a non-parametric model to simulate VFs and characterise MD
variability. We were then able to model the statistical effectiveness of different follow-up schemes.
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6. In order to model and evaluate the economic consequences of different VF monitoring intervals for
patients newly diagnosed with glaucoma, a review of literature regarding the costs, utility and
treatment of the disease was undertaken to build a health economic model for glaucoma care.

Results

Investigating the six objectives listed above led to the following results:

1. The multicentre cross-sectional study demonstrated that no patients received the frequency of VF
testing recommended by the EGS guidelines (six VFs in the first 2 years). Instead, patients typically had
only two to three VF tests in the first 2 years following diagnosis, generally taking more than 4 years on
average to reach six VFs.

2. Patient focus groups indicated that although patients did not like VF testing, they accepted it as an
important part of their vision assessment and disease management. Interestingly, patients raised
concerns regarding distracting testing environments, the quality of test instructions, explanation of
results and excessive waiting times.

3. The results from the survey of glaucoma subspecialists suggested there is a large disparity in attitudes to
setting follow-up intervals for glaucoma patients, with assigned intervals for VF testing that were often
inconsistent with the guidelines from NICE. Furthermore, many specialists regard the research-recommended
idea of six VF examinations in the first 2 years as not possible with current capacity.

4. The study of VF databases provided a number of interesting findings. In particular, only a small
proportion of glaucoma patients progress at a rate faster than –2 dB/year. Moreover, older patients
tend to progress more rapidly compared with younger patients, which is a key consideration when
assessing visual impairment in a patient’s expected lifetime.

5. Our computer model suggested that VF variability depends on the level of damage as well as the
pattern of VF damage. Furthermore, proposed practice (six VF tests in the first 2 years) identifies
progression sooner than current practice; however, the effectiveness of proposed practice over current
practice (annual VF testing) is less beneficial than that suggested in the Chauhan et al. study for early
identification of progression.

6. The health economic model of increased early VF monitoring suggested that this practice may be
cost-effective [incremental cost-effectiveness ratio (ICER) was equal to £21,679], especially when gains
to society (rather than solely the UK NHS gains) are accounted for.

Conclusions

When managing a newly diagnosed glaucoma patient, the clinician’s goal is to preserve the patient’s visual
function during his or her lifetime. The risk of severe visual impairment depends on the stage of disease at
presentation and the life expectancy, as well as the rate (speed) of visual deterioration. Patients in whom
VF loss is progressing rapidly are in greater danger of going blind than patients with slow progression.
Hence, the EGS, based on research by Chauhan et al. recommends that six VF tests be carried out in the
first 2 years after diagnosis in all newly diagnosed glaucoma patients, since this monitoring programme
will detect rapid progression more quickly than annual testing. However, the Chauhan et al. study
did not consider effect of the duration of follow-up on the time to detect progression. For example,
six examinations in 2 years are less powerful in detecting change than six examinations in 6 years, as the
total amount of change will be much lower after 1 year than after 6 years. Thus, we conducted further
simulations and calculated the time period required to detect various rates of MD change. Our results
suggested that the previous model exaggerates the effectiveness of proposed practice to identify MD
progression. Nonetheless, it was evident that, using our VF model, proposed practice identifies progression
sooner than current practice. Therefore, there is a strong rationale for more frequent monitoring at
diagnosis to detect rapidly progressing patients.
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Importantly, results from our health economic model suggested that proposed practice is likely to be
cost-effective (ICER was equal to £21,679). Nevertheless, many glaucoma clinicians consider increased
surveillance of the VF would be impossible with current resources. In addition, patient focus groups raised
significant concerns about patient–doctor communication, including the quality of VF test instructions,
testing environment and explanation of results. Ensuring the confidence and co-operation of the patient
should be at the centre of monitoring.

Recommendations for research (in order of priority)

1. Our results suggest that increased surveillance of the VF in monitoring the newly diagnosed glaucoma
patient is likely to be clinically effective and cost-effective. Thus, this research supports the suggestion
by NICE for a RCT of different monitoring intervals. Furthermore, our findings represent a significant
step towards planning such a RCT and justifying the cost of it.

2. Patient focus groups suggested that glaucoma patients have several concerns about VF test conditions
and instructions. Clearly these factors can influence the reliability of VF results, which in turn affects
clinical decision-making. Therefore, patient involvement is important for not only addressing some or all
of the perceived barriers highlighted in this study, but ultimately for driving further research into the
most efficient strategies for VF monitoring. Research is now required to determine better VF testing
for clinics.

3. Many glaucoma subspecialists do not follow EGS recommendations for VF testing, as summarised by
one respondent, ‘[the recommendations are] totally out of touch with what is possible in the current
NHS clinics with such limited capacity’. Thus, it appears that additional resources are required to achieve
proposed practice. Research is now required to determine strategies to overcome capacity issues in NHS
glaucoma services.

4. Guidelines for optimum frequency of testing do not incorporate level of VF damage at presentation.
Prospective studies should examine the advantages of tailoring glaucoma monitoring to the needs
of each patient, based on the risk of future loss of visual function. Our computer model for VFs
demonstrates that VF variability increases as VF damage increases; prescriptions for the frequency
of VF testing should, therefore, also be dependent on the patient’s individual VF (level and pattern of
damage), as it is more difficult to detect progression in patients with advanced disease. There may be
significant service delivery advantages in monitoring patients with early or moderate VF loss less
frequently than patients with severe VF damage.

5. Another strategy worth further investigation is the sensible idea of varying intervals between VF tests to
optimise detection of progression. Clustering VF tests at the beginning and end of a predetermined
observation period (the ‘wait-and-see’ approach) has been shown, albeit with statistical modelling only,
to identify more patients with rapid VF progression and with fewer false positives than testing at
uniform intervals. The idea of scheduling VF tests in this way is particularly applicable to clinical trials in
which VF progression is the functional marker for glaucomatous change.

Funding details

This work was funded by the National Institute for Health Research Health Services and Delivery
Research programme.
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Chapter 1 Are practical recommendations
practised? A national multicentre cross-sectional
study on frequency of visual field testing
in glaucoma

Background

Chronic open-angle glaucoma (COAG) represents a major workload for UK eye hospitals. It is estimated
that at least 480,000 people are affected by the condition in England alone, and they account for over
1 million related outpatient visits per year.1 The prevalence of glaucoma rises exponentially with age,
with 85% of cases of open-angle glaucoma occurring in people aged 60 years and above.2 The ageing
population means that these figures are destined to increase dramatically in future years. Glaucoma is a
progressive disease and often asymptomatic, so it is vital that affected individuals are monitored routinely
over time in order to control the disease and detect any signs of worsening damage. Any vision loss that
occurs is irreversible, and so clinical care must aim to ultimately halt or ameliorate progression to a rate
which is compatible with a sighted lifetime without significant disability. Nevertheless, at the present time,
10% of cases of registered blindness in the UK are attributed to glaucoma. This figure suggests that there
is still room for improvement in terms of the efficiency of diagnosis and with regards to the quality and
effectiveness of ongoing care from the point of first referral.1

Clinical testing plays a large role in glaucoma monitoring and, therefore, much research is devoted to
examining the relevance, reliability, variability and predictive powers of the various available tests for
detection and progression. Standard automated perimetry (SAP), which is used to assess changes in the
visual field (VF), lies at the forefront of assessments of visual function in glaucoma and is central to clinical
management. Rates of VF progression in clinical populations can vary widely between patients; therefore,
timely detection of progression requires accurate and consistent monitoring of the VF over time.
Nevertheless, some evidence suggests a lack of consistency in terms of the rate of VF monitoring between
clinics.3,4 In 2009, guidelines for glaucoma published by the National Institute for Health and Care
Excellence (NICE) highlighted a lack of evidence about how often patients with the condition should be
monitored.1 The first question in the report was:

. . . What is the clinical effectiveness and cost effectiveness of using different monitoring intervals to
detect disease progression in people with glaucoma who are at risk of progression? . . .

The guidelines subsequently called for further research in this area, in order to form optimal
recommendations for disease monitoring intervals. Some recent studies have attempted to address this
dilemma by trying to identify practical recommendations for measuring clinically relevant rates of
glaucomatous VF progression. A notable study by Chauhan et al.5 demonstrated that the ability to detect
the rate of VF change will depend on the variability of mean deviation (MD; an index of defect severity,
measured in dB) over time, the number of examinations and the degree of change wished to detect.
They concluded that, for a patient demonstrating average measurement variability, three examinations
per year would be required to detect a change in MD of 4 dB over 2 years. This finding is supported by
earlier research demonstrating that three examinations per year are needed to provide a good statistical
compromise between sensitivity and specificity.6

The evidence from these studies has subsequently informed current guidelines set by the European
Glaucoma Society (EGS)7 recommending that newly diagnosed patients undergo VF testing six times in the
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first 2 years of their follow-up care in order to gain a more accurate depiction of the rate of progression.
These guidelines complement current recommendations by NICE that the interval between VF tests should
be between 2 and 6 months for newly diagnosed patients, and between 6 and 12 months for stable
follow-up. However, NICE does not stipulate the period for which such monitoring should be maintained.

Objectives

This study aims to ascertain the current practice of VF testing for monitoring patients with glaucoma in
England, and to evaluate this practice in relation to the EGS and NICE guidelines. Specifically, the study will
test the hypothesis that follow-up intervals are highly variable in the clinic.

Methods

Participants
To estimate current clinical practice for the frequency of VF monitoring, a cross-sectional review of all
patients with COAG attending specialist glaucoma clinics at UK hospitals was performed. Six hospitals in
England were identified for the study to ensure good geographic coverage and there was even
representation from district secondary units and tertiary centres. The participating hospital units were
Calderdale and Huddersfield NHS Trust, Gloucestershire Hospitals NHS Trust, Norfolk and Norwich
University Hospital NHS Trust, North Middlesex University Hospital NHS Trust, Southport and Ormskirk NHS
Trust, and Portsmouth Hospitals NHS Trust. Consultant ophthalmologists with a subspecialist interest in
glaucoma from each unit were invited to participate in the study.

All patients with COAG seen in specialist glaucoma clinics in the participating hospitals during the last
week of January 2012 were included in the study, with their case records reviewed retrospectively. Patients
were excluded from the study if they had undergone laser or ophthalmic surgery within 6 months prior to
the day of their clinic visit.

Data collation and classification
Data including patient demographics, best corrected visual acuity (BCVA), stage of disease, intraocular
pressure (IOP), frequency of VF testing (number and interval of tests) and planned monitoring interval were
recorded using a standardised pro forma that was first piloted in each hospital before the final amended
version was used. In addition, the clinician’s opinion on IOP stability, the clinical interpretation of VF, optic
nerve head (ONH) appearance and overall disease stability were also recorded. The clinicians were given a
selection of possible responses, which are displayed in Table 1. It is worth noting that the clinicians were
deliberately unaware as to the purpose of the investigation in order to avoid alterations in behaviour in line
with the study aims. The investigators, who were either specialist trainee doctors or optometrists, were
also given written instructions about the pro forma to ensure consistency across the collected data.

TABLE 1 Parameters recorded regarding the IOP level and glaucoma progression status at the study visit

Question Possible responses

Is the IOP on target? IOP on target – IOP high Not recorded

Is the VF defect progressing? VF stable Unsure, further
observation required

VF progressing Not recorded

Does the ONH appearance
indicate progression?

ONH stable Unsure, further
observation required

ONH progressing Not recorded

Is the patient’s overall
condition progressing?

Overall stable Unsure, further
observation required

Overall progressing Not recorded
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The VF was measured using the Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, CA, USA). Estimates of
the patient’s VF defect severity were gained using the MD value on the VF output. MD (dB) is a standard
age-corrected clinical measure of the overall severity of VF loss, with more negative values indicating
greater VF loss. Patients were also classified into different stages of disease based on the Canadian
Ophthalmological Society (COS) glaucoma guidelines,8 with early disease defined as vertical cup to disc
ratio ≤ 0.65±mild VF defect; moderate disease as vertical cup to disc ratio 0.7 to≤ 0.85 or VF defect not
involving 10° of fixation; advanced disease as vertical cup to disc ratio > 0.9 and/or VF defect within
10° of fixation. For ease of comparison, data were analysed based on worse-eye status for each patient,
i.e. if the right eye of a patient had a higher IOP and more advanced disease than the left eye,
the data for the right eye were used in analyses on the basis of IOP status. The monitoring interval
was defined as the time assigned to the next VF examination (with or without ONH examination);
if a VF test was not specifically booked, it was assumed that the next recorded appointment would
include a VF test.

Analysis

All data were anonymised prior to analyses. Statistical analyses were carried out using the open-source
environment, R 3.0.1 (The R Foundation for Statistical Computing, Vienna, Austria). The non-parametric
Kruskal–Wallis test was used to compare data from different groups, with statistical significance defined
as p< 0.05.

Ethics statement

This study was reviewed by the research and ethics committee at each hospital and is compliant with the
Declaration of Helsinki. We certify that all applicable institutional and governmental regulations concerning
the ethical use of human volunteers were followed during this research.

Results

Demographics
One hundred and four patients were included in this study; 54% were female. The median age was
77 years [interquartile range (IQR) 70–84 years]. The median time in attendance at the glaucoma clinic
for COAG was 5.5 years (IQR 2.0–11.4 years), with 73 patients having at least 2 years of follow-up.
The numbers of patients from each individual centre (after excluding glaucoma suspects, ocular
hypertensives, secondary glaucoma and those with recent intraocular surgery) were as follows: 13 patients
from Calderdale and Huddersfield NHS Trust; 20 from Gloucestershire Hospitals NHS Trust; 19 from
Norfolk and Norwich University Hospital NHS Trust; 17 from North Middlesex University Hospital NHS Trust;
31 from Southport and Ormskirk NHS Trust; and four from Portsmouth Hospitals NHS Trust.

Data for right and left eyes were comparable, including BCVA [right eye: mean 0.23 logarithm of the
minimum angle of resolution (log-MAR), standard deviation (SD) 0.34 log-MAR; left eye: mean 0.18 log-MAR,
SD 0.25 log-MAR], VF mean deviations (right eye: –6.3± 8.2 dB; left eye –7.4± 7.9 dB) and IOP (right eye
15.4± 3.5 mmHg; left eye 15.5± 4.1 mmHg). The disease status (COS Glaucoma Guidelines) was also
comparable between eyes: in the right and left eye, 28 and 32 cases, respectively, were at an early stage,
51 and 43, respectively, were at a moderate stage and 25 and 27, respectively, at an advanced stage
(two patients had lost sight in the left eye).
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Worse-eye characteristics are listed in Table 2. One patient had no follow-up details recorded and was
excluded from further analysis. Of the remaining patients, 84.5% (87/103) did not have changes to their
treatment after the study visit, 15.5% (16/103) had medications adjusted and 1.9% (2/103) were listed
for surgery.

TABLE 2 Worse-eye characteristics

Worse-eye characteristics Summary values

Mean log-MAR visual acuity (SD) 0.30 (0.35)

Severity of glaucoma

Early 20

Moderate 50

Advanced 34

Mean IOP at study visit (SD), mmHg 16.3 (3.9)

IOP status

Adequate 75

Inadequate 16

Not recorded 13

VF MD at study visit (SD), dB –7.17 (8.55)

VF status

Stable 39

Progressing 12

Unsure 7

Not recorded 46

ONH status

Stable 60

Progressing 9

Unsure 3

Not recorded 32

Overall clinical impression

Stable 70

Progressing 17

Unsure 5

Not recorded 12
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Visual field testing frequency
Patients had completed a median of four VF tests (IQR 2–7 VF tests) in total since being diagnosed. This
finding equates to 0.7 VF tests per year over the average 7.2 years of follow-up. Within the first 2 years
after diagnosis, patients completed a median of two VF tests (IQR 2–3 VF tests), ranging from one to five
tests (Figure 1a). Notably, none of the patients met the EGS objective of six VF tests in the first 2 years.
The number of patients diagnosed with COAG before publication of the EGS guidelines and Chauhan
et al.5 recommendations (pre 2009) was 69, while 35 patients were diagnosed in, or after, 2009.
Thirty-nine patients had completed at least six VF tests during their follow-up, but took a median
duration of 4.6 years (IQR 3.7–6.0 years; range 2.2–17.5 years) to achieve this landmark (Figure 1b).
No statistically significant relationship was found (using the Kruskal–Wallis test) between the number of
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FIGURE 1 Visual field testing. (a) The number of VF tests performed in the first 2 years in patients with minimum
follow-up of 2 years; (b) time taken for patients to receive six VF tests. Adapted by permission from BMJ Publishing
Group Limited. [Are practical recommendations practiced? A national multicentre cross-sectional study on
frequency of visual field testing in glaucoma. Fung SS, Lemer C, Russell RA, Malik R, Crabb DP. Br J Ophthalmol.
97:843–7. 2013.]9
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VF tests performed and disease stage (early, moderate, advanced), adequacy of the IOP control
(adequate, inadequate, not recorded), VF status (stable, progressing, unsure, not recorded),
ONH appearance (stable, progressing, unsure, not recorded) or overall stability of the conditions
(stable, progressing, unsure, not recorded). These results are summarised in Table 3.

Monitoring intervals
Two patients were scheduled to undergo surgery at the time of the study (one trabeculectomy and one
cataract surgery) and thus they were excluded from this part of analysis. Fifty-nine patient records
contained details regarding the length of time until the next VF examination, while 43 records specified
only the time interval to the next appointment.

The overall median monitoring interval requested at the study visit was 7.5 months (IQR 3.8–8 months).
In total, 84.5% of patients had no changes made to their management. When patient outcomes were
considered according to NICE-recommended monitoring intervals for complete examination (i.e. including
VF testing and ONH examination), 88 out of 101 patients (87.1%) were guidance compliant. Among the
patients with non-compliant outcomes, five had be given a longer than recommended interval for IOP
monitoring; three patients had longer than recommended VF monitoring intervals, while another three
patients had shorter VF monitoring intervals than the NICE recommendations.

TABLE 3 Median number of VF tests by disease severity and IOP

Recorded parameters Median number of VFs (IQR)

IOP status

Adequate 4 (2–7)

Inadequate 2 (1–6)

Not recorded 5 (3–6)

ONH status

Stable 4 (2–7)

Progressing 3 (2–6)

Unsure 5 (3–7)

Not recorded 3 (1–6)

Overall clinical impression

Stable 4 (2–7)

Progressing 3 (1–6)

Unsure 7 (5–7)

Not recorded 4 (3–6)

Severity of glaucoma

Early 3 (2–5)

Moderate 4 (1–7)

Advanced 6 (2–7)

VF status

Stable 5 (3–8)

Progressing 5 (2–7)

Unsure 4 (2–7)

Not recorded 2 (1–5)
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No relationship was found between stability of VF defects (Kruskal–Wallis test, p= 0.25) and the
monitoring interval requested. The severity of disease also had no influence on the monitoring interval
requested (Kruskal–Wallis test, p= 0.40). The median monitoring interval requested for early, moderate
and advanced glaucoma was 7 months (IQR 3–8 months), 8 months (IQR 4–8 months) and 8 months
(IQR 4–8 months), respectively, while the median interval requested was 8 months (IQR 3–8 months) for
stable VF defects, 8 months (IQR 4–8 months) for progressing VF defects, 5 months (IQR 3–6 months)
for uncertain VF progression and 8 months (IQR 4–8 months) for those with no comments on VF status
(Figure 2a). In contrast, monitoring intervals were significantly shortened when patients had inadequate
IOP control or when the overall clinical impression was disease progression (p< 0.001 and p< 0.001,
respectively). The median monitoring interval was 8 months (IQR 3–8 months) for patients with adequate
IOP control, 4 months (IQR 2–5 months) for those with inadequate IOP control and 8 months
(IQR 7–8 months) for patients with no comments on IOP control (Figure 2b). For the overall impression of
disease status, the median monitoring interval was 8 months (IQR 4–8 months) for stable patients,
4 months (IQR 2–5 months) for patients with disease progression, 6 months (IQR 4–6 months) for those
with uncertain status and 6 months (IQR 5–8 months) for those with no comments on overall status.

This audit has its limitations. It is assumed that the six units sampled are representative of national practice.
Being a cross-sectional study, sampling bias is an inherent issue. Furthermore, for each centre, the
patients sampled during the study week is assumed to be representative of the general population of
COAG patients seen in that unit. The number of patients from Portsmouth was only four, which is not
comparable to other participating centres. However, out of the 32 patients seen in Portsmouth during the
study week, 28 patients did not meet the study inclusion criteria (17 had a diagnosis other than COAG
and 11 had recent intraocular surgery). It is also worth noting that patients requiring more intensive
control are more likely to be included in the study, and so there are likely to be a higher proportion of
patients with poor IOP control (and advanced glaucoma severity) than patients with adequate IOP control
in the study population. However, this is likely to make the sample representative of the distribution of
patients (in terms of proportions with different IOP control and disease severity) seen in the clinic annually.
In addition, clinical note taking was often poor or incomplete; several patient records contained no
comments on adequacy of IOP control, VF status or overall disease status. Inevitably with any retrospective
analysis of patient records, it is difficult to draw certain conclusions, since notes are often made by multiple
clinicians with varying levels of expertise. Where available, the clinician’s comments regarding optic disc
and/or VF progression were assumed to be documented and an accurate representation of the patient’s
clinical state in each case.

Conclusions

The results from this retrospective, multicentre cross-sectional study demonstrate that no patients received
the frequency of VF testing recommended by Chauhan et al.5 and the EGS guidelines (six VFs in the first
2 years). Instead, patients typically had only two or three VF tests in the first 2 years following diagnosis,
typically taking more than 4 years on average to reach six VFs. While recommended monitoring intervals
were considered as NICE compliant, it is worth noting that the intervals given by NICE are fairly wide
(the permitted interval spans 2 to 6 months or 6 to 12 months), and suggested intervals were dependent
on disease severity and IOP relative to target IOP. Indeed, NICE has recognised the current lack of evidence
regarding the frequency of monitoring intervals for patients with glaucoma and recommended future
research in this area of study to substantiate current practice.1 From a health-care planning perspective,
it is important to acknowledge that the cost of glaucoma management increases substantially with the
severity of visual loss.10,11 Therefore, there is a strong rationale for frequent monitoring from an early stage
to detect rapidly progressing patients. However, a large number of patients will have stable treated disease
and so there will also be cost implications for carrying out more tests than necessary. These results inform
further studies regarding the effect of VF testing intervals on patient outcomes and cost-effectiveness.
In addition, these findings open up the path for subsequent research into the types of factors affecting
VF test frequency for newly diagnosed COAG patients in the first 2 years of follow-up.
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FIGURE 2 Patient monitoring in relation to clinical findings. (a) Follow-up interval by VF status; (b) follow-up
interval by IOP status. (Horizontal lines represent medians. Boxes represent 25% and 75% quartiles. Each whisker
extends 1.5 times the IQR and outliers are represented by dots.) NR, not recorded. Adapted by permission from
BMJ Publishing Group Limited. [Are practical recommendations practiced? A national multicentre cross-sectional
study on frequency of visual field testing in glaucoma. Fung SS, Lemer C, Russell RA, Malik R, Crabb DP.
Br J Ophthalmol. 97:843–7. 2013.]9
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Chapter 2 A survey of attitudes of glaucoma
subspecialists in England and Wales to visual field
test intervals in relation to National Institute for
Health and Care Excellence guidelines

Background

Given that COAG accounts for a major proportion of ophthalmology workload, with an estimated
1 million outpatient visits in the UK taking place every year,1 the frequency of VF testing undoubtedly has
important implications for resource management and service delivery, as well as cost in the outpatient
setting. The frequency of VF tests over a given period for a patient with COAG is ultimately governed by
the clinician’s estimate of the likelihood and speed of progression of disease, which, in turn, may depend
on the level of IOP control, and stage of disease as well as other factors such as the age of the patient and
degree of VF reliability. Test intervals are essentially a risk–benefit trade-off: an interval which is too long
may allow timely detection of progressive VF loss to be missed, while multiple tests at short test intervals in
patients at low risk of progression may mean unnecessary extra visits and use of hospital resource.

As discussed in the previous chapter, there are limited published guidelines available regarding the
expected frequency of VF testing. Results from statistical modelling suggests that six VF tests in 2 years
(i.e. approximately one every 4 months) in newly diagnosed patients may be necessary to allow detection
of patients who may be progressing ‘rapidly’ in terms of VF loss.5 The EGS therefore recommend that
newly diagnosed patients receive six VF tests during the first 2 years of glaucoma follow-up.7

Nevertheless, the audit described in the previous chapter demonstrated that the majority of newly
diagnosed patients are not receiving the recommended number of VF tests in the first 2 years following
diagnosis. It is worth noting that the ‘six VF tests in 2 years’ approach implies that a patient doing well
under treatment receives the same number of tests as a patient heading for blindness. Ultimately,
it is the clinician who drives decision-making as to how often VF tests take place. A subsequent study was
therefore designed to establish the attitudes of glaucoma subspecialists to the frequency of VF testing and
sought to investigate perceived barriers to frequent VF testing of patients with glaucoma.

Methods

Survey population
A five-item questionnaire was administered to all UK glaucoma specialists (n= 150) by two methods
to ensure maximum response: (1) by hand at the UK and Eire Glaucoma Society (UKEGS) meeting in
December 2011 in Manchester or (2) by post in February 2012. Each participant was required to
self-complete the questionnaire and return it to the experimenters anonymously. The glaucoma consultants
were identified using a list provided by the Royal College of Ophthalmologists. All identified UK glaucoma
specialists received the questionnaire by post; however, those who had already participated in the study at
the UKEGS meeting were requested not to respond again.

Survey design
There were five items in the questionnaire. Questions 1–3 of the survey were used to gather information
about the grade and location of work (England and Wales) of the responders and to identify consultants
with a subspecialist interest in glaucoma. Question 4 described three distinct situations designed to
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simulate common clinical scenarios. For patients with COAG who were being monitored on treatment and
attending for a follow-up assessment, responders were asked to assign typical follow-up assessment
intervals for a patient with IOP deemed to be at (or below) ‘target IOP’ and with:

(a) no evidence of VF progression and no change in treatment
(b) evidence of VF progression and change of treatment
(c) uncertainty about VF progression and no change of treatment.

These scenarios were chosen to reflect the clinical situations which have been given by NICE. Follow-up
intervals of 6–12 months for the first scenario and 2–6 months for the last two have been recommended
by NICE.

The last question, question 5, was open-ended and specialists were asked about their views about the
research that has suggested that all newly diagnosed patients would benefit from six VF examinations
(every 4 months) in the first 2 years of follow-up from diagnosis in order to identify rapidly
progressing patients.

Ethics statement
This study was reviewed and approved by the City University London School of Health Science Research
and Ethics committee.

Analysis
All responses were anonymised and combined to form a single data set.

For each of the patient scenarios in question 4, the follow-up interval given by each responder was
compared with the NICE-recommended intervals. The proportion of responses (with either the minimum or
maximum interval) lying outside the NICE-recommended intervals were computed.

For question 5 (whether or not six VF tests should be performed in the first 2 years for newly diagnosed
patients), responses were classified into five categories for the ease of reporting: ‘agree’, ‘disagree’, already
represents ‘current practice’ locally, ‘not possible’ and possible ‘alternatives’ to this practice.

Results

The questionnaire was returned by 70 consultant ophthalmologists currently employed in England and
Wales, with a self-declared specialist interest in glaucoma. For the clinical scenarios listed in question 4 for
a hypothetical patient with ‘target’ IOP, 14 (20%) of responders gave follow-up intervals outside those
recommended by NICE when the patient was said to show no evidence of VF progression and no change
in treatment (scenario a). For clinicians asked to assign follow-up intervals for the hypothetical patient who
showed evidence of VF progression and no change in treatment (scenario b), 33 (47%) responses fell
outside the recommended intervals. Twenty-eight (40%) responders assigned follow-up intervals different
to the NICE recommendations for a hypothetical patient showing uncertain VF progression and no change
in treatment (scenario c). [The width of the 95% confidence interval (CI) associated with these estimates,
with n= 70, is about ± 12%.]

Question 5 was answered by 57 out of the 70 specialists. Nearly half of these specialists (26/57, 46%)
agreed that six VF tests in the first 2 years was ideal practice (Figure 3), but admitted that the practicalities
of this would be challenging. Example responses that fell in this category included:

Agree but practical issues found in a busy glaucoma clinic may be a hurdle to achieve this target.

ATTITUDES OF GLAUCOMA SUBSPECIALISTS TO VISUAL FIELD TEST INTERVALS
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Two delegates (3%) indicated that this was already their current practice. Six specialists (11%) disagreed
with the suggestion of six VF tests, while 16 (28%) said this was ‘not possible’, again listing limited
‘capacity’ or resources as a constraining factor. (The width of the 95% CI associated with these estimates,
with n= 57, is about ± 15%.) Examples of responses that fell in the latter category included:

Totally out of touch with what is possible in the current NHS clinics with such limited capacity.

A few alternatives were suggested to six VF tests, including alternating imaging and VF tests for detecting
progression. For example, one responder stated:

Instead of function tests, structural ones: GDx/OCT [scanning laser polarimetry/optical coherence
tomography] would be better . . .

A limitation of this and all studies of this nature is the response rate. An assumption has been made
that responses from the surveyed consultants are representative of subspecialist national practice in
England and Wales. There are approximately 150 consultant ophthalmologists in the England and Wales
with a glaucoma subspecialist interest as estimated from a list obtained from the Royal College of
Ophthalmologists. Our surveyed population would, therefore, represent nearly half of glaucoma
specialists nationally.

Conclusions

The results from this survey suggests that there is a large variation in attitudes to follow-up intervals for
patients with glaucoma in the UK, with assigned intervals for VF testing often inconsistent with the
guidelines from NICE. Nearly half of glaucoma specialists thought the suggestion of six VF examinations in
the first 2 years after diagnosis, as recommended by EGS guidelines, to be ideal practice. However, an
equal proportion of those surveyed thought the idea to be impractical, or not possible, in the current
health setting.

Disagree with
this suggestion

11%

Ideal
46%

Possible
alternative

12%

Describes
current
practice

3%

Not possible
28%

FIGURE 3 Summary of views of responders to the suggestion that six VF tests should be performed in the first
2 years for a newly diagnosed patient with primary open-angle glaucoma.
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Chapter 3 Patient views on the frequency
of visual field testing for glaucoma monitoring

Background

Guidelines proposed by EGS recommend that six VF tests should be taken in newly diagnosed glaucoma
patients within the first 2 years of follow-up. This recommendation is based on research evidence
suggesting that this level of monitoring identifies patients with fast progression far quicker than annual
testing.5,6 However, the audit reported in Chapter 1 demonstrated that these guidelines are not being
implemented within clinical practice, with patients typically receiving only two VF tests, on average, within
the first 2 years of follow-up, and taking an average of 4 years to reach the recommended six VF tests.
Furthermore, the results of the survey described in Chapter 2 revealed that VF monitoring intervals
assigned by clinicians (for hypothetical patient scenarios) are very variable. While many specialists
conceded that better surveillance of the VF would be helpful in managing patients, they viewed the
recommendations as impractical in the current health setting. These results suggest that personal attitudes
regarding the frequency of testing could play an important role in translating research into practice.

While it is the clinician who ultimately drives decision-making based on his or her estimates of the
likelihood and speed of disease progression, establishing the most effective monitoring strategies may also
require the input of the patients themselves. This is important because patient and public involvement in
research is paramount to health care.12,13 Wisdom gained anecdotally has, for a long time, suggested
that patients dislike the VF test, and one systematic study found that patients rated the VF test poorly in
comparison with other vision tests.14 However, no study has asked patients with glaucoma, in detail, about
their perceptions of the VF test and their follow-up care. Care plans that place burdens on patients may
result in a reduced willingness to return for follow-up and could compromise the quality of the data
obtained that is subsequently relied on during management.15 It is, therefore, of value to consider their
views to help establish the most effective strategies for glaucoma monitoring.

When considering patients’ perspective of their health condition, many studies opt to use questionnaires to
quickly gather information about the perceptions of service users. However, this method can be restrictive,
and patients may misinterpret the meaning of the question or simply not be given an appropriate
opportunity to contribute all their views. Qualitative techniques, such as focus groups, offer an alternative
method of gathering information about not only what a patient thinks, but also how they think or why
they may hold a particular view. Group interaction encourages participants to explore and clarify individual
and shared perspectives, and supports the participation of people who may be reluctant to contribute their
views in a more formal one-to-one scenario.16

Therefore, for the first time, the current study aims to explore patient views and experiences of glaucoma
monitoring, via focus groups, particularly with regards to the type and frequency of VF testing.

Methods

Participants
Focus groups took place between May 2012 and January 2013 in the following locations: The Queen
Alexandra Hospital, Portsmouth Hospitals NHS Trust, Portsmouth; Norfolk and Norwich University Hospital
NHS Foundation Trust, Norwich; and Moorfields Eye Hospital NHS Foundation Trust, London. The study
was multicentred to reduce the bias that might come from one geographical area and to encompass
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health-care trusts in both urban and rural locations. There were two focus groups at each site, with
participants randomly allocated to one of the two groups at the corresponding hospital.

To take part, the participant was required to be aged 60 years and over and to be an established
glaucoma patient who had been under review for at least 2 years. These criteria were chosen to ensure
that participants had had sufficient experience of VF tests as part of their glaucoma follow-up. The study
used purposeful sampling, whereby the consultant at each participating eye hospital selected participants
who were suitable for the study based on these predetermined criteria. Suitable patients who had given
their permission were then contacted by telephone and invited to take part by the research team. A total
of 28 participants took part in the study across the six focus groups, and each group consisted of three to
six patients with glaucoma.

Procedure and topic guide
A topic guide (available by request) was devised prior to beginning the study outlining question areas
regarding general glaucoma care, leading on to more specific questions about experiences of the VF test in
general, opinions about VF test frequency and suggestions for the future. The study topics were informed
partially by an initial pilot exercise involving a small group of patients with glaucoma, who also provided
additional verbal and written information about their experiences. The questions were broad, open and
‘non-leading’. Prompts were used to introduce topic areas and encourage respondents to elaborate;
however, the onus was on the participants to supply the overall content of the discussion. In cases where
the discussion went substantially off-topic, or one participant was dominating the discussion, the
interviewer would reflect back to a previous topic and encourage other participants to contribute
their views.

Prior to the study, participants were informed that they would be involved in ‘an open discussion about
glaucoma care’, but were unaware of the desired emphasis on VF testing frequency. All focus groups were
conducted by one of the authors (HB), a postdoctoral researcher who had prior experience of qualitative
research involving patients with glaucoma.17,18 The interviewer and participants had no prior knowledge of
each other in a clinical or personal context, so each focus group began with general introductions to allow
participants to become familiar with one another. Some field notes were taken during the sessions to aid
later interpretation of the data, although note-taking was purposely minimal so that the interviewer could
be fully attentive to the discussion. The focus groups lasted between 60 and 75 minutes.

The study was designed and reported in light of the Consolidated Criteria for Reporting Qualitative
Research (COREQ) for interviews and focus groups.19

Ethics statement
The study received approval from a UK NHS National Research Ethics Service (NRES) committee and was
approved by research governance committees of the participating institutions. The study conformed to the
Declaration of Helsinki and written consent from all participants was obtained prior to the start of each
focus group.

Analysis
All focus groups were audiotaped. The dialogue from the audiotapes was later transcribed and reviewed
by the investigators. Field notes were used to account for any information missed or incorrectly reported in
the transcripts as a result of interfering factors, such as excessive background noise.

Data were analysed by two of the authors (HB and FCG) independently using the framework technique
displayed in Table 4. Each investigator read and reread the transcripts, and manually identified the key
themes from the data in addition to some key quotes to illustrate the main points. Note that one of the
authors (FCG) was blind to the purpose of the study at the point of analysis. The qualitative software
package NVivo 10.2 (QSR International, Cambridge, MA, USA) was used to help organise the thematic
framework by refining and condensing the predefined categories and to also identify additional themes for
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exploration. Any differences of opinion regarding the meaning of sentences or the importance of themes
were later discussed until a consensus was reached.

Results

Data were initially indexed according to themes central to the main research questions, such as opinions of
the VF test, current experience regarding the frequency of VF testing and opinions about more frequent VF
testing. However, throughout the analysis a number of additional themes emerged, often with their own
subthemes. These generally related to specific areas perceived to affect the follow-up experience, and
included points relating to clinical constraints (waiting times, booking appointments), travel to the clinic,
the testing environment and aspects of patient–clinician communication. Figure 4 summarises the key
themes and subthemes that emerged from the analysis.

Direct quotes were taken from the transcripts and were chosen to illustrate the key themes that emerged
from the focus groups. Excerpts are annotated with a pseudonym for the corresponding participant based
on their gender [male (M) or female (F)] and the order in which they spoke in the interview. The location
of the focus group and the session number (1 or 2) are also shown for each quote.

Visual fields
Patients expressed a general dislike for the VF test. They found the test long, old-fashioned and tiring and
found it hard to concentrate throughout the test.

Well the reason why I don’t like them: I don’t like the dark, I don’t like confined spaces and I don’t like
having one eye closed and having to concentrate, even if it’s for just a couple of minutes, because
then my mind wanders . . .

F1, Portsmouth 1

It seems a bit antiquated, pressing the buttons . . . it doesn’t seem positive enough to me.
F3, Norwich 2

Many put pressure on themselves to perform the test well, as they felt there could be a lot riding on
their performance.

There is pressure: I think it is because your eyes are so important for everyday living, that, you know,
you’re frightened to [not do well].

F2, Portsmouth 1

TABLE 4 Framework technique – similar to that developed by the independent research body, Social and
Community Planning Research, now the National Institute for Social Research20

Framework technique

1. Familiarisation Reading and rereading the transcriptions

2. Identifying a thematic framework Condense data into categories

3. Indexing Codes systematically applied to the data

4. Charting Rearranging the data according to the thematic content in a way which
allows for a cross-case and within-case analysis

5. Mapping and interpretation Interpretations and recommendations
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There was a general appreciation that such testing was vital to preserve their vision.

Well . . . obviously I’m very grateful that I’m being monitored at all . . .
F4, London 1

. . . mine has been 10 years and you think, well how long will I have my sight? . . . My mum had lost
her sight by then, you know. . .

F3, Norwich 2

. . . we are all grateful for what they do for us.
F1, Norwich 2

While patients found other vision assessments, such as visual acuity, pressure and imaging tests, less tiring
and laborious, some felt the VF test was more ‘valuable’. The test also provided some reassurance that
their condition was being investigated.

[With] the [imaging] there’s just one person, one machine and you, and it’s done and that’s it, it’s over
. . . within minutes.

F3, Norwich 2

. . . they look in your eyes to measure your pressure but when you do that field test, they see more . . .
F1, London 2

Frequency of visual field testing

Current experience
Visual field tests were usually performed once or twice a year, either during or shortly before the patient’s
general clinical appointment. Patients who visited the clinic more frequently would have a VF test at only
some of their appointments. Patients were often unaware whether or not they would have a VF test
during their visit, although some were told specifically when their VF tests would take place.

I mean they just say you’re going to come for your next appointment in whatsoever, whatever time,
but they don’t say, ‘Oh, in that time you will be having a visual field check’, so that you know that you
are going to have to be that little bit longer . . .

F2, Portsmouth 1

When patients were asked whether or not they would be willing to visit the clinic for VF testing more
frequently, there was a reluctant agreement. The test was viewed as a ‘necessary evil’ and most were open
to more frequent testing if the clinician felt it would enhance their prognosis, although there was still
some scepticism as to how useful the test actually was.

If it was necessary.
F2, Portsmouth 2

You’d get on with it.
M1, Portsmouth 2

If it helps the cause so be it.
M2, Portsmouth 2

I don’t want to lose my sight, I’d come in whenever.
F2, Portsmouth 2
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If it holds it back for 10 years . . . I’m happy with another 10 years!
M1, Norwich 2

. . . I suppose I’d accept it because I would hope that the reason for asking me was that they will get
more information from that, which obviously deals with the whole problem but . . . I’m not really sure
at all about how useful they are. I mean is it just statistics or whatever? . . . I’m sure they’re useful
but I wonder in what proportion of use they are compared to, you know, looking in the eye and
pressures and things . . .

F3, Norwich 2

However, patients tended to associate more frequent testing with worsening vision; therefore, being asked
to come in for more testing could lead to some anxiety.

. . . you’d think they’ve called me back ‘cause it’s going, deteriorating. But I mean if they said to do it,
I’ve always done . . . because they’re doing the best for me . . .

F3, Norwich 2

It was also felt that there was some form of learning effect with the VF test, where it took several attempts
to feel comfortable with the procedure. Therefore, it was suggested that doing more than one VF test
could initially be useful to gain a more accurate depiction of their vision. However, the repeated tests may
only be worthwhile if they took place at the beginning of their follow-up care.

. . . interestingly I went and did one once and they said to me, ‘this has improved from the last time’
and I said ‘well I think I’m just getting better at computer games’ . . . I think you do know what’s
coming and you can improve and I just feel more comfortable with doing it.

F1, Norwich 1

I think to do a field test right at the beginning, and to take that as being the definitive field test is
wrong . . . because I think you need to do a test and think, and revise it in your mind what you’ve
done and then do it again.

M1, Portsmouth 2

There was some debate as to how close together VF tests should take place.

I think you need to do a field test and then perhaps a month later do the second one.
M1, Portsmouth 2

Well not if you have a long gap between them.
F1, Norwich 2

I’ve got used to it now.
F2, Norwich 2

I don’t think it’s any different really.
F3, Norwich 2

The idea was raised that routine VF testing could be carried out in a more convenient location, such as a
local optometrist practice. Some patients had previously visited a local optometrist to carry out a VF test for
the purpose of assessing their fitness to drive. On the positive side, patients liked the convenience of doing
so and the quiet, calming environment in which they performed the test. On the other hand, they
questioned the competency of the staff, the quality of the equipment and the information trail back to
the hospital.
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The principle of having routine tests done locally is acceptable providing they are trained.
M1, London 1

I would be concerned about how often the machine was calibrated to get an accurate reading.
M2, London 1

Is the information going back to where it matters in my notes? Things do get lost, and will someone
actually look at the test?

M1, London 2

Some felt they had built up a level of trust with the hospital eye service and would therefore prefer VF
tests to be performed in this environment.

I’ve been here for quite a while now and I like coming to them, I don’t want to go anywhere else.
F1, London 2

I would feel the same because it’s a matter of trust.
M2, London 2

Perceived issues and barriers for successful follow-up care
Although they expressed some dislike for the VF test itself, patients were generally willing to undergo any
amount of vision testing on the advice of the clinician. Nevertheless, a number of additional themes
emerged during the analysis, highlighting a number of areas perceived to be important and potentially
representing barriers to successful follow-up.

Communication

Visual field instructions
Having the VF test procedure fully explained to them, no matter how long they had been coming to the
clinic, was seen not as patronising but as a positive thing. It was rare for a technician to stay with the
patient throughout the test, but on the occasions it did happen, patients found the experience reassuring
and felt the encouragement helped their performance.

. . . They say, ‘Have you done this before?’ You say ‘Yes’. And that’s it, you’re left there and eventually
they say, ‘Have you finished?’

M1, Portsmouth 2

I had one about 3 weeks ago and it was a young nurse and it was a completely different experience.
She was professional, polite, kind, she told me exactly what they were doing . . . it was almost a
pleasant experience.

F1, Portsmouth 1

There was some debate regarding what would happen if patients failed to respond to a light displayed
during the VF test. Being informed specifically about aspects of the testing procedure, such as the fact that
if they did not respond to a certain light that it would be retested later on, was found to be reassuring.
However, others expressed uncertainty and felt pressurised to hit the button anyway if they had not seen a
light displayed for a while.

The staff told me: ‘don’t worry about missing [a light] because it’ll come later’, so you know you get a
second chance.

F1, Norwich 1
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. . . if in doubt press the button, don’t you?
F1, Portsmouth 2

Explanation of results

Most patients said they had to specifically enquire about their results to find out information about their
vision and whether or not their condition had progressed since the last appointment. Some patients
felt too intimidated to ask the doctor for feedback as to how they had performed, feeling they were
being a nuisance or wasting the doctor’s time.

My wife always says ‘how did you get on?’ and I say ‘I don’t know’, and that’s one of the problems.
M2, Portsmouth 2

I don’t think they’ve got time to listen to you, or they don’t appear to, and I don’t know whether they
would listen . . . You feel pathetic asking these questions.

F3, Portsmouth 1

It was felt that a better explanation of the test results after completing the VF test would ease some of the
pressure felt when performing the test.

Interviewer: If the doctor actually spent a bit more time discussing it with you, would it maybe ease
the pressure of actually doing the test?

M1 Portsmouth 1: I would . . .

F3 Portsmouth 1: I think possibly.

F1 Portsmouth 1: Yes, I mean I would still panic, but if I knew, yes.

Patients may be more inclined to have VF tests more frequently should they be informed clearly about
what the results indicate about their prognosis.

I don’t mind how many times I do it providing I get a result of the test at that time compared to what
the previous one was. Is there any improvement? Is there any downgrade?

M1, Portsmouth 1

The patient–clinician relationship

The quality of relationship with the clinical staff and aspects of patient–clinician communication also
emerged as key factors influencing perceptions of the follow-up process.

A major discussion point was the lack of continuity of clinical staff from visit to visit.

The doctors seem to change . . . most of them I think tend to be all right but I still see this as a
weakness, that you are unable to ask to see the same doctor every time you come in.

M2, London 2

Sometimes it’s good I think. You get a different opinion from a different person.
M3, Portsmouth 2
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An apparent lack of personalised care also caused some unease: there was a sentiment that sometimes the
clinician simply looked at the eyes and failed to consider the person’s individual needs.

You’re not a person, you know, you’ve just got eyes, they’re just going to deal with that and that’s it.
F3, Portsmouth 1

The experience was seen to be much more bearable if they felt the staff member dealing with them
was empathetic.

Even buying a chop, you know: if the butcher’s interested, it helps doesn’t it?
M3, Norwich 1

The opportunity to spend more time with their consultant ophthalmologist was a key factor that
influenced whether or not patients were open to visiting the clinic more frequently.

Not just for the field test . . . But I wouldn’t mind coming in more to see the doctor.
M2, London 2

Testing environment

The testing environment was another important theme. The dark room, especially if it was warm, made
focusing on the tests difficult. Patients felt they performed better in the morning when they were more
alert. Ambient noise in the room made it difficult to concentrate; technicians talking and doing the test at
the same time as several other patients all had an effect on their ability to focus on the task.

I will also say that the staff chatter a lot, which is difficult for concentration; the doors open and close,
there’s a lot of noise.

F1, Norwich 1

The times that I’ve had the visual field test done in a room where there’s just one [machine] I felt more
confident to do it and it was much quieter and more relaxed and it seemed to be a lot quicker too.

F3, Norwich 2

I think having the quieter atmosphere would generally help I’m sure . . . just that feeling of slight calm,
you can relax more and then it probably would be a lot quicker because maybe you’re not going to
miss as many [lights] as you haven’t got other distractions.

F3, Norwich 2

Clinic constraints

Waiting times
Waiting times were a major concern at all locations. The standard time taken per visit was 2 hours,
although the wait was often unpredictable. Established patients were used to the wait and tried not to let
it affect them, but they still found the system frustrating. Patients were scared of missing their slots and,
therefore, would not leave their seat in the waiting area.

No way I’m going to nip off . . . especially as now I’m on my own, no way . . . just even nipping off to
the [bathroom] because you think, ‘He’s bound to call me. I can sit here for an hour and he’ll call me
the minute I go to the [bathroom].

F2, Portsmouth 1
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Likewise, the waiting environment outside the clinic was viewed extremely unfavourably.

The first time I came in I thought, ‘Oh my . . . ’ There were hundreds of people, it felt like hundreds,
but we were all sat in a line. There’s nothing on the walls. There’s tiny writing on the notice board
and you think, ‘Hang on, we‘ve all got eye problems in here, how are we supposed to read these
signs?’ The walls are just blank – it’s a really miserable place, isn’t it?

F3, Portsmouth 1

One common technique for reducing waiting time was trying to schedule an appointment for early in the
morning. Afternoon clinics were not as popular as the morning ones, as patients felt there was a tendency
for the morning clinics to run into the afternoon sessions.

When I have an appointment at say 11 o’clock or half past 11, it runs over into the afternoon . . .
F2, London 1

Although it was repeatedly acknowledged that the clinics were very busy, which had the knock-on effect
of increased waiting times, patients felt they were getting adequate treatment overall. It was suggested
that there was a trade-off between longer waiting times and higher-quality treatment:

I think that’s a very fair price to pay for the fact that you’re being dealt with in a UK centre of
excellence. There’s a trade-off in that you’re getting state of the art treatment but the price is you’ve
got to sit around for it.

M1, London 1

Travelling to the clinic
Coming to the earlier appointments was simply not an option for some people. Many had to travel long
distances to the clinic and could only use public transport after a certain time. Being forced to travel during
rush hour was an unpleasant and frightening prospect. Some were concerned about the cost of long
hospital visits, especially those who relied on taxis because of a fear of travelling alone as a result of
their condition.

I think the problem is because I live nearly an hour away, for me the nearest hospital is an
hour away . . .

F2, Norwich 2

Taxi is the only way I can do it now. You know, I can get to the station by bus and possibly with help
to get on the train but it’s not easy . . . It’s horrific, frightening.

M2, London 1

The journey to the clinic together with these long waiting times were sometimes perceived to have a
negative effect on test performance, as patients felt more tired when they actually sat down to do the VF
test. However, others felt that it was not so much of an issue.

I think if you did the eye check later in the day, you know, if your eyes were tired . . . I wouldn’t
see so well . . .

F2, Portsmouth 1

I don’t think it would with me.
F3, Portsmouth 1
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Scheduling appointments
The scheduling of appointments was also a major concern, and often the systems were so overbooked
that patients were unable to make their next appointment at their clinic visit. Some were asked to call to
make an appointment 6 weeks before they were due to attend, while others were sent an appointment in
the post at a much later date.

You can only make an appointment 6 weeks in advance. You used to get a 12-month appointment
letter just after you had been for an appointment; now it’s 6 weeks before you are due.

M2, Norwich 1

Some patients had been asked to attend on a Saturday to reduce the back-log of appointments. The day
was not seen as a problem, although the standard of care was questioned.

I’ve been asked to come on a Saturday which is not a problem but the trouble is you never see anyone
who can make a decision. I ended up seeing a retina man. So after a couple of visits I asked to be
seen on a weekday by a glaucoma specialist.

F1, Norwich 1

Often patients would receive an appointment only to have it cancelled a couple of weeks before the clinic
was due to take place. This was not only frustrating to people who had made arrangements for their
appointment, such as asking a friend to accompany them or arranging cover for sick spouses, it caused
concern that their appointment was to be at a much later date than the consultant had
originally requested.

So if you’ve been given a 6-month appointment and it’s cancelled, and you’re not given another one,
you ring up and then they say ‘oh we can’t give you an appointment now ’til October’. That was
10 months. Now if your consultant says 6 [months] and now it is 10 and something’s gone wrong
with your vision in between, you have no way of telling.

F2, Portsmouth 2

Patient recommendations
At the end of the groups patients were asked to give changes they would like to see made to improve
their follow-up care. The recommendations were similar across all locations and the most popular
suggestions are displayed in Box 1.

BOX 1 Patient recommendations for improving follow-up care

Patient recommendations

1. Less waiting and clinics running to time.

2. Flexible booking and changing of appointments.

3. To have a calmer, quieter environment in the VF test room with fewer people doing the test at the

same time.

4. To have a more modernised VF test.

5. To have more continuity of care by seeing the same doctor each visit.

6. To receive better communication from the doctor.

DOI: 10.3310/hsdr02270 HEALTH SERVICES AND DELIVERY RESEARCH 2014 VOL. 2 NO. 27

© Queen’s Printer and Controller of HMSO 2014. This work was produced by Crabb et al. under the terms of a commissioning contract issued by the Secretary of State for
Health. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals
provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be
addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science
Park, Southampton SO16 7NS, UK.

23



Conclusions

Research based on statistical analyses and computer simulations has typically been used to investigate VF
follow-up in glaucoma. This is the first study to examine the VF test and clinic experience from the
patients’ perspective using a qualitative research approach. Although patients did not like the VF test,
they accepted it as a ‘necessary evil’ for maintaining their vision. However, a number of possible
actionable points were raised which were perceived to impact the effectiveness of follow-up care,
including distracting testing environments and hospital constraints relating to excessive waiting times and
appointment booking. Some patients also expressed particular concerns about patient–clinician
communication, including the quality of test instructions, explanation of results and a lack of
individual-centred care. Many of the viewpoints expressed coincided with previous evidence suggesting
that these factors can influence VF data obtained during the follow-up process.21–25 Ensuring that
glaucoma monitoring is as clinically effective and cost-effective as possible will inevitably require the
confidence and co-operation of the person at the heart of the treatment, so that the data are of a
sufficient quality to inform further treatment decisions. Therefore, patient involvement could be important
to not only address some, or all, of the perceived barriers highlighted in this study but ultimately to drive
further research into the most efficient strategies for VF monitoring.
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Chapter 4 Visual field statistical modelling of
different monitoring intervals in glaucoma patients

Background

Accurately and precisely measuring VF progression in glaucoma patients is imperative. First, it is essential
for effective clinical management of the disease. Second, VF measurements are the most commonly used
end points for clinical trials in glaucoma. Monitoring VF status in the patient is achieved by SAP testing.
Analyses to measure VF progression then require a sound understanding of the amount or rate of VF loss
(dB per year), the period of observation, the effect of VF measurement variability, and the number of
follow-up tests, as all these factors affect the ability to detect VF progression with adequate statistical
power.26 The number of VF tests required to detect change is often overlooked. VFs exhibit substantial
measurement error and, therefore, clinical management decisions based on results from only one or two
VF tests will, in general, be unreliable. A sufficiently long observation period and a suitable number of VF
tests are essential to measure change with reasonable confidence. Furthermore, longitudinal studies5,27,28

and natural history data29,30 indicate that there is considerable between-patient variability in the rate of VF
progression. The rate of VF loss cannot be well predicted at diagnosis, at an individual patient level, and is
best estimated by collecting the results of several VF tests over a period of time. In a newly diagnosed
patient, it would be ideal to first obtain an adequate number of reliable VF examinations over a period of
time to exclude, or to detect, the presence of rapid VF progression. In this way, clinical treatment can be
intensified for those patients (‘fast progressors’) that need it, thereby controlling the disease process. Until
recently, there has been little research evidence concerning how frequently VF tests should be carried out
to optimally detect progression. At present, the timetabling of VF tests in routine clinical practice is often
intermittent and not well planned.4

In 2008, Chauhan et al.5 published recommendations for measuring rates of VF loss in newly diagnosed
glaucoma patients based on statistical power calculations. Fundamental to their results was the key
principle that an adequate number of VF tests must be performed over a given period in order to separate
true disease progression from the measurement variability inherent in VF data. This conclusion is equivalent
to the accepted notion that a clinical trial will not be sufficiently powered to detect an experimental effect
if too few patients are enlisted. One particular finding from the Chauhan et al. study suggested that newly
diagnosed glaucoma patients should undergo VF testing three times per year in the first 2 years post
diagnosis. This frequency of testing identifies rapidly progressing eyes, losing average VF sensitivity (MD) of
more than 2 dB per year, with greater certainty than if annual testing was implemented. Consequently,
this recommendation has been adopted in the EGS guidelines on patient examination.7 The idea that three
SAP tests per year should be performed to measure visual progression is also supported by results from
previous research using computer simulation6 and retrospective investigation of a large VF database.31

This chapter aims to determine the clinical effectiveness of alternative monitoring regimes (including the
recommended EGS strategy of six VF tests in the first 2 years) in newly diagnosed glaucoma patients.
These questions are investigated using data from computer simulations. A second aim of this chapter is to
explore the usefulness of computer simulation for optimising SAP testing when attempting to accurately
detect progression in newly diagnosed glaucoma patients with different levels of baseline VF damage;
this is informative about prioritising clinical management in those patients who may or may not require
intensified treatment. For example, younger patients with more advanced glaucoma are at increased risk of
visual disability in their lifetime compared with older patients with early VF damage.
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Objectives

The objectives of this chapter are:

1. To retrospectively investigate the distribution of the rate of progression in a large cohort of patient
records already archived from Moorfields Eye Hospital in London; Cheltenham General Hospital
Gloucestershire Eye Unit and Calderdale Royal Hospital in West Yorkshire; and Queen Alexandra
Hospital in Portsmouth. This will involve the interrogation of almost half a million VF tests, equivalent to
around 25 million data points. Information about rates of progression in representative groups of
glaucoma patients under clinical care will help us to model typical results achieved with currently
available treatment modalities and inform about the magnitude of current and projected future visual
function deficits caused by glaucoma.

2. To further develop our published model for generating virtual series of VF tests in order to explore
different follow-up schemes for newly diagnosed glaucoma patients. In particular, annual testing
against three tests per year in the first 2 years will be assessed for positive outcomes in determining
glaucomatous progression.

Estimating rates of visual field progression

Glaucoma treatments attempt to slow the rate of progression of VF loss and generally aim to reduce IOP,
which is the only known modifiable risk factor for the disease. Clearly, the key objective of clinical
management is to prevent glaucoma patients advancing to visual impairment and blindness so that their
quality of life remains unaffected. Once diagnosed, patients normally require lifelong treatment and
monitoring so that any threatening rate of progression of VF loss can be detected and treatment can be
changed accordingly. Thus, monitoring patients represents a considerable workload for glaucoma clinics.
VF testing remains the only direct method for measuring patients’ visual function and, therefore, to gauge
if a treatment is effective in avoiding future impairment. The amount of VF loss can be summarised using
the MD measurement, which is the averaged difference between a patient’s VF and the VF from a person
with healthy vision of the same age – the more negative the MD, the greater the amount of VF damage.

Many patients newly diagnosed with glaucoma are not at great risk of blindness. Retrospective analyses
based on reviews of clinical notes suggest that the percentage of patients, under care, going blind is
between 6% and 13%.32–34 These studies, however, are somewhat limited at informing present-day
prevalence, as VF tests were conducted using manual perimetry, and only relatively small numbers of
patients (in all cases fewer than 300 patients) were investigated. Furthermore, all this research was carried
out more than 10 years ago and, therefore, before the advent of new glaucoma medications, such as
prostaglandins. The rate of progression of VF impairment varies greatly, but it is obvious that patients who
experience rapid progression, the so-called ‘fast progressors’, are at highest risk of visual impairment, yet
the incidence of fast progressors in clinical practice is uncertain. Cohort studies suggest that less than 5%
of patients progress at a rate of –1.5 dB/year or worse.35–37 However, results from retrospective studies are
less optimistic, suggesting that the proportion of fast progressors varies from approximately 9% to 25%
(with the use of different exclusion criteria).38–40 In particular, a recent review by Heijl et al.41 documented
that 15% of patients investigated progressed at a rate faster than –1.5 dB/year.

Considering treatment and monitoring costs, it is essential that resources are prioritised towards patients
at risk of significant visual disability in their lifetime.42 Accordingly, a patient’s rate of VF loss over a
period of time and the level of damage at presentation are extremely important factors. The research by
Chauhan et al. has emphasised the clinical importance of establishing estimates of the rates of progression
in glaucoma patients.5 The first objective for this chapter is to estimate rates of MD progression, VF damage
at presentation and age at presentation in a large cohort of glaucoma patients. The results of this analysis
are extremely important to assess the cost-effectiveness of alternative VF monitoring regimes on long-term
health outcomes. We therefore conducted a retrospective multicentre study of VF databases (PROGRESSOR
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Medisoft, Leeds, UK) to provide baseline population parameters for the health economic modelling
discussed in the next chapter. This VF database comprised 473,252 VF tests of 88,954 patients from four
separate hospitals: Moorfields Eye Hospital in London, Cheltenham General Hospital Gloucestershire Eye
Unit, Calderdale Royal Hospital in West Yorkshire and Queen Alexandra Hospital in Portsmouth. In order to
be included in the study, VF tests were required to utilise the 24-2 test pattern, a size III stimulus and the
Swedish interactive threshold algorithm (SITA) Standard or SITA Fast testing algorithm.

This study centred on rates of VF loss progression in newly diagnosed glaucoma patients; consequently, to
be included in the study, one of each patient’s eyes had to have a VF test series that was at least 2 years
long, with at least six VF tests after discarding the first VF test for learning effects. This time period and
number of VFs aligns with the proposed practice of testing patients six times in the first 2 years. If patients
had two eyes meeting these criteria, the eye with the best (larger) MD at baseline was analysed; otherwise
the patient’s single eye meeting the criteria was analysed. The patient’s better eye (the eye with the
larger/healthier MD) was analysed rather than their worse eye because research suggests that the level of
VF damage in a patient’s better eye has a closer relationship with functional vision and utility estimates
relative to that of the worse eye.43–46 As the analysis considered VF data and no other clinical information it
was not possible to confirm whether individuals in the database were clinically diagnosed with glaucoma
or were glaucoma suspects. In order to attempt to include only eyes with glaucomatous defects, the study
required the eye’s MD or pattern SD value to be outside 95% normal limits in the baseline VF. We also
included only patients of at least 35 years of age. Consequently, 5999 patients and 5999 eyes were left in
the final analysis.

The level of VF damage at baseline, defined as a patient’s ‘health state’ in the health economic model that
follows this chapter, was defined according to the Bascom Palmer glaucoma staging system.47 This staging
system identifies mild patients as those with an MD between 0 dB and –6 dB, moderate patients as those
with an MD between –6 dB and –12 dB and severe patients as those with an MD between –12 dB and
–20 dB, while patients with worse MDs are classified as visually impaired. Patients were therefore allocated
to one of the four possible health states based on their baseline disease severity (Table 5).

Figure 5 illustrates the distribution of the 5999 patients’ age at baseline; the asymmetry of the histogram
suggests that there are two distinct groups of newly diagnosed glaucoma patients – a group of patients
appear to present at an earlier age than the mode of the distribution (approximately 70 years). Hierarchical
clustering for parameterised Gaussian mixture models48 with two mixture components (clusters) was
carried out to determine the mean age of each of the two components. This clustering suggested that the
distribution of ages could be represented as two clusters (normal distributions) with mean ages of
51.2 years and 70.2 years; we defined these two groups as the ‘younger’ and ‘older’ cohorts respectively.

Intrinsic to the overall objectives of this research is how quickly patients progress to visual impairment from
their level of VF damage at presentation. A key driver for this is the progression rate of the individual.
We stratified patients in the VF database by their age grouping (younger cohort or older cohort) and
measured their rate of progression of MD. Rates of MD loss were calculated in decibels per year (dB/year)

TABLE 5 Bascom Palmer glaucoma staging system

Health state Description MD (dB)

1 Mild –0.01 to –6

2 Moderate –6.01 to –12

3 Severe –12.01 to –20

4 Visually impaired < –20
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using standard linear regression. Next, patients were subclassified according to whether they had stable,
slow, medium or fast progression of MD, following the groupings in Chauhan et al.5 (Table 6).

In those patients in the younger cohort, it was observed that 49.2%, 36.4%, 12.2% and 2.3% of patients
analysed were characterised as being stable, slow, medium and fast progressors respectively. For patients
in the older cohort, it was observed as 33.8%, 41.0%, 21.0% and 4.2%, respectively (Figure 6). Our
finding that a larger percentage of older patients than of younger patients are fast progressors supports
results in the Canadian Glaucoma Study, which showed that increasing age was associated with a worse
MD rate.36

As already pointed out, one important aim of this research is to establish how rapidly newly diagnosed
glaucoma patients progress to visual impairment; clearly, the amount of VF damage at presentation is
another crucial factor (Figure 7). Analysis of the VF database indicated that, of the younger cohort, 65.0%
patients were specified as having mild glaucoma, 21.4% were defined as having moderate glaucoma,
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FIGURE 5 Distribution of patients’ age at baseline.

TABLE 6 Classification of rates of MD progression

Classification of rate Rate of MD progression (dB/year)

Stable > 0

Slow 0 to –0.5

Medium –0.5 to –1.5

Fast < –1.5
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FIGURE 6 (a) Distribution of MD rates in younger cohort; and (b) distribution of MD rates in older cohort
(eight patients have been removed to enhance visualisation, as their rates of MD exceeded 10dB/year).

DOI: 10.3310/hsdr02270 HEALTH SERVICES AND DELIVERY RESEARCH 2014 VOL. 2 NO. 27

© Queen’s Printer and Controller of HMSO 2014. This work was produced by Crabb et al. under the terms of a commissioning contract issued by the Secretary of State for
Health. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals
provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be
addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science
Park, Southampton SO16 7NS, UK.

29



0.10

0.08

0.06

0.04

0.02

0.00

D
en

si
ty

Baseline MD (dB)
−30 −20 −10 0 10 20

(a)

0.10

0.08

0.06

0.04

0.02

0.00

D
en

si
ty

Baseline MD (dB)
−30 −20 −10 0 10 20

(b)

FIGURE 7 (a) Distribution of baseline MDs younger cohort; and (b) distribution of baseline MDs for older cohort.

VISUAL FIELD STATISTICAL MODELLING OF DIFFERENT MONITORING INTERVALS IN GLAUCOMA PATIENTS

NIHR Journals Library www.journalslibrary.nihr.ac.uk

30



10.0% were specified as having severe glaucoma and 3.7% of patients were defined as visually impaired.
In the older cohort, these figures were very similar, 66.2%, 20.9%, 9.3% and 3.7% respectively. The
mean level of existing VF damage for the younger cohort was –3.1, –8.3, –15.5 and –24.0 dB for the mild,
moderate, severe and visually impaired subgroups, respectively, whereas these figures were –3.1, –8.4,
–15.4 and –23.6 dB for the older cohort respectively.

The analyses of VF data outlined above provided a number of interesting findings. In particular, the
distribution of rates of MD loss shown in Figure 6b is reminiscent of similar results shown in prospective
studies.30,36 However, only a small proportion of glaucoma patients progress at a rate faster than
–1.5 dB/year. This is in stark contrast to the findings from Heijl et al.,41 who estimated that 15% of patients
progressed at a rate faster than –1.5 dB/year, and the New York Progression Study, in which the number
was in excess of 9%.38–40 A possible explanation for this difference is the substantial percentage of patients
with pseudoexfoliation glaucoma, which in the Heijl et al. study was associated with faster disease
deterioration,41 and which is a condition not commonly seen in the UK. Another potential reason is that
the patients in these other studies presented with more advanced glaucoma than observed here, which
may be associated with more rapid progression.36 Nevertheless, our estimates of the percentage of ‘fast
progressors’ are similar to the results from controlled clinical cohort studies.35–37 Notably, around half of the
patients investigated had a positive rate of MD change, which is likely because of a combination of high
VF measurement variability49,50 and learning effects.51 We endeavoured to prevent learning effects by
discarding patients’ first recorded VF tests, but, evidently, there remains a considerable difficulty in
accurately measuring rates of MD change. This has significant consequences for the utility of VF testing in
clinical practice. Patients who find VF testing difficult and produce unreliable measurements, or patients
who simply are learning to do the test over time, should be identified as soon as possible because they are
using resources that may be better utilised elsewhere.

Clinical trials and prospective studies principally inform clinical practice and decisions regarding health
service delivery. On the other hand, retrospective examination of large numbers of data collected from the
everyday clinical milieu over long periods of time also offers interesting insights, as our analysis shows. It is
already recognised that participants in prospective glaucoma studies better adhere to prescribed therapy
than patients in routine medical care;52 consequently, prospective studies and trials may sometimes
misrepresent the routine clinical situation. However, any retrospective study, including our own, will have
limitations. In particular, full patient records were not available, so analyses were based purely on age and
VF data. As a result, some of the patients may have concomitant eye disease, principally cataract, and it is
possible that a small minority of the patients did not have glaucoma at all, although it is unlikely given that
all subjects were monitored at glaucoma clinics over at least 2 years.

The primary aim of this part of the research was to estimate the rates of MD progression and baseline VF
damage observed in newly diagnosed glaucoma patients under clinical care, since, in order to model
progression of VF loss, it is important that any model replicates data from the real clinical situation.
Of course, it is assumed that the 5999 eyes selected are representative of all the patients made available to
this study. One limitation is that those selected may be a biased sample of patients who are at more risk of
progression. For example, there is a danger of selecting a group of patients who have actually been
monitored quite intensively, perhaps because they are perceived to have been at high risk of rapid VF loss.
Still, we think the very large sample is a reasonable representation of our target population and yields
valuable data on rates of visual loss in clinics. For example, the interested reader is directed towards a
paper describing a subsequent study that evaluated the proportion of patients in glaucoma clinics
progressing at rates that would result in visual disability within their expected lifetime.53 The information
gathered in this section is thus essential to model the clinical effectiveness and cost-effectiveness of
different VF monitoring regimes.
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Computer model of visual fields

Gardiner and Crabb previously developed a computer model for generating series of VF tests.6 In short, the
model simulates series of VF tests with known properties, specifically baseline VF sensitivity, the length of
series, the frequency of testing and the rate of loss. Variability or ‘noise’ around each measured value
(VF sensitivity) is then added to the simulation by sampling randomly from a Gaussian distribution with
mean zero and with a SD which increases as the underlying sensitivity decreases. A key objective of this
chapter was to advance our published model for simulating VFs and, then, use simulations to investigate
the clinical effectiveness of different VF testing schemes, namely annual testing against three tests per year
in the first 2 years (following the recommendations by Chauhan et al.5 and the EGS7).

As already pointed out, interpretation of results from SAP is difficult as VF measurements are highly
variable, as shown by psychophysical experiments using frequency-of-seeing (FOS) measurements54–56 and
test–retest studies.50,57–62 VF variability dictates frequent monitoring and/or an extended period of time to
accurately and precisely detect glaucomatous progression.5,6 The lack of a ground-truth VF measurement in
glaucoma makes it very difficult to measure the diagnostic performance of tests, such as SAP, to evaluate
disease progression. Computer simulation thus provides a way to generate artificial VF data that reflect
real results obtained with SAP. Indeed, simple computer simulations have been utilised to gauge VF test
strategies for over 20 years.6,63–70 Furthermore, simulation provides a reproducible and modifiable means
to investigate the characteristics of cross-sectional and longitudinal VF data in large numbers. A key
component of any computer model for VFs is the simulation of variability around VF
sensitivity measurements.

The relationship between variability and sensitivity in
visual field data

Previous research has explored the relationship between VF variability and sensitivity. In particular,
Henson et al. and Henson collected FOS data, using SAP, from four VF locations in 71 subjects with a
range of VF damage.55,71 The authors concluded that variability (SD) was greater as VF sensitivity decreased
and described the relationship using the following linear function:

loge(SD) = A� sensitivity (dB)þ B, (1)

where A= –0.081 and B= 3.27; R2= 0.57. According to this equation, as sensitivity reduces there is an
exponential increase in variability. This finding, however, is not directly relevant to clinical SAP test
strategies, where measured thresholds are not constructed from FOS curves. Moreover, there was an
extreme lack of measurements with reduced sensitivity and absolutely no data below 10 dB. A later study
by Artes et al. overcame these limitations using test–retest data and studied the variability properties of
SAP threshold estimates from the full threshold and SITA strategies of the HFA.61 The authors investigated
one eye of 49 patients with glaucoma, with a large range of VF damage, four times with each test
strategy. The study found that variability increased as the ‘best available estimate of sensitivity’ (mean
sensitivity from test–retesting) decreased up until about 10 dB, after which variability was found to reduce
as sensitivity decreased further. For glaucomatous locations with a best available estimate of sensitivity
equal to 10 dB, variability was so great that the fifth and 95th percentiles of the retest measurements
covered 0 dB to 28 dB respectively.

In this section, we characterise VF variability by level of sensitivity using a statistical method to quantify
heteroscedasticity in longitudinal data. The chief advantage of this approach is that inference is based on
thousands of patients tested in standard clinical settings, rather than the tens of individuals reported
in FOS and test–retest studies. We undertook a retrospective analysis of 14,887 VF tests from 2736 eyes in
2736 patients (if more than one eye was eligible, one eye was randomly selected) attending the Glaucoma
Service of Moorfields Eye Hospital, London, between 1997 and 2009. VFs were anonymised prior to
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analysis. The study adhered to the tenets of the Declaration of Helsinki and was approved by the research
governance committee of Moorfields Eye Hospital. All data were transferred to a secure computer
database at City University London, London, UK.

All VF tests were carried out with the HFA using the 24-2 test pattern with a Goldmann size III target and
the SITA Standard testing algorithm. VFs were considered unreliable and discarded according if fixation
losses were ≥ 20% or false-positive errors were ≥ 15%. False-negative errors were not considered, as a
higher false-negative rate is strongly correlated with field damage.72 A patient’s series of VF tests had to
number at least five and the first VF test was discarded to lessen the impact of perimetric learning
effects.51,73 The relationship between variability and sensitivity was analysed by examining the residuals
from linear regression of pointwise sensitivity over time. Linear regression estimates the relationship
between a predictor variable X and an outcome variable Y:

Y = aþ bX þ E, (2)

where a is the intercept, b is the slope and E is the error term.74 The error term represents the part of the
outcome variable that is not explained by the predictor variable. For the fitted function, the error term is
estimated from the residuals, which are the vertical deviations from the fitted line.

The simplest and most common approach for fitting a regression line is to minimise the sum of squares
of the residuals; this method is known as ordinary least squares linear regression (OLSLR). This technique
assumes that the outcome variable is error free and that the error term is Gaussian distributed with mean
zero and uniform variance across the range of the predictor measurement. Constant variance is known as
homoscedasticity (‘equal scatter’). However, if the residuals alter according to the size of the measurement,
this is referred to as heteroscedasticity (‘unequal scatter’), which indicates that the variance of the error
term is not constant across observations. Linear regression coefficient estimates (i.e. the slope and intercept
terms) are not biased by heteroscedasticity, but estimates of the variance of these coefficients are
influenced.75 Thus, OLSLR, in the presence of heteroscedasticity, offers an unbiased estimate for the
relationship between the predictor variable and the outcome variable, but standard errors and, consequently,
inferences on statistical significance may be incorrect. The residuals from OLSLR are hugely informative when
examining heteroscedasticity. A scatterplot of the absolute or squared residuals against X, Y or Ŷ (the fitted
value of Y) may be used to assess for non-uniform variance of the error term.

We investigated heteroscedasticity in longitudinal VF data by analysing the residuals from pointwise linear
regression of sensitivity measurements (the Y variable in dB) against time (the X variable in years) for each
eye’s series of VF tests using OLSLR and Tobit linear regression (TLR).76 We previously discussed the
usefulness of TLR for the analysis of VF sensitivity measurements in Russell et al.77 When the response
variable in a linear model is censored (as is the case for SAP sensitivity), the assumptions of OLSLR are not
valid. TLR, on the other hand, employs a latent dependent variable, which respects left and/or right
censoring and predicts the response only within the range specified. Thus, in contrast to OLSLR, TLR
reconciles that a VF sensitivity measurement of 0 dB could be 0 dB, or, a value less than 0 dB (were SAP to
have a larger dynamic range).

Regression models (TLR and OLSLR) were fitted to each eye’s series of VF sensitivity values (for each
test point separately) against time (the patient’s age at each VF test); for an example, see Figure 8.
The two locations adjacent to the blind spot were excluded, giving 52 thresholds for each VF.
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Next, least squares residuals (Ê ) were extracted:

Ê = Y − â− b̂� X (3)

and binned according to measured sensitivity in the range 0–36 dB. Residuals were also grouped according
to the fitted sensitivity value (rounded to the nearest whole decibel), Ŷ, as this value estimates ‘true’
sensitivity. The two binning strategies ask subtly different questions. First, binning by measured sensitivity
investigates variability conditional on the measured threshold and, therefore, poses the question, given a
measured threshold what is the underlying range of values for the ‘true’ value? This is akin to a study by
Wall et al.57 in which retest VF thresholds were compared with baseline threshold; in this case, as the
authors state, ‘the first test is not meant to be the true sensitivity, as it has its own variability’. Second,
binning by fitted sensitivity analyses variability conditional on the estimated true value and asks the
question, given a ‘true’ threshold value what is the range of measured thresholds expected for any given
test? This approach mirrors research by Artes et al.,61 in which thresholds were compared against the
average of several retest thresholds. The difference in the two binning strategies is shown in Figure 8.
In this figure, the regression residuals are all associated with an OLSLR-fitted sensitivity of 31 dB; however,
when the residuals are stratified by measured threshold, they are grouped into the following bins: 30, 31,
31, 30, 33, 31, 33 and 28 dB.

Table 7 summarises the characteristics of the study sample.
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FIGURE 8 The solid line represents OLSLR of a patient’s VF measurements (at a given point in their VF) against
their age. In this example the TLR line is no different to the OLSLR line.

TABLE 7 Characteristics of study sample

Measurement Median (IQR)

Baseline age (years) 63.7 (54.0–71.2)

Baseline pointwise sensitivity (dB) 28 (24–30)

Follow-up period (years) 5.5 (3.9–7.0)

Number of VF tests 6 (5–7)
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In total, 142,272 (52 × 2736) regression lines were fitted and approximately 1 million residuals recorded for
each linear regression method. The residuals associated with fitted and measured sensitivity levels were
evaluated as histograms for both the TLR and OLSLR models (Figure 9). Figure 9 highlights significant
differences in the distributions of residuals at different sensitivity levels; for both linear regression methods,
distributions were relatively condensed at large VF sensitivities (26–36 dB) but variability increased
substantially as sensitivity decreased to a level of 10 dB. Indeed, for the 10-dB level, residuals spanned
almost the entire dynamic range of SAP. Below 10 dB, there was some disparity between the distributions
of residuals for the TLR and OLSLR models (see Figures 9a and e); this suggests that any reduction in
variability below 10 dB is explained by the limited dynamic range of SAP, as evidenced by the negative
skew in the histograms in Figure 9. In the range of 0–21 dB, the distributions of residuals for OLSLR are
negatively skewed as a result of the limited dynamic range, and this is not observed, to the same extent, in
the corresponding TLR distributions. The standard deviations of the residuals for each fitted and measured
sensitivity level are shown in Figures 10a and 10b respectively; the blue lines result from binning OLSLR
residuals, whereas the green lines are derived from binning TLR residuals. These are compared with
variability estimates from Henson et al.55 (yellow lines) and Artes et al.61 (red lines).

This study is unique in its analysis of the association between variability and sensitivity in VF tests. Previous
research has studied this relationship with small numbers of patients, or people with normal vision, using
FOS experiments or test–retest data in a research setting. In contrast, we analysed variability using linear
regression analysis of retrospective large-scale longitudinal clinical data. The results confirm that a
reduction in VF sensitivity is accompanied by a large increase in variability.50,54,57,59–61,78,79 However, there
are notable differences between this study and previous investigations of VF variability. Test–retest studies
assume that VF measurements remain unchanged over the testing period and take an average of threshold
values to approximate true sensitivity. Here we estimate two parameters, a slope and an intercept term,
whereas test–retest studies estimate only the latter parameter, as they assume that the measurement does
not change in the period of time over which the data are captured. Thus, a limitation of test–retest data is
that they assume the absence of a perimetric learning effect, which can persist over tens of VF tests in
some patients.50,51,80 Nonetheless, our results are in good agreement with the findings of Artes et al.,61 but
are possibly more robust because of the large number of data investigated. Moreover, our study sample
consists of patients from general ophthalmic clinics and not ‘perimetry athletes’ who are acquainted with
SAP and, accordingly, may record less noisy measurements. In addition, since our analysis was carried out
on retrospective data, the technique could be easily applied to other perimetry and imaging devices used
in glaucoma assessment.

Both our method and the test–retest approach assume that the fitted value or mean of the measurements
is the ‘true’ value. Using the mean to estimate true sensitivity makes statistical assumptions about VF
measurements; in particular, the arithmetic mean is greatly affected by outliers, and is not robust to
skewed and/or truncated distributions. This is reinforced by inspecting estimates of VF variability in the
test–retest studies by Artes et al.61 and Wall et al.57 – when VF sensitivity is equal to 0 dB, the arithmetic
mean is not robust to the truncated nature of VF measurements and the derived variability is artificially
reduced (see Figure 10a). This truncation effect is very apparent in the distributions shown in Figure 9 and
in similar figures in other studies.57,61 Thus, our results emphasise that a reduction in VF variability for
thresholds below 10 dB can fundamentally be attributed to the limited dynamic range of SAP. Unlike
OLSLR, TLR attempts to take into account the truncation effect of VF sensitivity measurements. This is
evident in Figure 9e, in which residuals binned by a measured threshold of 0 dB are symmetrically
distributed for TLR, but are negatively skewed for OLSLR. As expected, positive skew is apparent in both
distributions in Figure 9a, in which residuals are binned by a fitted value of 0 dB, because no measured
value can ever be less than 0 dB. Furthermore, Figure 10a demonstrates that the SD of the residuals
(binned according to the fitted value) is greater for TLR than for OLSLR. This is because fewer negative
residuals are associated with TLR as it respects the left-censoring of VF measurements, whereas OLSLR
does not respect this phenomenon.
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FIGURE 9 Distributions of residuals according to fitted-values values (left column) and measured values
(right column) for 0, 10, 20 and 30 dB sensitivity levels. Distributions are illustrated as ‘back-to-back histograms’:
the upper histogram (black bars) are residuals derived from OLSLR, whereas the lower histogram (green bars) are
residuals derived from TLR. (a) Ŷ,= 0 dB; (b) Ŷ,= 10 dB; (c) Ŷ,= 20dB; (d) Ŷ,= 30dB; (e) Y= 0 dB; (f) Y= 10 dB;
(g) Y= 20 dB; and (h) Y= 30dB. (continued )
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FIGURE 9 Distributions of residuals according to fitted-values values (left column) and measured values
(right column) for 0, 10, 20 and 30 dB sensitivity levels. Distributions are illustrated as ‘back-to-back histograms’:
the upper histogram (black bars) are residuals derived from OLSLR, whereas the lower histogram (green bars) are
residuals derived from TLR. (a) Ŷ,= 0 dB; (b) Ŷ,= 10 dB; (c) Ŷ,= 20 dB; (d) Ŷ,= 30 dB; (e) Y= 0 dB; (f) Y= 10 dB;
(g) Y= 20 dB; and (h) Y= 30dB.
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FIGURE 10 (a) Plot of the SD of residuals for each fitted sensitivity level from OLSLR (blue line) and TLR (green line);
and (b) plot of the SD of residuals for each measured sensitivity level from OLSLR (blue line) and TLR (green line).
In both plots, variability estimates are compared with those from Henson et al. (yellow lines) and Artes et al.
(red lines).55,61 The blue-to-red background is a smoothed colour density representation of the scatterplot for all
absolute residuals; the hotter the colour, the larger the sample at that level of sensitivity.

VISUAL FIELD STATISTICAL MODELLING OF DIFFERENT MONITORING INTERVALS IN GLAUCOMA PATIENTS

NIHR Journals Library www.journalslibrary.nihr.ac.uk

38



Unlike previous research, this study also analysed variability as a function of measured sensitivity; this
relationship is informative about the range of possible ‘true’ values associated with an observed
measurement. The dashed dark green and dark blue lines in Figure 10b indicate the variability associated
with measured sensitivity for the TLR and OLSLR models, respectively, whereas Figures 9e–h illustrate the
distribution of residuals associated with measured sensitivity. Both sets of figures suggest that variability
rises rapidly as measured threshold declines. This result has important implications for SAP. Wall et al. 57

suggested that threshold estimates below 20 dB have little worth for predicting the value at retest.
Our results are comparable to the findings of Wall et al. and back their suggestion that, for the
purposes of detecting progression, investigation of damaged VF test points could be valueless.

Visual field variability leads to false-positive diagnoses of progression when patients actually have stable
glaucoma, which may lead to needless treatment changes and costs to both patient and health-care
provider.81 Conversely, progression may be overlooked if clinicians deem any reduction is as a result of
inherent measurement variability. One particularly important application of these results is in VF simulations.
Presently, there is no ground truth for the assessment of glaucomatous VF progression, so our results will
now be used to build a non-parametric model of VF variability. VFs with known characteristics are simulated
to investigate the variability of the MD index, which is important to assess the clinical effectiveness of
proposed practice (six VFs in the first 2 years) and current practice (annual VF testing). Past VF simulation
models6,69,70,82 have been based on Henson et al.’s55 equation for VF variability, which may be less suitable
than the results here as Henson et al.’s results were grounded on FOS experiments, with no measurements
below 10 dB. Conversely, the results presented here are based on thousands of clinic patients, with tens of
thousands of measurements across the range of SAP sensitivity.

Model for generating visual field simulations

As there is no technique for measuring ground-truth VF sensitivity, it is difficult to gauge the performance
of SAP to measure glaucomatous progression. Computer simulations can be used to provide virtual VF
data consistent with real SAP test results. In the previous section, we investigated the relationship between
VF variability and sensitivity. These results were used to construct a novel non-parametric model for
generating VF simulations. We described the model and used it to generate 1 million VF simulations from
1000 ground-truth VFs (1000 simulations per real VF test). These simulations were then analysed to
investigate the variability associated with the MD summary statistic, as a function of the level of MD.79

It is worth noting, again, that MD measures the average increase or decrease of a patient’s overall VF
compared with a person with healthy vision of the same age.

Mean deviation is especially important to the overall objectives of this research, since the proposed VF
testing frequency (three times per year in the first 2 years post diagnosis) is based on this measurement.
In particular, proposed practice is based on identifying rapidly progressing patients, who are defined
as losing MD of more than 2 dB per year, with greater certainty than current practice (annual testing).
In clinical practice, MD is often analysed in order to identify VF defects and monitor progression of
glaucoma. Despite its importance, the relationship between the level of MD and variability of MD is
uncertain. It has been suggested that MD variability is non-stationary, growing with VF damage,81,83,84

but no research has yet reported on the impact of pointwise VF variability and, therefore, the pattern of VF
damage, on MD variability; such research would not be feasible without computer simulations.

The study sample used to derive pointwise VF variability, which forms the foundation of the simulation
model, is described in the previous section. The residuals extracted from OLSLR of longitudinal pointwise VF
sensitivity tell us the range of measured values expected for any given ‘true’ test result, thereby allowing
pointwise sensitivity to be simulated (Figure 11). For example, to simulate VF sensitivity when the true value
is equal to 22 dB, we randomly sample from the distribution of residuals associated with a fitted sensitivity of
22 dB. The simulation is demonstrated in Figure 11d (Ŷ= 22 dB); this histogram consists of roughly 50,000
residuals associated with an OLSLR-fitted sensitivity value of 22 dB, while the green line signifies the result
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from randomly drawing a single residual from this distribution. Thus, simulated VF sensitivity would be equal
to 18 dB, since the sampled residual was equal to –4.07 dB. An entire VF test can be generated using
one-by-one simulations for each test point (Figure 12). Raw sensitivities were converted to total deviation
values using published normative values describing the relationship between age and sensitivity in healthy
individuals.79 MD was then calculated as the weighted mean of the total deviation values, with weights
equal to the inverse of the variance observed at each VF test point in the healthy reference group.79

One thousand VFs were simulated from each of 1000 patients’ VF tests (1000 eyes) visiting Moorfields Eye
Hospital between 1998 and 2009; note that these patients were not included in the analysis to establish
pointwise VF variability. Once again, all VFs were carried out with the HFA using the 24-2 test pattern,
a Goldmann size III target and the SITA Standard testing algorithm. Pointwise VF sensitivity was simulated
via random sampling from the distribution of residuals associated with each true sensitivity
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FIGURE 11 Distributions of VF variability according to OLSLR-fitted sensitivity levels. The green line in (a) Ŷ= 0 dB;
(b) Ŷ= 6 dB; (c) Ŷ= 14 dB; (d) Ŷ= 22 dB; illustrates a single simulated draw from this distribution.
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(excluding locations in the blind spot). Entire HFA-like VF printouts including greyscales were then
generated (Figure 13).

Table 8 describes the characteristics of the 1000 eyes that make up the 1000 ground-truth VFs.

We analysed the relationship between MD variability, the level of MD, and the pattern of pointwise VF
damage, using computer simulations. Figure 14 shows the variability of MD, according to the SD of 1000
simulated VF tests, as a function of the ground-truth level of MD. The dashed black line in Figure 14
indicates the locally weighted polynomial regression85 (‘LOESS’ regression), which illustrates how variability
changes, on average, with MD. The figure suggests that variability tends to rise as MD decreases, with
variability peaking around –20 dB. For early VF damage, when a significant amount of MD loss is
approximately defined as –2 dB, variability is half that when MD is equal to –10 dB, which corresponds to
VF loss associated with moderate glaucoma.47 Interestingly, as revealed by the substantial scatter in
Figure 14, the SD varied more than threefold between patients with roughly the same levels of
ground-truth MDs, from about 0.2 dB to over 0.7 dB (see patients A–D in Figure 14).

Standard automated perimetry is the benchmark for monitoring glaucoma in clinical practice and clinical
trials of new therapies for the disease. Nonetheless, SAP measurements are influenced by factors such as
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FIGURE 12 (a) Ground-truth VF. The left-hand grid of numbers illustrates VF pointwise sensitivity, while the
right-hand image is the corresponding greyscale plot. The variability of the shaded VF point (sensitivity equal to
22 dB) is indicated in Figure 11d. (b) VF simulated from ground-truth VF shown in (a). The left-hand plot illustrates
simulated pointwise sensitivities for the above VF, while the right-hand image is the corresponding greyscale plot.
The shaded VF point (sensitivity equal to 18dB) was derived by the simulated draw shown in Figure 11d.
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FIGURE 13 Simulated VF shown as a HFA-like printout. The grid of numbers in the top left are simulated
sensitivities, while the adjacent greyscale plot provides a graphical representation of the VF (darker areas indicate
damage). The two grids of numbers below represent the difference in the patient’s VF sensitivities and those of an
individual of the same age with healthy vision: without correction for a general reduction in retinal sensitivity
(‘total deviation’; left-hand side); and with correction (‘pattern deviation’; right-hand side). Below these two grids
are probability maps indicating whether or not the reductions in sensitivities are significant.

TABLE 8 Characteristics of glaucoma patients’ ground-truth VFs

Measurement Median (IQR)

Age (years) 66.0 (55.8–75.5)

MD (dB) –3.5 (–8.3 to –1.1)

Pointwise sensitivity (dB) 27 (22–30)
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FIGURE 14 Variation of ground-truth MD according to level of MD and greyscale plots for four patients’
ground-truth VFs. (a) Variation of ground-truth MD; (b) patient A ground-truth MD= –11.4 dB, SD = 0.72 dB;
(c) patient B ground-truth MD = –11.5 dB, SD= 0.19 dB; (d) patient C ground-truth MD= –20.4 dB, SD= 0.25 dB;
and (e) patient D ground-truth MD= –20.5 dB, SD= 0.66 dB. (continued )
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learning effects and patient fatigue.25,51 Measurement variability is also induced by errors associated with
testing strategies, such as staircases, used in clinical SAP.65,68 Several studies have shown that a decline in
VF sensitivity is accompanied by a rise in variability.50,57–62 Thus, differentiating true VF change from
inherent noise is challenging, making glaucoma management and treatment decisions difficult.

Quantitatively characterising VF measurements and the performance of methods of measuring VF
progression requires a gold standard, which is not available for VF contrast sensitivity. This fact is widely
documented in glaucoma research so many approaches to estimating ‘true’ glaucomatous progression
have been attempted.68,86 Computer modelling of VFs permits large numbers of data to be simulated, with
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FIGURE 14 Variation of ground-truth MD according to level of MD and greyscale plots for four patients’
ground-truth VFs. (a) Variation of ground-truth MD; (b) patient A ground-truth MD= –11.4 dB, SD = 0.72 dB;
(c) patient B ground-truth MD = –11.5 dB, SD= 0.19 dB; (d) patient C ground-truth MD= –20.4 dB, SD= 0.25 dB;
and (e) patient D ground-truth MD= –20.5 dB, SD= 0.66 dB.
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known characteristics. Thus, the effects of different variables on VF measurements can be investigated.
Simulations have previously been used in glaucoma research to evaluate VF testing strategies and
progression measurement methods.6,63–69,87 However, these simulations have been based on imperfect VF
data and may not accurately reflect clinical VF measurements. For instance, many models6,69,70,82 have been
based on a linear equation for VF variability described in Henson et al.,55 which was based on FOS curves
with absolutely no VF measurements below 10 dB. The model described here is based on SAP results from
thousands of clinic patients and empirical estimates of VF variability, but it is important to note that our VF
simulations do not account for factors such as patient fatigue and learning effects.25,51

Mean deviation is routinely used to summarise VF damage in patients. As MD is a weighted average, it is
less sensitive to localised VF damage, but is consequently robust to measurement noise at individual test
points. Some research has proposed that MD variability rises as the level of MD declines,81,83,84 but, until
now, no study has looked at the influence of the pattern of VF damage on MD. Without computer
simulations, such a study would be very difficult to achieve using clinical data, as it would be almost
impossible to unravel the relationship between patient error, algorithm error and other measurement
errors. Figure 14 shows that MD variability tends to increase as the level of MD decreases, with some
evidence that variability peaks around –20 dB. For VF loss associated with early disease (MD≈ –2 dB),
variability is half that in moderate glaucoma (MD≈ –10 dB).47 Furthermore, variability can vary more than
threefold between patients with roughly equivalent levels of MD; this suggests that the pattern of VF
damage has a significant impact on MD variability. VFs with global diffuse damage (see patients A and D
in Figure 14) tend to have higher MD variability than VFs with localised damage and other regions that are
healthy (see patients B and C in Figure 14). This highlights the importance of measuring VF progression
using individualised rather than population-based criteria.

There has been renewed interest in the MD statistic in recent years. Junoy Montolio et al.23 showed that VF
locations measuring blind on sequential tests can lead to an underestimation of MD, which could affect
MD-based progression detection algorithms. This censoring will also decrease the dynamic range of MD
and, therefore, reduce variability of MD. Our results are in good agreement with those from Junoy
Montolio et al.; Figure 14 suggests that MD variability starts to decrease at roughly –20 dB, which is
unsurprising given that many points in the VF will probably be perimetrically blind at this level of damage.
Furthermore, Junoy Montolio et al. showed that the number of VF test points excluded by the HFA
‘Guided Progression Analysis’ software (Carl Zeiss Meditec, Dublin, CA)88,89 rises with disease progression
up to an MD of a proximately –20 dB but declines beyond this value.23

A recent study by Wall et al.84 investigated the variability of MD for Goldmann size III and size V stimuli.
They found that size V MD was repeatability smaller than that for size III, but increased for both stimuli
when VF damage worsened. They also suggested that, depending on the size of the stimulus and the
amount of VF damage, a reduction in MD of 1.5–4 dB is necessary to be outside normal 95% confidence
limits.84 The results presented here suggest that such confidence limits also need to account for the
pattern of VF damage and not just the level of MD. Wall et al.84 concluded their research by stating that
‘further work needs to be done to determine criteria for identifying visual field change’. We consider VF
simulations an excellent point of reference for gauging the performance of VF progression detection tools
and developing new methods for measuring VF progression. One particularly important finding, with
reference to the overall objectives of this research, is the need to account for the non-stationary variability
observed with MD worsening if assessing the rate and significance of VF damage using linear regression of
MD over time. In particular, detecting VF progression in newly diagnosed patients who present with
advanced VF damage is challenging owing to the increased variability associated with this disease severity
compared with early VF damage.
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Modelling proposed practice

In this study, proposed practice consists of testing newly diagnosed glaucoma patients three times per year
for the first 2 years. The recommendations by Chauhan et al.5 purport that this VF testing strategy will
result in 80% power to detect a rate of loss of 2 dB/year in MD with moderate variability.5 As Chauhan
et al.5 comment, the ability (statistical power) to detect a given rate of MD change depends on the
variability of MD over time, the number of examinations and the amount of change we wish to detect. In
the research of Chauhan et al.,5 moderate variability was defined such that the SD of MD measurements
was equal to 1; this SD figure was based on retrospective analysis of glaucoma patients in a longitudinal
study.62 Our VF model described above suggests that this is an oversimplification and that MD variability
also depends on the level of damage. However, a limitation of our simulations is that they do not
incorporate factors such as patient fatigue and learning effects so the absolute magnitude of MD variability
will be larger in clinical practice.

The VF monitoring regimes for proposed practice and current practice are summarised in Table 9.

We carried out simulations of MD over time with a SD of MD equal to 1 (‘moderate variability’) using the
same methodology described in the Chauhan et al. paper.5 However, our model was updated to account
for a mistake in the simulations in Chauhan et al., whereby the duration of follow-up was not considered.5

Consequently, the Chauhan et al. findings were misleading, since, in order to establish whether or not
such a proposed practice is a significant improvement over annual testing, the efficacy of increasing the
frequency of field examinations compared with prolonging the duration of the follow-up needs to be
established.90 As already stated, the ability to detect progression, in this case a statistically significant slope,
is determined by the variability of the measurement, the number of observations/examinations and the
duration of follow-up. Furthermore, increasing the duration of follow-up is much more efficient,
statistically speaking, than increasing the frequency of examinations. For example, six examinations in
2 years are less powerful in detecting change than six examinations in 6 years, as the total amount of
change will be much lower after 1 year than after 6 years. Thus, we conducted further simulations and
calculated the time period required to detect various rates of MD change with 80% power in VF tests with
moderate MD variability using current practice and proposed practice (Table 10).

TABLE 9 Visual field monitoring timetables for current practice (annual testing) and proposed practice (six VFs in
the first 2 years).

Current practice (months) Proposed practice (months)

0 0

4

8

12 12

16

20

24

32

44
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The substantial differences in time to detect progression between the Chauhan et al.5 model and our
own model, summarised in Table 10, is extremely important. The Chauhan et al. model exaggerates the
clinical effectiveness of proposed practice to identify MD progression; this is explained by the fact that
the Chauhan et al. simulations did not account for the duration of follow-up.5,90 Since our model accounts
for the duration of follow-up in its simulations, it takes longer to identify progression with proposed
practice so these time periods were used in the health economic model described in the next chapter.

Conclusion

When managing newly diagnosed glaucoma patients, the clinician’s goal is to preserve patients’ visual
function during their lifetime. The risk of severe visual impairment depends on the stage of disease at
presentation and the patient’s life expectancy, as well as on the rate of visual deterioration. Patients with
fast progression of VF loss are in greater danger of going blind than patients with slow progression. One
way to identify these ‘fast progressors’ sooner is to ascertain their rates of VF loss earlier. Considering
treatment and monitoring costs, it is vital that resources are prioritised towards patients who are in
greatest danger of suffering visual disability in their lifetime.

Chauhan et al.5 recommend six VF tests in the first 2 years for all newly diagnosed glaucoma patients.
Notably, this recommendation does not incorporate information about each patient’s level of VF damage
at presentation, which is also hugely important when trying to ensure that a patient’s visual function
remains unaffected. Further research is essential to provide evidence for advantages about adaptive testing
regimes for each patient; for instance, studies could investigate the effectiveness of prescribing test
intervals based on the rate of VF loss progression that a clinician wishes to detect in a given patient. One
statistical consideration for adaptive testing is the relationship between VF variability and the level of VF
damage. In this chapter we have shown that pointwise VF variability and MD variability increase as VF loss
increases; this implies that prescriptions for the frequency of VF testing should also be dependent on the
patient’s individual VF and level of damage. There might be significant service delivery advantages in
monitoring patients who present with advanced VF damage more frequently than patients with early
or moderate VF loss; this observation awaits further research. We support comments from Heijl that
glaucoma management needs to be individualised; treatment and monitoring regimes should be tailored
to the preferences of each patient, based on the risk of future loss of visual function.42

Another strategy worth investigation is the sensible idea of varying intervals between VF tests to optimise
detection of progression.91 In one approach, the length of the interval between consecutive tests depends
on the outcome of previous test results.92 Other strategies including testing at evenly spaced intervals, such
as every 6 months or annually, have also been suggested as a way of improving detection rates in clinical
trials.93 Furthermore, Crabb and Garway-Heath94 recently determined that estimates of MD progression are
improved if examinations are clustered at the beginning and end of a predetermined observation period
(the wait-and-see approach); the authors simulated patients with fast MD progression (–2 dB/year) with
added MD measurement variability and estimated progression using linear regression of MD over time.

TABLE 10 Time period (years) required to detect various rates of MD change with 80% power in VFs with
moderate variability

Rate of
MD (dB/year)

Our model of
CP (years)

Our model of
PP (years)

Chauhan et al. model of
CP (years)

Chauhan et al. model of
PP (years)

Slow 13.0 11.0 19.0 6.3

Medium 6.0 4.0 9.0 3.0

Fast 5.0 3.0 6.0 2.0

CP, current practice; PP, proposed practice.
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One group of patients was measured every 6 months, another every 4 months, whereas the wait-and-see
group was measured either two or three times at both baseline and at the end of a 2-year period. Stable
patients (MD 0 dB/year) were generated to examine the effect of the follow-up patterns on false-positive
progression identification. The wait-and-see method identified more patients with rapidly progressing VF
loss with fewer false positives and one fewer VF test. The idea of scheduling VF tests in this way is
particularly applicable to clinical trials in which progression of VF loss is the functional marker for
glaucomatous change.

It is worth noting that an assumption of the recommendations from Chauhan et al.5 is a linear rate of
progression of MD over time. This may not reflect the true nature of glaucomatous deterioration given that
there is some evidence to show patients tend to progress more quickly at older ages.5 Nonetheless, linear
regression of MDs is commonly employed in clinical practice. Furthermore, a linear decline in decibels
represents an exponential decay in retinal sensitivity; thus, although loss of sensitivity could occur at
greater than an exponential rate, no research to date has suggested that another type of model should be
used to measure the rate of decay of MD.

In conclusion, the research presented in this chapter shows that proposed practice (six VF tests in the first
2 years) identifies progression sooner than current practice; however, the clinical effectiveness of proposed
practice over current practice (annual VF testing), in terms of time to detect progression, is less effective
than indicated in Chauhan et al.’s study.5 In the next chapter we investigate the cost-effectiveness of
proposed practice and current practice.
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Chapter 5 Health economic modelling of different
monitoring intervals in glaucoma patients

Background

Glaucoma is a chronic condition: after diagnosis the patient requires care and management for life. Careful
clinical follow-up is required in order to assess stability of the disease and to provide the appropriate level
of treatment. The monitoring and management of the disease represents a significant economic burden to
the NHS. Statistical modelling, described in the previous chapter, highlights the potential benefits of three
VF tests in each of the first 2 years of follow-up in order to detect ‘fast’ progression of VF loss in newly
diagnosed glaucoma patients.5,7 However, the economic consequences relative to the utility that would
derive from such a strategy have not been evaluated. Therefore, this chapter describes a study that
examined the cost-effectiveness of existing practice (annual testing) compared with the recommended
practice of six VF tests in the first 2 years in the newly diagnosed patient. The benefit of moving to such a
strategy is that clinicians would have earlier access to the subject’s rate (speed) of VF loss instead of relying
on risk factors for progression; something that is currently not possible with any certainty.95,96 It would
certainly help clinicians to identify rapidly progressing patients. By accounting for the rate of progression,
clinicians can set better target services for those individuals most likely to move into a state of visual
impairment in their lifetime.5,42,97 Consequently, the productivity of services rendered by the NHS could be
improved by reducing the level of resource consumption by those least likely to have their quality of life
impacted by the disease.

Methods

This section reports the methodology underpinning the health economic model described in this chapter.
Detail is provided on the estimations of parameters that support the model in addition to how the
decisions nodes, which inform how patients move through the model, were identified and incorporated.
This section also describes how the model was validated to ensure it estimates real-world glaucoma care
service in England and Wales. Furthermore, sensitivity analyses are outlined, which were carried out to
analyse how uncertainty in the model’s parameters affect final outcomes.

The model
A Markov model was constructed to model the proposed practice of increased VF monitoring frequency
against existing practice. The Markov model was chosen because of its relative simplicity and relative
transparency in comparison with other models (i.e. discrete event simulations). All the programming for the
model was implemented in Excel (Microsoft Excel 2010; Microsoft Corporation, Redmond, WA, USA).

Markov models ‘stratify’ patients to be always a member of one of its constituent Markov states, a state
that reflects the subject’s existing level of well-being. The members of each state can then move into other
health states dependent on the transition probability. Each Markov state is designated a utility weight and
the individual accumulates utility according to how long he or she remains a member of each state. The
model is run for a length of time (e.g. 25 years) known as the ‘model time horizon’. This time horizon is
broken down into equal parts, denoted as Markov cycles98 (e.g. 1-year intervals). In addition, all Markov
models have at least one absorbing state in which all individuals will eventually enter if the model is given
a sufficiently long time horizon.
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Figure 15 presents a schematic representation of the Markov model constructed in this study. Markov
states represent, from left to right, increasing disease severity. Individuals can start in any of these states
according to the state of their disease at diagnosis. In a particular model cycle, patients can remain within
their existing state of health, or progress towards increased disease severity. Most Markov models would
allow for multidirectional transitional movement, but in the case of an irreversible disease, such as
glaucoma, a unidirectional movement (towards a worse disease severity) is the only transition possible.
In addition, it is assumed that patients move sequentially and cannot skip states because of the relatively
slow evolution of the disease and the yearly defined cycle lengths defined in our model. Patients may also
leave the model and move into the absorbing state (death).

Strategies to follow up individuals with newly diagnosed glaucoma
Within this subsection the NICE guidelines and the proposal by Chauhan et al.5 are reviewed. The
subsection ends with a summary of the strategies included in the economic model.

National Institute for Health and Care Excellence guidelines for glaucoma
Guidelines were produced by NICE to improve the prevention of visual impairment in those with or
suspected of having glaucoma by establishing clinical monitoring and treatment pathways.1 Following
identification of disease, long-term monitoring of IOP fluctuation, the ONH and the VF is required
(Table 11).

Those defined as experiencing disease progression should have their IOP, ONH and VF measured at
2- to 6-month intervals, while those not progressing are recommended to undergo the full spectrum of
testing every 6–12 months. Those with an uncertain definition regarding progression status should be
monitored at 2- to 6-month intervals irrespective of whether or not IOP is at target. Guidelines on IOP
monitoring alone vary according to IOP control, with those achieving target IOP not recommended to
undergo further testing unless progression is identified (1- to 4-month intervals). It is recommended that

Mild Moderate Visually impaired Severe 

Death 

FIGURE 15 Markov model for a glaucoma ‘pathway’.

TABLE 11 NICE guidelines on COAG monitoring intervals

IOP at target Progression

Patient monitoring intervals (months)

IOP only IOP, ONH, VF

Yes No n/a 6–12

Yes Yes 1–4 2–6

Yes Uncertain n/a 2–6

No No 1–4 6–12

No Yes 1–2 2–6

No Uncertain 1–2 2–6

n/a, not applicable.
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patients not achieving target IOP be monitored every 1–2 months if there is any suspicion of progression or
every 1–4 months if progression is not suspected.1

Treatment modalities offered to the patient, as with monitoring, vary according to the risk of the individual
progressing to a state of visual impairment. Those newly diagnosed with early to moderate COAG and at
risk of visual impairment in their lifetime should be offered pharmacological treatment depending on
comorbidities and drug interactions.1 Those with severe COAG and at risk of further visual impairment in
their lifetime should be offered surgical intervention in conjunction with pharmacological treatment.

Monitoring of newly diagnosed glaucoma patients
The work described in the previous chapter supported the idea presented by Chauhan et al.5 that
performing three VF tests in each of the first 2 years of follow-up is helpful in detecting ‘fast’ progression
of VF loss in newly diagnosed glaucoma patients. As discussed before, identification of these patients is
hampered by the large variability of VF test results over time, and thus it was suggested that at least six VF
tests are required in the first 2 years to identify those progressing rapidly (at a power of 80%).5 Two
different strategies, defined as current practice (annual VF testing) and proposed practice (three VF tests
per year in the first 2 years after diagnosis), were modelled. Our specific hypothesis was constrained to
investigating if the proposed practice was more cost-effective than current practice. In short, we seek
the benefit of getting more precise information of progression earlier by using proposed practice. We
speculate that this gain in information, especially in identifying rapidly progressing patients sooner, will
yield improved cost-effectiveness of clinical care.

Model strategies
Table 12, a summary of Table 10 (see Chapter 4), shows how intervention points varied by strategy.
Current practice was specified such that fast progressors (defined as those patients in whom VF MD
worsens by –2 dB/year or more) would be identified after five VF tests, medium progressors (defined as
–1 dB/year) identified after six VF tests, and slow progressors (defined as –0.25 dB/year) or patients defined
as stable identified after 13 VF tests, that is a significant (p< 0.05) slope would be identified by linear
regression of MD after these time periods. These intervention points are based on research by Chauhan
et al.;5 however, we further developed their model by taking into account duration of follow-up, as
described by Alm.90 Full details can be found in Chapter 4. Like the Chauhan et al. research, our
simulations were based on a rate of progression of MD equal to slow (–0.25 dB/year), medium (–1 dB/year)
or fast (–2 dB/year), with statistical power equal to at least 80% and moderate variability (SD of MD
measurements equal to 1). The results of our simulations indicated that proposed practice (six VF tests in
the first 2 years, followed by one VF test per year) identifies fast progressors by the fourth year of
monitoring, medium progressors by the fifth year, and slow and stable progressors by the 12th year, with
at least 80% power.

TABLE 12 Intervention years by strategy

Strategy Speed VFs required
Improved information
intervention year

Current practice Slow 13 14

Medium 6 7

Fast 5 6

Proposed practice Slow 15 12

Medium 8 5

Fast 7 4
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Treatment pathways
To model the decision-making process behind treatment allocation and its impact on the probability of
transition to worse states of disease, ophthalmologists with a specialist interest in glaucoma on the project
management group (hereafter referred to as ‘the clinical review panel’) were consulted to construct
simplified treatment pathways that patients would face in a UK NHS tertiary setting. It was concluded that,
at the initial stages of treatment, decisions on treatment allocation are largely informed by the patient’s
risk of progression [informed by IOP, central corneal thickness, ONH and other clinical assessment], their
existing level of damage and their age. Thus, treatment pathways were specified to depend on a variable
that we denote to be progression risk, existing VF damage and the patient’s age. In short, those classified
as a high priority were more likely to undergo surgical-based treatment strategy, whereas those
categorised as a low priority were more likely to undergo a pharmacologically based treatment strategy.

In order to model the effects of treatment on the probability of transition to a more severe state, the
proportional relationship between IOP reduction and rate of MD progression identified by Folgar et al.99

was used; consequently, a 1mmHg reduction in IOP translated to a 0.1 dB/year improvement in MD rate.
In terms of the treatments, three lines of therapy were defined: first-line therapy was stated as a
pharmacological-based regimen; second line as the patient undergoing argon laser trabeculoplasty (ALT)
treatment alongside topical medication; and third line as surgery (i.e. trabeculectomy). Based on the
recommendations of the clinical review panel, it was assumed that patients would be provided with
pharmacotherapy from the point of identification as a glaucoma suspect; therefore, this level of treatment
was modelled not to have any further reduction on progression rate and, consequently, the probability of
transition. Following a review of literature, the mean improvement in MD rate following ALT (second-line
treatment) was found to be equal to 0.74 dB/year (see Appendix 1, Table 24). In addition, literature
on surgical intervention (trabeculectomy) suggests that it offers a mean improvement in MD rate of
1.22 dB/year (see Appendix 1, Table 25). Transition probabilities were adjusted for cases where
second- and third-line levels of treatment were prescribed.

To map how patients filter through the model into different treatment modalities, treatment pathways
were identified and constructed based on NICE guidelines and expertise from the clinical review panel.
Hypothetical subjects were assigned and categorised according to characteristics based on age, risk of
COAG progression, existing level of damage and rate of progression, resulting in 48 distinct patient
groupings and pathways in the economic model. Within a time period described as ‘imperfect information’,
where the managing clinician is ‘unaware’ of the patient’s rate of progression of glaucomatous VF damage,
the clinical review panel was asked to grade the level of treatment that would be provided to the patient
given his or her age, existing level of damage and risk of COAG conversion. After a defined number of VF
tests, we identified the patient’s progression rate, and then entered into a time period defined as ‘perfect
information’. The clinician now had the opportunity to continue to provide the patient with the existing
degree of treatment, or to increase it (Tables 13 and 14a and b).

TABLE 13 Decision nodes for treatment lines given ‘imperfect information’

Health state

50-year-old 70-year-old

High risk Low risk High risk Low risk

Treatment Treatment Treatment Treatment

1 2 1 1 1

2 2 1 1 1

3 3 2 2 1

4 3 3 3 2

HEALTH ECONOMIC MODELLING OF DIFFERENT MONITORING INTERVALS IN GLAUCOMA PATIENTS

NIHR Journals Library www.journalslibrary.nihr.ac.uk

52



Tables 14a and b detail the interaction between decision nodes utilised in the economic model given
‘perfect information’. For example, a 50-year-old patient entering into glaucoma care at health state 1
(mild damage) and defined as being low risk of progression would receive the first line of treatment.
If the patient was subsequently defined as a ‘fast progressor’, he or she would be moved on to third-line
treatment as a result of the increased risk of moving into a state of visual impairment in his or her lifetime.
This functionality was built into the model in order to reflect the resource reallocation that occurs once the
clinician identifies those patients who are potentially undertreated. This temporal improvement in patient
management is what underpins this study, as the more expedient allocation of efficient treatment
modalities differentiates the proposed practice of increased VF monitoring from what is presently carried
out in clinical practice.

Input data for the model

Baseline patient demographics for model
Health states were defined according to a modified Bascom Palmer glaucoma staging system47 (Table 15)
because of its use of MD and to facilitate data synthesis from studies also using this staging system.

TABLE 14a Decision nodes for treatment lines given ‘perfect information’ (50-year-old)

Health state

High risk Low risk

Stable Slow Medium Fast Stable Slow Medium Fast

1 1 1 2 3 1 1 2 3

2 1 1 2 3 1 1 2 3

3 2 2 3 3 1 1 2 3

4 3 3 3 3 2 2 3 3

TABLE 14b Decision nodes for treatment lines given ‘perfect information’ (70-year-old)

Health state

High risk Low risk

Stable Slow Medium Fast Stable Slow Medium Fast

1 2 2 3 3 1 1 2 3

2 2 2 3 3 1 1 3 3

3 3 3 3 3 2 2 3 3

4 3 3 3 3 3 3 3 3

TABLE 15 Health state definitions

Health state Description MD (dB)

1 Mild –0.01 to –6

2 Moderate –6.01 to –12

3 Severe –12.01 to –20

4 Visually impaired –20>
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This staging system identifies mild glaucomatous VF defects as those with a MD between 0 dB and –6 dB,
moderate VF defects as those with a MD between –6 dB and –12 dB and severe VF defects as those with a
MD between –12 dB and –20 dB; patients with worse MDs are classified as visually impaired.10,11 These
levels of damage were required to exist in the patient’s better eye (the eye with the larger/healthier MD)
rather than their worse eye, since research suggests that the level of VF damage in a patient’s better eye
has a closer relationship with functional vision and utility estimates relative to that of the worse eye.43–46

Patients were, therefore, allocated to one of the four possible health states based on baseline
disease severity.

A retrospective multicentre study of VF databases (PROGRESSOR) was performed to provide baseline
population parameters for the Markov model (see Chapter 4 for details). Findings suggested that the
distributions observed could be represented as two clusters with mean ages of 51.2 years (28%) and
70.2 years (72%); therefore, for simplicity, patients within the model were set to enter the analysis at
either the age of 50 or 70 years in the proportions given (Table 16).

The ages at which patients are specified to enter are important, as returns on investments are dependent
on the residual life expectancy of those being invested in; the longer the residual life expectancy, the
greater the return of investment in terms of quality-adjusted life-years (QALYs) derived and years of visual
impairment avoided. The ages chosen were also required to dichotomise younger patients and older
patients with sufficient differential as decision nodes within the model also vary by age group.

As a result of the clustering analysis, four separate cohorts were identified for individual cohort analysis, in
addition to an analysis of all cohorts (termed full simulation). Patients within the model were dichotomised
by gender and by age characterisation such that we analysed separate cohorts of males aged 50 and
70 years (M50 and M70 cohorts, respectively) and females aged 50 and 70 years (F50 and F70 cohorts
respectively). The results of the full simulation and the M70 cohort were of most interest, as the full
simulation represents all patients within the UK glaucoma service, while the M70 cohort represents the
group of patients least likely to provide cost-effective results, given they have the lowest residual life
expectancies of all cohorts modelled.

In modelling existing damage at first presentation for the younger cohort, 65.0% of patients were specified as
having mild glaucoma, 21.4% were defined as having moderate glaucoma, 10.0% were specified as having
severe glaucoma and 3.7% of patients defined as visually impaired. In the older cohort, these figures were
very similar, 66.2%, 20.9%, 9.3% and 3.7% respectively (Table 17). The mean level of existing VF damage
for the younger cohort was –3.08 dB, –8.32 dB, –15.50 dB and –23.98 dB for the mild, moderate, severe and
visually impaired subgroups, respectively, while these figures were –3.11, –8.42, –15.38 and –23.64,
respectively, for the older cohort.

TABLE 16 Population parameters

Parameter Stratification Input Source

Population Male 52.90% VF database

Female 47.10%

Age distribution at first presentation 50 years 28.15% VF database

70 years 71.85%

Number of individuals modelled 50 years 2815 VF database

70 years 7185

Risk of COAG conversion distribution High 20.00% Assumption

Low 80.00%
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Progression and transition probabilities
The probability of transition from one state to another was defined as a function of the patient’s rate of
progression and his or her existing level of damage (see Appendix 1, Tables 26–29). Following the
methodology suggested by Hernández et al.,100 the transition probability was calculated by first
establishing the cohort mean level of damage then establishing the level of further damage required in
order for a member of the cohort to move into the next health state. The years to threshold was
established by dividing the change required to reach the threshold of the next state by the progression rate
of the cohort. Finally, the transition probability was identified following the methods of Briggs et al.101

Intrinsic to our model is how patients move across health states and progress from a mild disease severity
to visual impairment. The key driver for this element of the model is the progression rate of the individual;
patients are stratified by age group and according to whether they are stable, slow, medium or fast
progressors. For patients in the younger cohort, it was observed that 49.2%, 36.4%, 12.2% and 2.3%
were characterised as stable, slow, medium and fast progressors respectively. For those in the older cohort,
these proportions were 33.8%, 41.0%, 21.0% and 4.2% respectively (see Table 17); these results are

TABLE 17 Model baselines

Parameter Subgroup Stratification Input

Progression rate distribution 50 years old Stable (%) 49.15

Slow (%) 36.36

Medium (%) 12.16

Fast (%) 2.33

70 years old Stable (%) 33.82

Slow (%) 41.00

Medium (%) 20.97

Fast (%) 4.22

Health state distribution 50 years old Mild (%) 65.00

Moderate (%) 21.40

Severe (%) 9.96

Visually impaired (%) 3.65

70 years old Mild (%) 66.20

Moderate (%) 20.90

Severe (%) 9.25

Visually impaired (%) 3.72

Initial mean damage 50 years old Mild (dB) –3.08

Moderate (dB) –8.32

Severe (dB) –15.50

Visually impaired (dB) –23.98

70 years old Mild (dB) –3.11

Moderate (dB) –8.42

Severe (dB) –15.38

Visually impaired (dB) –23.64
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supported by the Canadian Glaucoma Study, which showed that increasing age was associated with a
faster MD worsening rate.36

Once the patient has received a specified number of VF tests, and depending on the patient’s underlying
rate of progression, a period defined as ‘perfect information’ starts. The patient’s rate of progression is
now measured with sufficient accuracy to inform and adjust treatment allocation. At this stage, the patient
is allocated resources compatible with efficient use, depending on his or her risk of reaching visual
impairment within his or her lifetime.

Costs specified within the model

Monitoring costs
A key driver of the cost-effectiveness of proposed practice is the cost of supplemental VF tests. In the
main, these represent a short-term investment which may help clinicians to provide the appropriate level of
service provision in the long term. For our health economic model, these extra VF tests were specified to
be performed by technicians and costs, sourced from the National Schedule of Reference Costs
(2010–11),102 were found to be £56.54 per additional test undertaken (see also Implementation costs).

Treatment costs
The costs of treatment were derived from Traverso et al.,11 as the treatment patterns modelled by the
authors were similar to those in the current study and the glaucoma staging system was identical; thus,
facilitating the resource costs calculation associated with each health state. In seeking to study how
glaucomatous disease severity interacted with resources consumed, the authors established costs for
various stratified disease stages. As our analysis models only three possible lines of treatment, resource
consumption was analysed within the findings of Traverso et al.11 Thus, the treatment pathway identified
by the authors for ‘mild glaucoma’ was specified as the first line of treatment, the pathway identified for
‘moderate glaucoma’ was specified as the second line of treatment and the pathway identified for ‘severe
glaucoma’ was specified as the third line of treatment. These pathways were chosen as they bore the
closest semblance to the three pathways specified in this economic model. Consequently, patients in the
second line of treatment were costed to undergo a trabeculoplasty every 12.3 years (an average of two
times over the 25-year time horizon utilised in this model), while those in the third line of treatment were
costed to undergo a trabeculectomy every 11.2 years. Table 18 indicates that additional consumption of
medications and alternative treatments within lines of treatment were possible. For example, those in the
second line of treatment are costed to undergo a trabeculectomy every 37.0 years; however, given the
starting ages of the cohorts and the 25-year time horizon used, trabeculectomy is a relatively small cost in
this treatment line.

TABLE 18 Resource use

Resource

Treatment line

First Second Third

Cost (£) 777.47 875.47 1083.23

Office visits (per year) 3.0 3.1 3.7

Visual fields (per year) 1.4 1.5 1.6

Medications (per year) 14.4 20.4 21.6

Trabeculoplasties
(per 100 years)

3.5 8.1 5.3

Trabeculectomies
(per 100 years)

2.5 2.7 8.9

Source: Traverso 2005.11
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Treatment costs were converted into pounds sterling, adjusted for inflation (where necessary) at an
average rate of 3.5%, as suggested by Bank of England inflation calculators.103 Consequently, mean
intervention costs per year for first-, second- and third-line treatments were £777.47, £875.47 and
£1083.23 respectively.

Implementation costs
The cost of the infrastructure required to perform increased monitoring at the earliest stage of glaucoma
identification was factored into the analysis. It has been argued that UK ophthalmic services are already
working at full capacity (see Chapter 2) and that increased VF testing would not be possible irrespective of
the benefits that would accrue.104 Therefore, the economic model was specified to assume that extra
capacity would be required to perform more intensive VF testing. Very simple calculations were performed
to estimate the costs of this extra capacity. Given an estimated yearly new incident glaucoma population
of 10,000,1 current practice (annual VF testing) suggests that 20,000 VF tests would be performed on
these patients in the first 2 years. With the proposed practice of six VF tests in the first 2 years, 60,000 VF
tests would need to be performed in the first 2 years, representing a capacity shortfall of 40,000 VF tests.
New infrastructure would therefore be required to enable these extra VF tests to be performed. Based on
the assumption of a 5-day working week with two patients tested every hour per HFA, each machine
would be able to perform 4160 VF tests per year; consequently, 10 HFAs and 10 technicians would be
required to cover this shortfall. Furthermore, assuming an annual wage of £25,000 a year per technician
and a £25,000 price per HFA, the cost of implementing the infrastructure required to fulfil the shortfall in
VF tests would be £410,000. This cost was therefore added as a fixed cost within the model for
proposed practice.

Utilities associated with each health state
The utility weights associated with each health state were derived from Burr et al.,105 who performed a
discrete choice experiment (DCE) focusing on the impact of glaucoma on quality of life. This study was
selected as it was based in the UK and, therefore, of direct relevance to the model presented here, a
requirement of NICE.106 Participants in this study were asked to select one choice out of 32 discrete choice
sets in order to indicate preferences in addition to completing European Quality of Life-5 Dimensions
(EQ-5D) questionnaires and visual analogue scales (VASs). Patients were then objectively graded according
to their binocular VFs using the integrated VF (IVF) method described by Crabb et al.107 The data were
consequently analysed through the use of regression techniques to establish utility weights for each
dimension of the disease, resulting in the derivation of health state utility scores (Table 19). As such, based
on the EQ-5D scores, mild, moderate, severe and visual impairment stages were found to be represented
by utility scores of 0.8015, 0.7471, 0.7133 and 0.5350 respectively.

Model validation
To ensure that the model reflected clinical management in a rational manner, internal and external model
validation was undertaken. Internal validation was performed by varying the parameters used in the
model and analysing whether or not expected and rational outputs were derived. The model was then
adapted or corrected based on the outcomes of these variations relative to assumptions. External validation

TABLE 19 Utilities by severity

Disease severity Utility

Mild 0.8015

Moderate 0.7471

Severe 0.7133

Visually impaired 0.535

Source: Burr, 2007.108
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was achieved by supplying the clinical review panel with access to the model in order to establish whether
or not modelled pathways were representative of that observed within clinical contexts. Feedback was
also provided as to whether or not the model generated rational outputs when parameters were altered
within rational limits.

Base case analysis
The economic evaluation of current practice compared with proposed practice was modelled in full
(including all cohorts of glaucoma patients; ‘full simulation’) and then stratified by each cohort in order to
analyse how the subgroups individually impacted on the model’s findings. Primarily, our analysis focuses on
the findings of the full simulation and that of the M70 cohort, as this specific cohort represents the least
cost-effective cohort within the analysis (given the lower residual life expectancies based on their gender
and starting age). The main outcome of interest was the incremental cost-effectiveness ratio (ICER),
representing the costs per QALY derived by proposed practice. ICERs were established by identifying the
ratio of the changes in costs incurred to the QALYs achieved between current practice and the proposed
strategy; therefore, all costs and effects associated with each strategy were modelled and quantified. The
analysis was conducted from the perspective of the UK NHS, while costs were expressed in 2011–12 pound
sterling. The cost and derived QALYs associated with future treatment were discounted at a rate of 3.5%
per year, as specified by NICE,106 as costs and benefits accrued in the future are valued less than costs and
benefits accrued today.

Sensitivity analysis
Sensitivity analysis seeks to assess how uncertainty in parameter values affects the final outcome of the
Markov model; adjusting values that represent the foundation of the model may fundamentally affect
the cost-effectiveness of compared practices and, therefore, represents a significant aspect of model
development and evaluation. Preliminary sensitivity analysis was performed at the earliest stages of model
development in order to facilitate the understanding of how inputs interact with model outcomes. The key
factors driving cost-effectiveness within the model were established and further focus was placed on
ensuring accuracy in the parameters defining them. One-way deterministic sensitivity analysis (DSA) and
probabilistic sensitivity analysis (PSA) were performed on the outputs generated by the Markov model
once rationality in these outputs was assumed. Finally, a combination between the DSA and PSA was
undertaken in order to study the impact individual parameters have on the probability of acceptance of
proposed practice.

Deterministic sensitivity analysis
One-way sensitivity analysis was undertaken in order to identify which parameters are most important on
outcomes from the economic model; results were displayed as tornado diagrams. These diagrams utilise
the maximal and minimal assumptions of each parameter (Table 20) to create a maximum and minimum
derived ICER, the ratio between changes in costs and changes in effects, with differentials charted in order
of magnitude (largest differentials are located at the top and the lowest at the bottom), creating the shape
of a tornado.

Table 20 indicates the limits for the parameters examined in the tornado analysis. Discount rate, costs and
progression rates were all varied by 50% in order to set maximum and minimum limits. Utility was limited
such that maximum and minimum limits were set to baseline assumptions of the parameters above and
below the specific health state. Treatment effects were limited to the maximum and minimum observations
for MD change associated with the modality identified in the review of literature (see Appendix 1, Tables 24
and 25), while risk distributions were varied by 10% in either direction.

Further DSA, investigating the impact of marginal variations in parameters, was then performed focusing
on the most important parameters identified in the tornado diagrams, namely the utility associated with
health states, the costs of different treatment modalities, the treatment effects associated with these
different treatment modalities, the implementation costs associated with proposed practice, time horizons
modelled and the costs of patients being defined as visually impaired. One-way analysis investigated the
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impact caused by variation in individual parameters on ICERs identified. The parameters for health state
utilities, treatment costs, treatment modality effects, time horizon lengths, costs of implementing the
proposed strategy and the costs of being defined as visually impaired were chosen for investigation,
as they were expected to have the greatest impact on outcomes.

Probabilistic sensitivity analysis
Model parameters were examined using PSA (Table 21), an analysis that attributes probability distributions
around specified parameters with simulations consequently repeatedly performed to establish ICERs.
Simulations were performed 10,000 times in this study, with incremental QALY gains, incremental costs
and the resultant costs per QALY associated with each simulation recorded. Once simulated, ICERs were
calculated and plotted on the incremental cost-effectiveness plane (CEP). From these, cost-effectiveness
acceptability curves (CEACs) were formulated indicating the probability of proposed practice being
accepted at given levels of willingness to pay.

Combined deterministic and probabilistic sensitivity analysis
Finally, a combination of the PSA and the DSA was performed in order to further examine the relationships
between important parameters in the model and the probability of acceptance of proposed practice at a

TABLE 20 Limits for tornado diagram

Description Parameter

Parameter estimations

Baseline Low High

Discounting Discount rate (%) 3.50 1.75 5.25

Cost First line (£) 777.47 388.74 1166.21

Second line (£) 875.47 437.74 1313.21

Third line (£) 1083.23 541.62 1624.85

Utility Health state 1 0.8015 0.7471 0.9720

Health state 2 0.7471 0.7133 0.8015

Health state 3 0.7133 0.5350 0.7471

Health state 4 0.535 0.2700 0.7133

50-year-old progression rate distribution Stable (%) 49.15 24.58 73.73

Slow (%) 36.36 18.18 54.54

Moderate (%) 12.16 6.08 18.24

Fast (%) 2.33 1.17 3.50

70-year-old progression rate distribution Stable (%) 33.82 16.91 50.73

Slow (%) 41.00 20.50 61.50

Moderate (%) 20.97 10.49 31.46

Fast (%) 4.22 2.11 6.33

Treatment effect First line 0.00 0.00 0.00

Second line –0.74 –0.51 –0.95

Third line –1.22 –0.97 –1.41

Risk High risk (%) 20.00 10.0 30.0

Low risk (%) 80.00 70.0 90.0

Implementation Cost (£) 410,000.00 287,000.00 820,000.00
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given willingness to pay. VF test costs, discount rates, risk distributions and costs of visual impairment were
all selected to be analysed in combination with the PSA. The cost of performing individual VF tests was
varied to gauge its impact on probabilistic cost-effectiveness (see Appendix 1, Table 30); cost was varied
from £38.76 (lowest estimation) to £70.45 (highest estimation) following the maximum and minimum
assumptions of the National Schedule of Reference Costs (2010–11).102 Discount rates were also varied
to see how time preferences may impact on model findings. Time preference was varied between a
low discount factor of 0% (future costs and utility valued the same as they would be today) and a high
discount factor of 5% (future costs and utility valued less than they are today). The proportion of patients
defined as being at high and low risk of progression was also varied to analyse how this parameter
impacted on probabilistic cost-effectiveness. An initial division of 80% and 20% in low- and high-risk
categories, respectively, was modelled. In the PSA, the percentages were varied to 90% and 10%, and to
70% and 30%, for the low- and high-risk groups respectively. Finally, as the economic model was
performed from the perspective of the UK NHS, and thus did not account for the costs to society of
patients progressing to visual impairment, analysis of the impact that a change in perspective may have
on outcomes was introduced, with costs of patients being defined as visually impaired incorporated
(see Appendix 1, Table 33). Per annum costs to society of £250, £500, £750, £1000 and £1758.50
(the figure at which costs of visual impairment cause proposed practice to derive a lower total cost than
current practice, therefore dominating it) for each patient defined as visually impaired were,
therefore, introduced.

Results

Base case analysis
In total, 10,000 patients entered into the model under the full simulation at the various defined health
states, while 3801 patients entered into the model under the M70 cohort. Under the full simulation , a
positive cost differential of £294 per patient was identified between proposed practice and current practice
(Table 22), unsurprisingly implying that higher costs were associated with proposed practice. A positive
utility differential of 0.01 QALYs per patient was also identified, implying greater utility associated with
proposed practice. Thus, an ICER of £21,679 was derived for proposed practice, a figure within the
hypothetical NICE ceiling ratio of £30,000.109 For the M70 cohort, incremental costs per patient and
incremental utility per patient between strategies were identified as £288 and 0.011 respectively.

TABLE 21 Parameter distributions for probabilistic sensitivity analysis

Description Parameter Mean Distribution Alpha Beta

Utility Health state 1 0.8015 Beta 37.94 9.40

Health state 2 0.7471 Beta 278.07 94.13

Health state 3 0.7133 Beta 49.11 19.74

Health state 4 0.535 Beta 9.87 8.58

Costs First line £777.47 Gamma 15.37 50.60

Second line £875.47 Gamma 15.37 56.98

Third line £1083.23 Gamma 15.37 70.50

Implementation £410,000 Gamma 9.09 45,093.55

Treatment effects First line 0.00 dB n/a n/a n/a

Second line –0.74 dB Gamma 19.56 0.04

Third line –1.22 dB Gamma 46.14 0.03

n/a, not applicable.
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The resulting ICER was thus equal to £26,531/QALY, a ratio higher than that derived from the full
simulation owing to the lower residual life expectancies of patients in the cohort.

Findings were reflected in the F70 cohort with per patient cost and utility differentials of £293 and 0.013
QALYs, respectively, and an ICER equal to £21,923. Outcomes for the M50 and F50 cohorts were lower
than that of the full simulation, as the residual life expectancies analysed for these cohorts were lower.
Incremental costs per patient were equal to £301, incremental utility per patient equalled 0.017 QALYs
and 0.018 QALYs and ICERs equalled £17,655/QALY and £17,013/QALY, for the M50 and F50
cohorts respectively.

Of the 10,000 patients who entered into the model under the full simulation, a total of 834.65 visual
impairment-years were saved with proposed practice (Table 23). In the M70 cohort, this number was
229.18 years saved for proposed practice, while, in the M50, F50 and F70 cohorts, 173.97, 162.91 and
268.58 years were saved respectively.

Probabilistic sensitivity analysis
Greater variability was observed in CEP plots for the 70-year-old cohorts than for the 50-year-old cohorts;
simulated incremental costs associated with the 70-year-old cohorts were considerably higher than those
associated with the 50-year-old cohorts because more older patients were simulated in the model, while
incremental utilities were also significantly higher in the 70-year-old cohorts than in the 50-year-old
cohorts (Figure 16). In addition, there were twice as many observations in the north-west (dominated)
quadrant of the plane in the 50-year-old cohorts (M50= 540, F50= 578) than in the 70-year-old cohorts
(M70= 211, F70= 219).

TABLE 22 Base case analysis results

Cohort

CP PP Incremental

ICER (£)
Average
costs (£)

Average
QALYs

Average
costs (£)

Average
QALYs Cost (£) QALYs

M 50 12,903 10.97 13,204 10.98 301 0.02 17,655

70 5339 4.25 5627 4.26 288 0.01 26,531

F 50 13,289 11.33 13,590 11.35 301 0.02 17,013

70 6065 4.91 6358 4.92 293 0.01 21,924

Full simulation 7765 6.41 8059 6.43 294 0.01 21,679

CP, current practice; PP, proposed practice.

TABLE 23 Visual impairment-years saved

Cohort VI-years saved

M 50 173.97

70 229.18

F 50 162.91

70 268.58

Total 834.65

VI, visual impairment.
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FIGURE 16 Cost-effectiveness planes by cohort. (a) M50; (b) base case; (c) F50; and (d) F70. (continued )
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Subsequently, CEACs were defined from these simulations (Figure 17). Willingness to pay for each QALY
gained was varied from £0 to £50,000 and the proportion of simulations deemed acceptable at this level
was noted. Similarly shaped CEACs were observed for the M50 and F50 cohorts, and for the M70 and F70
cohorts. At a £30,000 cost per QALY ceiling ratio, the proportion of observations deemed acceptable in
the M70, F70, M50 and F50 cohorts was 57.33%, 67.78%, 73.36%, and 74.26% respectively. When the
ceiling ratio was increased to £50,000 cost per QALY, the proportion of observations deemed acceptable
was 81.69%, 86.35%, 84.22%, and 84.44% for the M70, F70, M50 and F50 cohorts respectively. The
50-year-old cohorts’ CEACs were observed to plateau sooner than those for the 70-year-old cohorts, with
the M70 cohort CEAC consistently lower than in other cohorts in terms of probability of acceptance. The
F70 cohort’s CEAC was consistently lower than those from the 50-year-old cohorts up until the £42,000
per QALY mark, at which point its ICER had an increased probability of acceptance compared with the
50-year-old cohorts.

Deterministic sensitivity analysis: one-way analysis
One-way analyses verified that the M70 cohort was the least cost-effective subgroup for all parameters
examined, while the F50 cohort the most cost-effective cohort; this result is expected given the differences
in each cohort’s residual life expectancies and, therefore, the ability to recoup investment. In addition, the
results for the M50 and F50 cohorts were closer than those observed between other combinations of
cohorts owing to the similarities between these cohorts’ residual life expectancies.

Health state utilities
The utilities associated with health state membership were varied in 0.01-QALY increments from baselines
of 0.8015, 0.7471, 0.7133 and 0.5350 for utility health states 1, 2, 3 and 4, respectively, and the impact
on the ICER was assessed (Figure 18). A negative relationship between the parameters and ICERs was
observed for the utility associated with health state 1 for all cohorts, although only a decrease in utility in
the M70 cohort was found to push ICERs above £30,000 per QALY. Similar findings were observed for the
utility associated with health state 2; however, a reduction in this utility caused an accelerated increase in
ICERs for the M50 and F50 cohorts compared with the 70-year-old cohorts. When the utilities of health
states 3 and 4 were examined, a positive relationship existed between the parameters and cohort ICERs.
Within utility health state 3, the M70 and M50 cohorts were found to surpass the £30,000 per QALY ratio
when utilities were increased; however, only the M70 cohort tipped this ratio when the utility of health
state 4 was examined.

Treatment costs
Treatment costs were varied by increments and decrements of £25, in the range ± £125 from a baseline of
£696.49, £784.28 and £970.40 for first-, second- and third-line treatment costs, respectively (Figure 19).
For first-line treatment costs, a negative relationship was observed between this parameter and ICERs
of all cohorts, but the M70 cohort was the only grouping to surpass the £30,000 per QALY mark when
treatment costs were reduced to £600. For second-line treatment costs, a positive relationship was found
in the M70 and F70 cohorts, while a marginal negative relationship was observed in the M50 and F50
cohorts; however, the £30,000 per QALY mark was not exceeded in any cohort. For third-line treatment
costs, a slight positive relationship was observed in all cohorts; however, the £30,000 per QALY mark was
not surpassed for any cohort. The nature of these relationships can be attributed to the fact that proposed
practice and current practice utilises the different treatment lines to varying extents across the patient
characteristic framework (for example, proposed practice implements the first line of treatment to a lesser
degree than current practice, as it identifies fast progressors sooner and, thus, these patients receive more
aggressive treatments lines earlier).

Treatment modality effects
First-line treatment effects on rate of VF progression were analysed in 0.05 dB/year decrements from
0 to –0.5 dB/year from a baseline of 0 dB/year, –0.74 dB/year and –1.22 dB/year for first-, second- and
third-line treatment costs, respectively (Figure 20). It is worth noting here, again, that an improvement in
treatment effects is associated with a decrease in the rate of MD progression. The second- and third-line
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FIGURE 18 One-way analysis of utility health states. (a) Utility health state 1, baseline = 0.8015 QALYs; (b) utility
health state 2, baseline = 0.7471 QALYs; (c) utility health state 3, baseline = 0.7133 QALYs; and (d) utility health
state 4, baseline = 0.5350 QALYs.
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FIGURE 19 One-way analysis of treatment costs. (a) First-line treatment costs; (b) second-line treatment costs; and
(c) third-line treatment costs.
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treatment effects were varied in increments or decrements of 0.05 dB/year and the impact on the ICER was
assessed in the range ± 0.25 dB/year. For first-line treatment effects, an improvement in effectiveness
increased ICERs. The M70 cohort surpassed the £30,000 per QALY mark at –0.15 dB/year, while the F70
cohort exceeded this ceiling ratio at roughly –0.3 dB/year; the F50 and M50 cohorts did not surpass the
£30,000 per QALY mark. When second-line treatment effects were examined, improving effectiveness
increased ICERs in the M50 and F50 cohorts and decreased ICERs in the M70 and F70 cohorts. However,
the £30,000 per QALY mark was only surpassed by the M70 cohort when the treatment effect was equal
to approximately –0.6 dB/year. Improving effects for third-line treatment decreased ICERs for all cohorts,
with no cohort surpassing the £30,000 per QALY mark.

M50 ICER
Base case ICER
F50 ICER
F70 ICER

60

50

40

30

20

10

0

IC
ER

 (
£0

00
s/

Q
A

LY
)

(a)

–0.5
Treatment effect

–0.45 –0.4 –0.35 –0.3 –0.2 –0.15 –0.1 –0.05–0.25 0

M50 ICER
Base case ICER
F50 ICER
F70 ICER

IC
ER

 (
£0

00
s/

Q
A

LY
)

40

35

30

25

20

15

10

5

0

(b)

–0.5
Treatment effect

–0.6 –0.65 –0.7 –0.74 –0.8 –0.85 –0.9 –0.95 –1–0.55

M50 ICER
Base case ICER
F50 ICER
F70 ICER

IC
ER

 (
£0

00
s/

Q
A

LY
)

35

30

25

20

15

10

5

0
–0.95

(c)

–1 –1.05 –1.1 –1.15 –1.22 –1.25 –1.3 –1.35 –1.4 –1.45
Treatment effect

FIGURE 20 One-way analysis of treatment effects. (a) First-line treatment costs; (b) second-line treatment costs; and
(c) third-line treatment costs.

HEALTH ECONOMIC MODELLING OF DIFFERENT MONITORING INTERVALS IN GLAUCOMA PATIENTS

NIHR Journals Library www.journalslibrary.nihr.ac.uk

68



Implementation costs, visual impairment costs and time horizons
The costs of implementing proposed practice, the costs of patients progressing into a state of visual
impairment and the time horizons utilised in the model were also chosen for one-way analysis.
Implementation costs were varied between £0 and £900,000 in £100,000 steps and the impact on the
ICER was assessed from a baseline of £410,000. Increasing implementation increased ICERs in all cohorts;
the £30,000 ceiling ratio was exceeded in the M70 cohort only when this cost was equal to roughly
£800,000. Costs of visual impairment were expanded to £9000 per subject in £1000 increments from the
initial baseline assumption of £0 as a result of the NHS perspective of the model. As visual impairment
costs increased, ICERs decreased for all cohorts, with the total cost associated with current practice
superseding that of proposed practice over the 25-year time horizon at approximately £5000 for the
M70 cohort, £4000 for the F70 cohort and £2500 for the M50 and F50 cohorts. The impact of the time
horizon was examined at 5-year intervals in both directions. For all 70-year-old cohorts, ICERs were
observed to begin plateauing after 15-year time horizons; however, ICERs grew exponentially below
15 years. For the 50-year-old cohorts, ICERs were observed to continually shrink as time horizons expanded
with reductions beginning to plateau after a horizon length of 45 years. All cohorts surpassed the £30,000
per QALY mark when the time horizon was shortened to approximately 10 years in length.

Deterministic sensitivity analysis: tornado analysis
Tornado diagrams were constructed to represent model outcomes for the limits associated with each
parameter, thereby mapping how the maximum and minimum values impact on ICERs. In addition, the
costs associated with progressing into visual impairment were also explored using deterministic sensitivity
analysis. For all parameters, outcomes were sorted in order of ICER impact, resulting in the tornado
appearance. Tornado analysis was performed on both the full simulation results (Figure 21) and
individual cohorts.

When analysing the full simulation data, utility health states were found to have the greatest impact on
the derived ICER. In particular, utility health state 4 had the most significant impact, with findings
suggesting that the variability around this parameter was sufficient to push the ICER beyond the £30,000
ceiling ratio. The projected cost of visual impairment was the next most important factor in the tornado
analysis, altering the ICER by ±£12,326.98, with the lowest estimation of visual impairment costs sufficient
to push the ICER beyond the £30,000 per QALY mark. Costs associated with the different treatment
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modalities were the next most important parameters with the variability around the cost of first-line
treatment affecting the ICER most, followed by second- and, then, third-line treatments. The percentage of
patients with a moderate rate of progression in the 70-year-old cohorts featured next in the diagram,
followed by discount rate. All other parameters had less than a £5000 impact on the ICER from the
minimum to maximum value.

When deterministic sensitivity analysis focused specifically on the M70 cohort, a greater number of
parameters pushed the ICER beyond the £30,000 per QALY limit, including the utility associated with
health states 1, 3 and 4, the costs of visual impairment, the costs of first- and second-line treatments,
the proportion of patients with moderate or slow progression in the 70-year-old cohorts and, finally, the
effects associated with second-line treatment. Within the M50 and F50 cohorts, the only parameter
observed to drive the ICERs beyond the £30,000 cut-off was the cost of visual impairment. For the F70
cohort, three parameters forced ICERs beyond this ceiling ratio, namely the utility health state 4, the costs
of visual impairment and the percentage of patients with moderate VF progression.

Deterministic and probabilistic sensitivity analyses combined
The DSA of VF costs, discount rates, risk distributions and costs of visual impairment was combined with
PSA in order to examine how variation in this specific parameter may impact on the probability of
acceptance for proposed practice at given willingness to pay (see Appendix 1, Tables 30–33).

In terms of VF costs, analysis was varied from the baseline of £56.54 and varied from a maximum of
£70.45 to a minimum of £38.76. In the base-case analysis at a £30,000 willingness-to-pay threshold, an
increase in the cost of a VF test reduced the probability of proposed practice being cost-effective from
57.33% to 45.63%, while the low estimation increased probability to 71.11%. Altering this cost in
the other cohorts produced similar results, but with a smaller percentage change, particularly in the
50-year-old cohorts.

In terms of discount rates utilised, analysis was started from the baseline of 3.5% and varied from a
maximum of 5% to a minimum of 0%. In the base-case cohort with a £30,000 willingness-to-pay
threshold, the removal of discounting increased the probability of cost-effectiveness from 57.33% to
71.91%, while an increase in discounting reduced this probability to 49.13%; similar results were
identified in the other cohorts. The differences in the probability of cost-effectiveness between the low
discount and high discount were found to reduce as willingness to pay per QALY gained was increased.

In terms of the risk distributions assumed within the model, analysis started at the baseline of 80% low
risk and 20% high risk, and this was varied from a ratio of 70% low risk : 30% high risk to 90% low
risk : 10% high risk. In the base case with a £30,000 willingness-to-pay threshold, a decrease in the
proportion of high-risk patients increased the probability of cost-effectiveness from 57.33% to 57.34%,
while an increase resulted in a reduction of probability to 55.06%. These findings were generally reflected
in the other cohorts.

Finally, in terms of the costs of visual impairment, analysis was varied from a baseline of £0 and varied
from a maximum of £1758.50, the maximum degree of visual impairment costs before current practice
became dominated by proposed practice. The introduction of costs of visual impairment to the base case
increased the probability of proposed practice being cost-effective with visual impairment costs of £250,
£500, £750, £1000 being associated with an increase in probability of 4.04%, 5.87%, 9.68%, 12.76%
and 86.73%, respectively, at the £30,000 willingness-to-pay threshold.
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Summary and discussion

The study described in this chapter sought to examine whether or not increased VF monitoring at the
earliest stages of disease identification (i.e. six VF tests in the first 2 years after diagnosis) would be
cost-effective compared with the current practice of one VF test per year. The economic evaluation results
show that proposed practice is associated with higher costs, but more QALYs, than current practice. Under
the full simulation, the ICER was £21,679 and 834.65 years of visual impairment were avoided with
proposed practice (10,000 individuals). When the model was run for the male cohort who were 70 years
old (lowest residual life expectancies relative to the other cohorts), the ICER rose to £26,531, with a
probability of being cost-effective at 57.3% at £30,000 threshold value. Since the economic model was
constructed from the perspective of the UK NHS, when societal gains are accounted for (the costs of visual
impairment beyond the UK NHS), the cost-effectiveness of proposed practice expands.

Comprehensive DSA and PSA were performed. DSA identified that the ICERs were most sensitive to the
uncertainty surrounding the parameters utilised for utility health states, particularly for utility health state 4,
while the uncertainty associated with the costs of the different treatment lines was also found to impact
on the derivation of the ICER.

It should be noted that the decision nodes informing the framework behind our model impact
considerably on the differentials between proposed and current practice. While the clinical review panel
was consulted during the formulation of the nodes, other glaucoma subspecialists may disagree with the
step increases in treatment lines used. In particular, some clinicians may not subscribe to the view that
the information gained from increased VF monitoring forms such a vital component in decision-making.
Nevertheless, VF testing remains the only direct method for measuring patients’ visual function and,
therefore, to gauge if a treatment is effective in avoiding future impairment.

Model baselines and patient characteristics
Key components of the economic evaluation of current practice compared with proposed practice were
the patients’ demographics and characteristics of their glaucomatous VF defects. We undertook a
comprehensive analysis of VF data from four eye hospitals in England, comprising almost half a million VF
tests. Just over 2% of the 50-year-old cohorts progressed at a ‘fast’ rate, while 4.22% of the 70-year-old
cohorts progressed at this rate. While these percentages were notably small, the relative values were also
of interest, as they provide evidence that older patients tend to suffer a faster rate of progression than
younger patients, supporting recent published research.36 An attempt was made to ensure that the
distribution of patients across different health states in the model was reflective of that observed in
real clinics. For example, if the proportion of those already diagnosed with severe glaucoma or visual
impairment in the model was overestimated, possible utility gains associated with proposed practice would
be understated. Examination of the four VF databases revealed that more patients in the 50-year-old
cohorts than in 70-year-old cohorts would be defined as having severe glaucoma, while the proportion of
patients classified as visually impaired was similar in both cohorts.

Costs and utility outcomes

Costs of treatment
Under one-way analysis, an inverse relationship was observed between first-line costs and
cost-effectiveness of proposed practice while the converse was true for second- and third-line treatments.
This can be explained by the fact that proposed practice is less biased towards first-line treatment than
current practice; decision nodes indicated that first-line treatment is prescribed in 7 out of the 16 (44%)
possible patient characteristic combinations when patients’ rate of progression is unknown, while only
14 out of the 64 (22%) possible patient combinations were prescribed this level of treatment once
rates of progression were identified. Proposed practice accelerates the time taken to identify the rate of
progression and, therefore, first-line treatment is used to a lesser extent than in current practice. This
implies that a reduction in costs of first-line treatment would reduce the cost of current practice more than
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proposed practice. Conversely, second- and third-line treatments are more prominent in proposed practice
for the 70-year-old cohorts, causing ICERs to rise when the costs of these modalities rise. However, no
major impact was observed with an ICER of £26,907 and £26,629 when second- and third-line treatment
costs were expanded to £900 and £1100, respectively, in the M70 cohort. Tornado analysis suggested that
first-line treatment cost is the most sensitive parameter, followed by second- and third-line treatment costs;
however, 50% variations in these parameters were not significant enough to push ICERs beyond £30,000
per QALY.

Health state utilities
Tornado analysis under full simulation identified utility health state 4 as the most important parameter
impacting on the ICER and, at its highest estimation, the ICER expanded to £38,829. Furthermore, it was
the only utility parameter to push the estimation of cost-effectiveness beyond the accepted NICE £30,000/
QALY ceiling ratio. It should be noted that the minimum value assumed for this parameter was adjusted to
be equal to utility health state 3, implying that VF progression from severe glaucoma to visual impairment
does not impact on patients’ quality of life. Thus, investing in the implementation of proposed practice
depends on reducing the number of patients making the transition to severe glaucoma, which is
accordingly less cost-effective. Cohort analysis of health state utilities indicated that the sensitivity of this
parameter varied by age group. While utility weight for visual impairment state was identified as the most
significant parameter for the 70-year-old cohorts, utility weight for severe glaucoma was found to be the
most significant in the 50-year-old cohorts. This was expected because, on average, disease stage is more
advanced and progression faster in 70-year-old cohorts than in 50-year-old cohorts.

Treatment modality effects
Deterministic sensitivity analysis was also performed on treatment effects associated with each line of
treatment to assess their impact on findings. Treatment effects play a prominent role in the derivation
of cost-effectiveness, as the benefit of early identification of fast progressors is to provide them with a
level of treatment that allocates resources efficiently; thus, if treatments were found to be similar in terms
of effects, the benefits of proposed practice would not be realised.

One-way analysis of first-line treatment effects was found to produce consistent outcomes, with an
increase in efficacy expanding ICERs at an exponential rate. These findings were consistent with
expectations because increase in efficacy at the first line of treatment reduces the productive efficiency
gains associated with moving patients to the second and third lines of treatment. The variation in
second-line treatment effect impacted on the 70-year-old cohorts in a consistent fashion, with an increase
in treatment effect reducing ICERs, while a reduction in treatment effect expanded them. For the
50-year-old cohorts the reverse was the case, with an increase in treatment effect expanding ICERs and a
decrease contracting them. This can be explained by the decision nodes attributed to each cohort, as,
when the 50-year-old cohorts were prescribed the same lines of treatment as the 70-year-old cohorts, the
ICERs produced a similar pattern of results in both groups of cohorts. Third-line treatment outcomes were
consistent with expectations, with expansions in treatment effects reducing ICERs as patients are moved to
the third line sooner with the proposed practice compared with current practice.

Tornado analysis of treatment effects found none of these parameters pushed ICERs beyond £30,000 per
QALY. Thus, the model implies that the costs of increasing VF monitoring after VF diagnosis, even in all
patients, would not be prohibitive. In addition, first-line treatment effect did not impact on the full
simulation or individual cohort ICERs as the model was specified such that patients receive this line of
treatment before commencement of these strategies. Under the cohort analysis, treatment effects did not
have a significant impact on ICERs, with second-line treatment effects observed to have the biggest
impact, especially in 70-year-old patients as a result of the fact that older patients are more likely to be
conferred second-line treatment than third-line treatment compared with 50-year-old patients.
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Modelled time horizons
One-way analysis of the time horizon utilised was performed in order to assess how cost and utility
streams impact on the derived ICER. Within the context of this study, proposed practice frontloads costs as
extra VF monitoring takes place at the early stages of analysis. Consequently, as the time horizon was
contracted, the ICER for all cohorts became less cost-effective, especially as time horizons approached
5-year levels. Conversely, as time horizons expanded past 25 years, marginal gains were achieved, but
these were limited by the residual life expectancies of the cohorts as a significant proportion of patients
were absorbed by the death state after this period.

Cost-effectiveness acceptability curves were generated by varying willingness to pay; this analysis verified
the hypothesis that the M70 cohort would provide the least cost-effective results with probabilities of
acceptance lower than all other cohorts at all levels. The M50 and F50 cohorts produced similar outputs
because of their similar residual life expectancies, and were more likely to be cost-effective as a cohort.
It was also observed that the probability of the F70 group being cost-effective increased at a greater rate
than other cohorts as willingness to pay expanded. This is explained by the fact that an increase in
willingness to pay acts as a greater constraint to the probability of acceptance for older patients than
younger patients given their lower residual life expectancies.

Deterministic sensitivity analysis was then combined with PSA in order to examine interactions with the
derivation of CEACs. Each parameter was marginally altered and CEACs were resimulated to identify how
these alterations impact on the probability of the proposed practice being acceptable at a given willingness
to pay. Consequently, the impact of VF test costs, discount rates, risk distributions and costs of visual
impairment on the CEACs was examined (see Appendix 1). The resultant CEACs produced rational results
given the marginal variations in these parameters; however, it was noted that, in the case of the risk
distributions, there was relatively little movement in the CEACs when this parameter was pushed to its
rational limits. Furthermore, when costs of visual impairment were pushed to the limit identified as the
watershed between which total costs of proposed practice became lower than those of current practice,
the probability of acceptance of the proposed practice rose significantly, with low levels of willingness to
pay still producing a considerable probability of acceptance.

The impact of VF test cost was larger in scale within the 70-year-old cohorts than within the 50-year-old
cohorts, which was expected given that the younger cohorts have a longer period of time to recoup utility
associated with the initial investment given their longer residual life expectancies.

The analysis performed in this study differs to that of van Gestel et al.110 in several ways. We used a
different type of model (Markov opposed to discrete event simulation [DES]) and a very different structural
framework underpinning the models. We also sought to analyse the cost-effectiveness of increased
monitoring at the earliest stages of glaucoma identification. van Gestel et al.110 chose to increase follow-up
across the full horizon of analysis, which largely explains the differentials in ICERs associated with each
study. In contrast to our findings, the van Gestel et al. study suggests that reduced monitoring across their
model’s full treatment horizon may result in productive gains at specific willingness-to-accept thresholds.
Nevertheless, our study and the van Gestel et al. model are not directly comparable, with the latter
focusing on lifelong IOP monitoring and management, whereas our study centres on VF progression.
Furthermore, following NICE recommendations,106 our model primarily sourced data from the UK while
van Gestel et al. used Dutch population data. Finally, our model had a single objective – to investigate
the cost-effectiveness of increased early stage monitoring in the simplest, most accessible, method
possible – whereas the DES model by van Gestel et al. aimed to provide a more complex and malleable
model, therefore hindering comparison. However, it is worth noting that the economic model constructed
in this study can be considered as a hybrid between Markov modelling and DES methods, as one
significant benefit of the DES model is its ability to simulate patient characteristics within its framework,
something that Markov models have not generally been able to do with transparency.111 The Markov
model has been constructed such that patient characteristics do inform how patients move across the
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model over time; patients’ ages, genders and risk profiles are all taken into account within decision nodes
and, therefore, transition probabilities.

Clinical management
Intrinsic to any model mapping clinical management is ability to sufficiently replicate true practice.
Economic models, whether in the form of Markov models or DESs, are quite limited in their ability to
reproduce clinical decision-making in the real world. Our model sought to limit this constraint by seeking
the advice of practising ophthalmologists in order to provide interpretation of what informs clinical
decision-making in glaucoma management. Clearly, decision-making can vary from clinician to clinician;
for example, some clinicians may take a more aggressive stance than others when it comes to
glaucoma treatment.

In order to facilitate the transparency of the model, the decision nodes defining treatment pathways were
simplified. As a consequence, it was not possible to include patient preferences in treatment prescription.
Patient preferences represent a growing concern in health-care provision within the UK, with NICE
explicitly identifying its incorporation as a key objective within its guidelines for treatment of glaucoma.1

A key objective of NICE is to inform patients about treatments so that their preferences can be considered,
maximising patient input. Within the context of the economic model here, it is possible that some
glaucoma patients would wish to avoid surgical procedures despite being identified as fast progressors;
this is important to bear in mind when interpreting the results from our model. If such a situation was
included in the model, the cost-effectiveness of proposed practice would be reduced as the increase in
power of information would not yield the same improvements in VF progression in these individuals.

Furthermore, it was assumed that patients entering into the model were immediately provided with
first-line treatment, as this is usually prescribed as soon as an individual is identified as having COAG.
This might be considered a limitation of our model. However, all patients were prescribed this treatment
within the model’s decision nodes so as not to derive an increase in treatment effect and therefore a
reduction in probability of transitioning to a worse health state. A small subset of patients may not be not
prescribed prior treatment, but we reduced the likelihood of this event in the model by only including
patients with significant VF damage at presentation (patients with an MD or pattern standard deviation
outside 95% normal limits).

Trend of visual field deterioration
An assumption of our model is that progression of MD is linear. While many previous studies have
modelled MD in this way,108 the analyses of VF data in this report provides evidence that this model may
be an oversimplification. After bimodal stratification of patients’ age, it was observed that a larger
proportion of older subjects than of younger subjects progressed at a fast rate; this finding is also
supported by recent research.36 Further studies are required to better understand the progression of
glaucomatous VF loss and MD over time.

Within our Markov model, it was stipulated that stable patients would be provided with the same level of
treatment as those identified as slow progressors. This stipulation is questionable as some clinicians may
decide to monitor these patients less frequently if it appears that a reduction in quality of life will not
occur within their lifetime. However, this would result in an increase in cost-effectiveness of early stage
monitoring as, by removing or reducing treatment for this cohort, cost savings would be made without
reducing the utility derived from proposed practice since disease is not worsening in this cohort.

Our model, and others, also fail to take account of false-positive decisions that might arise from increased
testing. No attempt has been made to consider the prospect of false ‘overtreatment’. A discussion of this is
given elsewhere.94 A development of our model should include some attempt to consider this important
aspect of managing patient.
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Costs within the model
Given results from the multisite clinical audit (see Chapter 1), it was assumed that existing service provision
was performing at 100% capacity and that further infrastructure would be required in order to undertake
proposed practice. However, efficiency gains in the management and organisation of VF testing may be
possible. It was beyond the scope of this study to examine in detail the costs associated with extra
resource use, but cost of implementation was incorporated into DSA and PSA to gauge its impact on final
outcomes; a parameter value of £410,000 was varied between a derived minimum limit of £287,000 and
a maximum limit of £820,000, resulting in ICERs of £20,770 and £24,706 (full simulation) and £25,398
and £30,303 (M70 cohort) respectively. These findings are very important because they indicate that
uncertainty around implementation costs should not necessarily limit the final assessment of model
outcomes, as the parameter was only found to surpass £30,000 per QALY by £303 in the cohort deemed
to be the least cost-effective. However, it should be noted that alternative methods of calculating
implementation costs exist. For example, if the additional VF tests required for proposed practice (40,000)
were to be multiplied by the costs of performing VF tests (£56.54), an implementation cost of £2,261,600
would be arrived at. If this implementation cost was utilised within our model, a full simulation ICER of
£35,352 would be identified, a figure higher somewhat higher than the £30,000 per QALY ceiling
ratio associated with NICE. A scoping exercise about service provision for increasing VF testing is
therefore recommended.

Under the current health economic model, a static interpretation of costs across the 25-year time horizon
was adopted, which does not account for the impact of pharmaceutical patent expiry and, thereby, the
introduction of generic pharmacotherapy. The accessibility of generic medications to health-care providers
would reduce costs associated with all three treatment modalities, since each includes topical medication
components. Given that both current practice and proposed practice incur medication costs, the impact of
a reduction in such costs on the ICER is difficult to theorise, as these cost parameters interact with each
strategy to differing extents. It is worth noting that medical costs may also expand as a result of the
introduction of generic medications. LeLorier et al.112 examined the impact of the launch of the generic
substitution of lamotrigine (Lamictal®, GlaxoSmithKline, Brentford, UK), an anti-epileptic drug, in Canada
between 2002 and 2006; the authors found that generic lamotrigine was associated with higher overall
medical costs than the branded alternative because of increases in non-pharmacotherapy cost components
of treatments.

The economic model was specified from the perspective of the UK NHS; consequently, it accounts for only
direct costs of the disease and not for any indirect costs or social costs. This is an important limitation and
has consequences on the precision of our estimates for cost-effectiveness. Still, indirect costs and societal
costs can only really add to the utility of the preferred practice. Previous studies have sought to quantify
these costs in order to analyse their importance in glaucoma management and visual impairment.
Lafuma et al.113 estimated the non-medical costs associated with visual impairment in France, Italy, Germany
and the UK. Local prevalence rates of visual impairment were established along with estimates for the rates
of non-registered visually impaired persons. Estimates of non-medical costs included institutional care,
non-medical devices, residential adaptations, burden on carer, paid home help, loss of income and social
allowances related to visual impairment. The main community cost components of visual impairment in the
UK were loss of income (between 23% and 43%), burden on carer (between 24% and 39%) and paid
assistance (between 13% and 29%). The authors also estimated that the total annual cost of visual
impairment in the UK was €15.18bn. If indirect and social costs were included in our model, proposed
practice would be more cost-effective. Proposed practice dominated (i.e. generated more QALYs at a lower
average cost) current practice for a cost of visual impairment above £1758.50. Existing studies have found
that the costs to society are possibly three times that amount,114,115 suggesting there to be a stronger case
for cost-effectiveness of increased early-stage monitoring when impact to society is accounted for.

Treatment effect deterioration
In our model the impact of treatment effects on the rate of VF progression did not decline across the time
horizon. However, the impact of treatment is known to fall between retreatment sessions, so the impact of
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treatment may be overstated in this model, resulting in an overestimation of cost-effectiveness.
Nonetheless, this limitation was constrained by the inclusion of complex treatment regimens as identified
by Traverso et al.,11 who found that treatment defined by glaucomatous health state incorporated a range
of modalities spread over various time periods.

It was beyond the scope of the model to account for the development of side-effects that can occur as
a result of glaucoma treatment. Modelling these factors is beyond the scope of this study, although
our model did take into account treatment complications in terms of utility health states. Moreover,
Burr et al.,105 (DCE), in their derivation of the Glaucoma Utilities Index that was employed here, identified
local side-effects as one of the least important factors informing quality of life, but this is still open to
debate and further study.

Future research
Successful clinical management of glaucoma means making correct decisions about intensifying treatment,
or initiating intervention, when patients are at risk of developing visual disability. Yet little is known about
what VF defects at different stages of glaucoma specifically affect patients’ abilities to perform everyday
visual tasks. Various studies have looked into differing methodologies of identifying and quantifying the
relationship between quality of life and deteriorating health states caused by glaucoma.116–120 In addition,
little is known about ways in which patients can adapt to conditions in order to limit the impact on
self-reported quality of life and the derived QALY estimates.121 In such situations, factors such as patient
characteristics and the time from diagnosis can significantly impact on QALYs associated with differing
health states of the disease, with their quantification possibly being overestimated. Economic models using
these quality-of-life metrics may, therefore, overestimate the benefits of strategies such as the one
proposed in this study; further research is required.

In addition, further analysis of the cost of implementing a strategy to increase early-stage monitoring of
glaucoma is required. While this economic model found the strategy to be cost-effective, it was identified
that an alternative methodology of calculating implementation costs would derive different results. To
accurately define this cost, the existing spare capacity within the UK NHS glaucoma services needs to be
quantified in order to inform how much extra infrastructure is required to increase monitoring, as the
investment in this infrastructure could play a significant role in whether strategies, such as the proposed
practice studied here, are cost-effective.

The wisdom of relying on a simple measure such as change in MD over time to identify a trend towards
VF deterioration requires further examination to improve the accuracy of economic modelling in glaucoma.
It may be advisable to also consider other characteristics beyond MD, such as the location of damage when
considering VF progression. Finally, it seems practical to consider stratifying patients to less or more intense
VF testing, with an idea of moving away from one diet of testing to fit all. For example, it would be useful to
investigate whether the reliability of test results varies according to the approach taken. Although our study
has illuminated the benefit of getting more perfect clinical information, we must recognise that perimetry still
seems to be an imperfect test.122–124

Conclusion

In conclusion, this study supports the recommendation by NICE for a randomised comparative trial (RCT) to
assess the real-world implications of increased monitoring at the earliest stage of glaucoma identification.
In particular, the health economic model that we have described in this chapter has demonstrated that
this proposed practice is likely to be cost-effective – the analyses revealed little evidence to suggest that the
strategy would not be cost-effective. Further studies of the impact of the glaucoma on the quality of life of
those with the condition are required to further the understanding of the cost-effectiveness of proposed
practice, as sensitivity analysis suggested that health state utilities have a considerable influence on ICER
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results. In addition, the impact of diagnosis of glaucoma and subsequent ‘adjustment’ to the condition124,125

needs to be considered, as this may negatively bias patients’ perceptions of quality of life with glaucoma
and, therefore, quantification of utility.

Summary of report conclusions
When managing a newly diagnosed glaucoma patient, the clinician’s goal is to preserve the patient’s visual
function during their lifetime. The risk of severe visual impairment depends on the stage of disease at
presentation, the patient’s life expectancy, as well as the rate (speed) of visual deterioration. A recent paper
describing a subsequent study to those described in this report evaluated the proportion of patients in
glaucoma clinics progressing at rates that would result in visual disability within their expected lifetime.53

Patients who are in danger of significant VF impairment in their lifetime generally present with more severe
VF damage. Also, patients in whom VF loss is progressing rapidly are in greater danger of going blind than
patients with slow progression. The EGS guidelines recommend six VF tests in the first 2 years for all newly
diagnosed glaucoma patients, since this monitoring programme will detect rapid progression more quickly
than annual testing. In the audit work conducted as part of this study, we found that patients are rarely
tested this frequently in clinics. The main result from the modelling experiments described in this report
indicates that this proposed practice does identify rapid progression sooner than current practice. In addition,
results from our health economic model suggested that proposed practice is likely to be cost-effective.
Nevertheless, many glaucoma clinicians consider that increased surveillance of the VF would be impossible
with current resources. In addition, patient focus groups raised significant concerns about VF testing,
including the quality of VF test instructions, testing environment and explanation of results. In conclusion,
the results from this study could inform the design of a prospective RCT of different VF monitoring intervals in
glaucoma linked to stratifying patients according to risk factors for progression. Research is also required to
determine strategies to overcome capacity issues in NHS glaucoma services. Moreover, ensuring the
confidence and co-operation of the patient should be at the centre of this future research.
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Appendix 1 Supplemental material for the
health economic model

Treatment effects

Tables 24 and 25 present a collection of sources that inform the treatment effects in the model associated
with each modality. The mean value represents the treatment effect while the highest and lowest MD
reduction values represent the highest and lowest estimations used in sensitivity analysis.

TABLE 24 Impact on MD of laser trabeculoplasty

Source
Start
IOP (mmHg)

End
IOP (mmHg)

IOP reduction
(mmHg)

IOP
change (%)

MD
reduction (dB)

Melamed et al. (2003)126 25.5 18.5 7.0 27.5 –0.70

Heijl (2002)28 20.6 15.5 5.1 24.8 –0.51

McIlraith et al. (2005)127 26.0 17.7 8.3 31.0 –0.83

Glaucoma Laser Trial (1995)128 27.2 17.7 9.5 35.0 –0.95

Juzych et al. (2004)129 24.3 17.0 7.3 30.0 –0.73

Average –0.74

TABLE 25 Impact on MD of surgical trabeculectomy

Source
Start
IOP (mmHg)

End
IOP (mmHg)

IOP reduction
(mmHg)

IOP
change (%)

MD
reduction (dB)

El Sayyad et al. (2000)130 28.2 14.1 14.1 50.0 –1.41

Kobayashi et al. (2003)131 24.8 12.6 12.2 49.2 –1.22

Wilson et al. (2003)132 26.9 13.2 13.7 50.9 –1.37

Beckers et al. (2003)133 22.3 12.6 9.7 43.5 –0.97

Folgar et al. (2010)99 19.0 11.3 7.7 40.5 –1.05

Gedde et al. (2007)134 25.6 12.7 12.9 50.4 –1.29

Average –1.22
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Transition probabilities

Tables 26–29 indicate how the probability of transitioning through the model was derived. Once the
number of years until transition to the next threshold was identified, the probability of transition was
identified by dividing 1 by this figure.

TABLE 26 Transition probability given imperfect information and high progression risk

Rate State Transition
State
threshold

Change to
threshold

Progression
rate

Years to
threshold

Transition
probability

Slow 1 1> 2 –6.01 –2.90 –0.25 11.60 0.09

2> 3 –12.01 –6.00 –0.25 35.60 0.03

3> 4 –20.01 –8.00 0.00 0.00 0.00

2 2> 3 –12.01 –3.59 –0.25 14.36 0.07

3> 4 –20.01 –8.00 0.00 0.00 0.00

3 3> 4 –20.01 –4.63 0.00 0.00 0.00

Medium 1 1> 2 –6.01 –2.90 –1.00 2.90 0.34

2> 3 –12.01 –6.00 –1.00 8.90 0.11

3> 4 –20.01 –8.00 –0.28 37.09 0.03

2 2> 3 –12.01 –3.59 –1.00 3.59 0.28

3> 4 –20.01 –8.00 –0.28 31.78 0.03

3 3> 4 –20.01 –4.63 –0.28 16.32 0.06

Fast 1 1> 2 –6.01 –2.90 –1.50 1.93 0.52

2> 3 –12.01 –6.00 –1.50 5.93 0.17

3> 4 –20.01 –8.00 –0.78 16.14 0.06

2 2> 3 –12.01 –3.59 –1.50 2.39 0.42

3> 4 –20.01 –8.00 –0.78 12.60 0.08

3 3> 4 –20.01 –4.63 –0.78 5.91 0.17
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TABLE 27 Transition probability given imperfect information and low progression risk

Rate State Transition
State
threshold

Change to
threshold

Progression
rate

Years to
threshold

Transition
probability

Slow 1 1> 2 –6.01 –2.90 –0.25 11.60 0.09

2> 3 –12.01 –6.00 –0.25 35.60 0.03

3> 4 –20.01 –8.00 –0.25 67.60 0.01

2 2> 3 –12.01 –3.59 –0.25 14.36 0.07

3> 4 –20.01 –8.00 –0.25 46.36 0.02

3 3> 4 –20.01 –4.63 –0.25 18.52 0.05

Medium 1 1> 2 –6.01 –2.90 –1.00 2.90 0.34

2> 3 –12.01 –6.00 –1.00 8.90 0.11

3> 4 –20.01 –8.00 –1.00 16.90 0.06

2 2> 3 –12.01 –3.59 –1.00 3.59 0.28

3> 4 –20.01 –8.00 –1.00 11.59 0.09

3 3> 4 –20.01 –4.63 –1.00 4.63 0.22

Fast 1 1> 2 –6.01 –2.90 –1.50 1.93 0.52

2> 3 –12.01 –6.00 –1.50 5.93 0.17

3> 4 –20.01 –8.00 –1.50 11.27 0.09

2 2> 3 –12.01 –3.59 –1.50 2.39 0.42

3> 4 –20.01 –8.00 –1.50 7.73 0.13

3 3> 4 –20.01 –4.63 –1.50 3.09 0.32
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TABLE 28 Transition probability given perfect information and high progression risk

Rate State Transition
State
threshold

Change to
threshold

Progression
rate

Years to
threshold

Transition
probability

Slow 1 1> 2 –6.01 –2.90 –0.25 11.60 0.09

2> 3 –12.01 –6.00 –0.25 35.60 0.03

3> 4 –20.01 –8.00 0.00 0.00 0.00

2 2> 3 –12.01 –3.59 –0.25 14.36 0.07

3> 4 –20.01 –8.00 0.00 0.00 0.00

3 3> 4 –20.01 –4.63 0.00 0.00 0.00

Medium 1 1> 2 –6.01 –2.90 –0.28 10.22 0.10

2> 3 –12.01 –6.00 –0.28 31.36 0.03

3> 4 –20.01 –8.00 0.00 0.00 0.00

2 2> 3 –12.01 –3.59 –0.28 12.65 0.08

3> 4 –20.01 –8.00 0.00 0.00 0.00

3 3> 4 –20.01 –4.63 0.00 0.00 0.00

Fast 1 1> 2 –6.01 –2.90 –0.12 25.08 0.04

2> 3 –12.01 –6.00 –0.12 76.96 0.01

3> 4 –20.01 –8.00 –0.12 146.13 0.01

2 2> 3 –12.01 –3.59 –0.12 31.04 0.03

3> 4 –20.01 –8.00 –0.12 100.22 0.01

3 3> 4 –20.01 –4.63 –0.12 40.04 0.02

APPENDIX 1

NIHR Journals Library www.journalslibrary.nihr.ac.uk

96



TABLE 29 Transition probability given perfect information and low progression risk

Rate State Transition
State
threshold

Change to
threshold

Progression
rate

Years to
threshold

Transition
probability

Slow 1 1> 2 –6.01 –2.90 –0.25 11.60 0.09

2> 3 –12.01 –6.00 –0.25 35.60 0.03

3> 4 –20.01 –8.00 –0.25 67.60 0.01

2 2> 3 –12.01 –3.59 –0.25 14.36 0.07

3> 4 –20.01 –8.00 –0.25 46.36 0.02

3 3> 4 –20.01 –4.63 –0.25 18.52 0.05

Medium 1 1> 2 –6.01 –2.90 –0.28 10.22 0.10

2> 3 –12.01 –6.00 –0.28 31.36 0.03

3> 4 –20.01 –8.00 –0.28 59.56 0.02

2 2> 3 –12.01 –3.59 –0.28 12.65 0.08

3> 4 –20.01 –8.00 –0.28 40.84 0.02

3 3> 4 –20.01 –4.63 –0.28 16.32 0.06

Fast 1 1> 2 –6.01 –2.90 –0.12 25.08 0.04

2> 3 –12.01 –6.00 –0.12 76.96 0.01

3> 4 –20.01 –8.00 –0.12 146.13 0.01

2 2> 3 –12.01 –3.59 –0.12 31.04 0.03

3> 4 –20.01 –8.00 –0.12 100.22 0.01

3 3> 4 –20.01 –4.63 –0.12 40.04 0.02
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One-way analysis

Figures 22–24 present one-way deterministic sensitivity analysis of individual parameters and how their
marginal variations impact on the resultant ICERs. Implementation costs, cost of visual impairment
and time horizons were all examined by each cohort.
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FIGURE 23 One-way analysis of costs of visual impairment.
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FIGURE 24 One-way analysis of time horizons.
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Tornado diagrams

A one-way tornado analysis of the parameters that derive the ICER is presented by cohort in Figure 25.
Maximum and minimum parameter values were identified and the impact on the ICER for each cohort was
identified, with parameters ordered by importance.
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FIGURE 25 Cohort tornado diagrams.
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Combined probabilistic and deterministic sensitivity analysis

The analysis of the probability of acceptance at varying willingness to pay given baseline, maximum and
minimum assumptions around influential parameters is presented in Tables 30–33. Cost per VF performed,
discount rate, risk distributions and costs of visual impairment were all selected for analysis.

TABLE 31 Probability of acceptance given discount rates

Cohort Parameter value (%)

Probabilistic cost-effectiveness for different threshold values of willingness
to pay per QALY (%)

£10,000 £20,000 £30,000 £40,000 £50,000

Base case 3.50 2.13 28.35 57.33 73.46 81.69

0.00 7.77 47.33 71.91 82.79 87.94

5.00 0.98 20.74 49.13 67.49 77.56

M50 3.50 13.80 56.39 73.36 80.41 84.22

0.00 41.72 74.79 83.21 86.83 88.56

5.00 6.85 46.81 67.31 76.69 81.62

F50 3.50 15.88 57.90 74.26 81.08 84.44

0.00 44.42 76.08 83.97 87.32 88.88

5.00 8.00 49.36 69.72 77.98 82.14

F70 3.50 6.08 41.41 67.78 80.33 86.35

0.00 16.82 60.13 79.17 86.69 90.09

5.00 3.65 34.62 61.59 76.11 83.48

TABLE 30 Probability of acceptance given VF costs

Cohort Parameter value (£)

Probabilistic cost-effectiveness for different thresholds of willingness to pay
per QALY (%)

£10,000 £20,000 £30,000 £40,000 £50,000

Base case 56.54 2.13 28.35 57.33 73.46 81.69

38.76 9.46 47.40 71.11 81.58 86.58

70.45 0.52 16.53 44.63 64.56 75.48

M50 56.54 13.80 56.39 73.36 80.41 84.22

38.76 29.71 67.71 79.45 84.18 86.75

70.45 6.81 46.38 67.44 76.76 81.59

F50 56.54 15.88 57.90 74.26 81.08 84.44

38.76 32.45 69.62 80.53 85.31 87.58

70.45 7.72 49.99 69.63 78.69 82.96

F70 56.54 6.08 41.41 67.78 80.33 86.35

38.76 17.33 59.37 79.20 86.41 90.29

70.45 2.02 29.42 57.33 73.52 81.58
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TABLE 32 Probability of acceptance given risk ratios

Cohort
Parameter value
(low risk : high risk)

Probabilistic cost-effectiveness for different threshold values of willingness
to pay per QALY (%)

£10,000 £20,000 £30,000 £40,000 £50,000

Base case 80 : 20 2.13 28.35 57.33 73.46 81.69

90 : 10 2.20 28.50 57.34 73.09 81.41

70 : 30 1.63 26.62 55.06 70.98 79.84

M50 80 : 20 13.80 56.39 73.36 80.41 84.22

90 : 10 16.99 60.28 75.70 82.30 85.61

70 : 30 11.45 53.70 71.83 79.65 83.67

F50 80 : 20 15.88 57.90 74.26 81.08 84.44

90 : 10 19.30 60.71 75.65 81.80 85.15

70 : 30 13.35 55.56 72.87 79.85 84.04

F70 80 : 20 6.08 41.41 67.78 80.33 86.35

90 : 10 6.35 44.10 69.07 80.57 86.20

70 : 30 5.17 39.92 66.86 79.56 85.79
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TABLE 33 Probability of acceptance given costs of visual impairment

Cohort Parameter value (£)

Probabilistic cost-effectiveness for different threshold values of willingness to
pay per QALY (%)

£10,000 £20,000 £30,000 £40,000 £50,000

Base case 0 6.08 41.41 67.78 80.33 86.35

250 8.37 47.52 71.82 82.32 87.48

500 11.88 51.41 73.65 83.64 88.63

750 16.19 57.02 77.46 86.05 89.80

1000 20.51 61.74 80.54 87.47 90.95

1758.50 40.45 75.30 86.73 91.10 93.34

M50 0 13.80 56.39 73.36 80.41 84.22

250 20.26 62.00 76.07 82.74 85.84

500 26.58 65.46 78.54 83.45 86.55

750 35.87 70.68 81.23 85.38 87.52

1000 43.77 73.86 82.61 86.45 88.30

1758.50 67.67 83.47 87.76 89.83 90.82

F50 0 15.88 57.90 74.26 81.08 84.44

250 22.31 63.23 77.37 83.12 86.19

500 30.39 68.10 79.61 84.30 86.86

750 38.25 71.47 81.38 85.44 87.57

1000 47.77 75.98 83.99 87.30 88.91

1758.50 40.45 75.30 86.73 91.10 93.34

F70 0 6.08 41.41 67.78 80.33 86.35

250 8.37 47.52 71.82 82.32 87.48

500 11.88 51.41 73.65 83.64 88.63

750 16.19 57.02 77.46 86.05 89.80

1000 20.51 61.74 80.54 87.47 90.95

1758.50 70.53 84.52 88.46 90.23 91.42
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