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LAY ABSTRACT
Cost-utility is a method used to support decision making for which treatments are available
and how much they should cost. Utility is a value that reflects the severity of a health state
and the preferences of a population for that health state. Patients with glaucoma lose their
vision over time, resulting in worse health states and eventually blindness. It is difficult
to measure the additional value of treatments in glaucoma because the usual measures
of health state do not capture changes in health experienced by patients with glaucoma.
Previous cost-utility studies use a variety of sources to estimate the utility of preferences.
The objective of this dissertation was to describe the use and application of a preference-
based glaucoma-specific measure of utility (HUG-5), validate the measure with glaucoma
patients, and develop an algorithm that assigns preference weights to the measure. This work
identifies common issues in cost-utility studies of glaucoma interventions, describes the
properties of the HUG-5 in a sample of glaucoma patients and reports a preference-weighted
algorithm for converting HUG-5 health states to utilities that describe the preferences of the
US general population.
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ABSTRACT
Cost-utility is a method that integrates clinical factors of disease progression with cost and
consequence to patient’s overall health state. Cost-utility analyses describe the trade-offs that
are consequences of interventions and are commonly used to support health policy decision
making. Well constructed cost-utility analyses can improve access patients have to effective
interventions and move past ineffective or exceedingly costly interventions. The methods
employed to assess incremental effectiveness of glaucoma interventions have advanced over
time, where investigators have adapted to standards for reporting and modeling strategies.
However, most cost-utility analyses use a restrictive set of utility values from foundational,
but outdated work. Glaucoma cost-utility analyses combine utility values from patient
preferences, on multiple scales of measurement. These methodological flaws in the use
and reporting of utility values limit the internal validity of the study and external validity in
generalizing the results to broader populations. Common generic preference-based measures
of health utility, including the EuroQol 5 Dimension 3/5 Level (EQ-5D-3/5L), lack the
sensitivity to detect health state changes in patients with glaucoma.

The three main investigations of this dissertation aimed to describe the current methodologi-
cal issues in glaucoma cost-utility investigations, validate a condition-specific preference-
based measure (HUG-5) in a sample of patients with various stages of glaucoma, and
generate a preference-based weighting algorithm for glaucoma health states for US general
population. A systematic review of cost-utility analyses in the literature revealed that most
all cost-utility analyses failed to document rationale for including health utility estimates or
conduct a review of appropriate utilities for relevant health states. Most authors of cost-utility
analyses did not recognize or describe the limitations of combining utilities from multiple
scales of measurement and from different preference sources. In a psychometric validation
of the HUG-5, a sample of patients with glaucoma completed the NEI-VFQ-25, the HUG-5,
and the EQ-5D-5L to describe their quality of life and health state. The HUG-5 dimensions
described similar dimensions measured by National Eye Institute Visual Function Ques-
tionnaire (NEI-VFQ-25) scales and differentiated from unrelated dimensions with adequate
test-retest reliability on 3 month follow up. To model utility values to HUG-5 health states,
a multi-attribute disutility function (MADUF) was estimated from the preferences of the
US general population. A preference-weighting algorithm assigned utility values to the
3125 health states measured by the HUG-5. In validating the MADUF with directly elicited
marker health states, the MADUF performed similar in mean absolute error relative to other
related studies for the Health Utilities Index Mark 3 (HUI-3) and Patient-Oriented Prostate
Utility Scale (PORPUS).

This work has significant implications for investigators evaluating glaucoma interventions
with cost-utility comparisons, providing an alternative measure of utility on the policy scale
with a condition-specific preference-based measure.
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PREFACE
This doctoral dissertation is a complete summary of the research conducted and prepared for
the fulfillment of the Doctor of Philosophy degree at McMaster University. Three original
stand-alone articles were prepared for publication in clinical and health economics journals,
therefore this is some overlap in their content. This dissertation is presented as a ‘sandwich
thesis’, where 3 research articles are preceded with an overview introduction chapter and
proceeded by a conclusive chapter, which highlights the main conclusions, lessons learned
and discusses future topics of investigation. The three articles are organized to first, present
an overview of cost-utility studies in glaucoma, with particular attention to health state
utility values. Second, the article assesses the psychometric validity of the HUG-5 1 measure
in a sample of patients with glaucoma, describing the validity and reliability in contrast with
other condition-specific and generic measures of health status. Third, the article defines a
value function for the HUG-5 on the scale of perfect/full health to death from a representative
sample of the US population.

The chapters contained herein reflect the work of a team of researchers with diverse training
backgrounds in clinical ophthalmology, health research methods, and health economics.
Dr. Feng Xie is the senior author on all 3 papers. His contributions included developing
the research plan, revisions to protocols and manuscripts as well as critical guidance on
research methods, data collection and data analysis techniques. Dr. Jean-Eric Tarride and
Dr. Simon Pickard served as committee members throughout the course of this research.
Both provided substantial feedback on Chapters 3 and 4. Chapter 2 was published prior to
establishing the thesis committee. Dr. Ike Ahmed and Dr. Dominik Podbielski are ophthal-
mologists with specialty training in glaucoma. In addition to facilitating access to patients,
both contributed to the design and review of the methodological review and psychometric
validation of the HUG-5 (Chapter 2 and 3). Dr. Keean Nanji and Dr. Gurkaran Sarohia are
currently ophthalmology residents. At the time of data collection, both clinicians were at-
tending medical school and contributed to the data collection and provided critical review of
manuscripts. Dr. Nanji made substantial contributions to Chapter 3 and Dr. Sarohia assisted
with Chapter 2. Dr. Sergei Muratov outlined much of what is contained in this dissertation
in the mixed-methods development of the HUG-5, and made substantial contributions in
the design and critical review of Chapter 3. As primary author, I designed and wrote each
publication independently before circulating for revisions. I reviewed and consolidated the
literature from Chapter 2. I directly collected patient data over several months for Chapter 3,
I developed and tested the software used to collect study data for Chapter 4 and managed
the general population participants. I was responsible for all study ethics applications, data
analysis, creation of tables and figures describing study results. Chapters 3 and 4 were

1The HUG-5 stands for Health Utility for Glaucoma - 5 Dimensions and is a preference-based disease-
specific measure of health utility. The measure dimensions include: 1) visual discomfort (physiological and
psychological), 2) mobility concerns (limitations to spatial awareness), 3) daily life activities (close up work,
household chores), 4) emotional health (negative thoughts, worries and fears), and 5) social activities (getting
out with friends, large social gatherings, incidents of social embarrassment).
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possible due to funding from the Glaucoma Research Society of Canada. The three research
papers included in this dissertation include:

Chapter 2: Review Kennedy, K. & Sarohia, G. & Podbielski, D. & Pickard, A.S. & Tarride,
J.E. & Ahmed, IIK. & Xie, F.(2022) Systematic methodological review of health state values
in glaucoma cost-utility analyses. Submitted to: JAMA Ophthalmology

Chapter 3: Validation Kennedy, K. & Podbielski, D. & Ahmed, IIK. & Xie, F. (2019).
Disease-specific preference-based measure of glaucoma health states: HUG-5 psychometric
validation. Published in: Journal of Glaucoma.

Chapter 4: Valuation Kennedy, K & Pickard, S & Tarride, J.E. & Xie, F. (2022). Resurrect-
ing muti-attribute utility function: developing a value set for Health Utility for Glaucoma-5
(HUG-5) for the US. Submitted to: Value in Health
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1 INTRODUCTION
The three investigations contained within this dissertation aim to describe the current use
of health utility values in cost-utility literature of glaucoma interventions, validate an
alternative for estimating health utilities for glaucoma health states with the condition-
specific, preference-based measure, the Health Utility for Glaucoma (HUG-5), and assign a
preference algorithm for HUG-5 health states from the US general population.

1.1 Background
Policy decisions guiding health care resource allocation operate under the constraint of
scarcity. Treatment alternatives are considered and selected to maximize the value of
limited resources.1 Health technology assessment (HTA) is a method of integrating clinical,
ethical, social, legal, and economic information to inform these policy decisions.2,3 Health
policy decisions often are made in a context that requires comparison between treatments
with multiple outcomes, or for prioritizing therapies for disease states that are not directly
comparable.4 Cost-utility analysis is an economic assessment of the costs and benefits of
implementing interventions over time. Health utility is used in the estimation of quality-
adjusted life years (QALY). In cost-utility studies, QALY estimates are the measure of
effect and applied as a difference value between intervention and control groups in the
denominator of the incremental cost-utility ratio (ICUR). ICUR (cost of intervention B –
cost of intervention A / QALY of intervention B – QALY of intervention A) are the primary
outcomes of cost-utility studies. ICUR values are affected by the costs, model structure, and
utility values chosen. The accepted policy scale to support decisions that consider treatments
across diseases and interventions measures utility values anchored at 1 for perfect or full
health and 0 for dead. Utility is weighted by preferences of a population. Regulatory bodies
that use cost-utility analyses to inform their decisions recommend utility values derived
from the preferences of the general population of which they are responsible for, or at least
a comparable population.

Glaucoma is a progressive condition, where patients experience peripheral to central vision
loss over time. Glaucoma can go undetected for years until the patient experiences changes
in their vision. The most prevalent type of glaucoma is primary open-angle glaucoma
(POAG). POAG is a progressive optic neuropathy in which the drainage angle for fluid in
the eye remains open. Elevated intraocular pressure (IOP) is a risk factor for progression
in POAG. Less common types include closed-angle glaucoma (ACG) and normal tension
glaucoma (NTG). ACG can present suddenly or gradually, where as NTG only presents
gradually and is not associated with elevated IOP. When glaucoma is detected, treatment
is preventative and aims to slow disease progression. Interventions aim to delay and
prevent severe damage to patient vision. Current treatments focus on reducing IOP. Over
the course of a patient’s life after diagnosed with glaucoma, they often receive multiple
combinations of topical eye drops, laser surgical interventions, and in cases of uncontrolled
IOP, incisional surgeries.5 Ophthalmologists use objective measurements such as cup-to-disc
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ratio, corneal thickness, age, previous progression, and clinical judgment to determine
how frequently individual patients should be monitored.6 Each eye with glaucoma is often
classified by Hodapp-Parrish-Anderson (HPA) stages of glaucoma, and grouped into the
mutually exclusive categories of OHT (ocular hypertension, pre-glaucoma), mild glaucoma
(0db to -6db), moderate glaucoma (-6db to -12db) advanced glaucoma (-12db to -20db),
blindness in one eye, and blindness in both eyes.7

As glaucoma is a progressive condition, much of the potential damage can be avoided through
early detection and intervention. Governments and health care authorities apply targeted
screening programs to identify people with increased risk of developing glaucoma.8 Direct
costs to patients with glaucoma are expensive, including hospital visits, glaucoma related
procedures, and IOP lowering medications. The recurring costs and loss of productivity
due to limited vision have a pronounced impact on the lives of patients and consequently
on societies. After a patient is diagnosed with glaucoma, they are often followed for the
rest of their life at 3, 6, or 12-month intervals depending on their risk of progression. In
the evaluation of emerging glaucoma interventions, CADTH, a Canadian HTA authority
has cited a high degree of uncertainty of the economic evidence supporting reimbursement
of micro-invasive glaucoma surgeries.9 Schmier et al. described that glaucoma economic
evaluations are not comparable.10

Health utilities are measured alongside clinical trials or observational studies using indirect
and direct measures. Indirect health state utilities are measured from generic (e.g., EQ-5D-
3L/5L, HUI-3) or condition-specific (e.g. for glaucoma, GUI, HUG-5) preference-based
measures of health state. Direct health utilities are measured from patients, whom respond
to stated preference exercises (e.g., Standard Gamble [SG], Time Trade-Off (TTO), Discrete
Choice Experiments [DCE], and Visual Analog Scale [VAS]). Direct patient preferences have
been associated with greater utility estimates for health states, relative to the utility assigned
by the general population.11,12 Generic measures are often favoured by HTA agencies due to
the use of a general health sate which facilitate comparisons across conditions to support
broad HTA decision processes. However, generic measures have been demonstrated to
lack sensitivity in measuring health states affected by changes to sensory systems (such as
hearing or vision). Condition-specific preference-based measures (CS-PBMs) have been
proposed as an alternative to generic measures that have lacked sufficient sensitivity or
responsiveness for patients with disease states.13,14

Both indirect and direct methods of estimating utilities for health state are used to generate
utilities or values that are applied in cost-utility analyses of glaucoma interventions. The
NEI-VFQ-25 is a measure of quality of life related to visual function. The NEI-VFQ-25
has a utility mapped function described as the VFQ-UI. However, the VFQ-UI does not
finely discriminate between levels of visual impairment among glaucoma patients. Ongoing
development of the EQ-5D has seen the emergency of bolt-on attributes that allow for an
additional dimension of health state to be measured. However, in reducing glaucoma to a
single dimension of vision does not effectively capture the attributes of living with glaucoma
important to patients. Glaucoma is unique, as it may not affect central vision until end-stage
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and requires ongoing management to prevent further vision loss. In measuring glaucoma
health states, directly elicited utilities are described as elicited on multiple different scales
of measurement.15 Further, utilities and values from multiple sources are combined as best-
estimates for health states. The HUG-5 was developed to reflect the experiences of patients
living with glaucoma and to be used as a condition-specific preference-based measure
of health state utility to facilitate cost-utility analyses with utilities for glaucoma health
states on the policy scale of perfect/full health to death. The HUG-5 is a preference-based
descriptive system that describes glaucoma health states. The measure was developed with
a mixed-methods approach. Initially, items were identified by a systematic literature then
compiled into an interview guide. Patients with glaucoma were sampled with a maximum
variation strategy to capture information as to what living with glaucoma means to patients
with different durations of illness, number of eye drops, surgical interventions, and severity.
The feedback from patients was elicited through face-to-face semi-structured interviews.
After consolidated the information into themes, identifying attributes, and descriptions, 3
versions of the draft questionnaire were pilot tested with a separate, small group of patients.16

The next steps of measure development include assessing the psychometric properties of the
HUG-5 and defining a preference-weighted utility algorithm on the scale of Perfect Health
to Death.

1.2 Chapter Objectives and Contents
Chapter 2 is a manuscript titled ‘SYSTEMATIC METHODOLOGICAL REVIEW OF
HEALTH STATE VALUES IN GLAUCOMA COST-UTILITY ANALYSES’ prepared for
submission to JAMA: Ophthalmology. In brief, utilities and values used in investigations of
cost-utility analyses of glaucoma interventions have significant impact on the conclusions of
incremental value, ultimately affecting policy decisions which can impact uptake and access
to emerging technologies. This chapter systematically reviews the published literature to
describe how clinicians and health economists have previously evaluated the incremental
value of glaucoma interventions and their approach in determining which utilities are used
for modeling health outcomes over time.

The goals of this chapter are to:

1) Summarize the cost-utility literature assessing the incremental value of glaucoma
interventions

2) Describe the range of utility and values used for glaucoma health states across different
elicitation scales and preference sources

3) Review the reporting quality of the cost-utility literature in their use of health state
utilities and values

Chapter 3 is a manuscript previously published in a 2019 issue of the Journal of Glau-
coma titled ‘DISEASE-SPECIFIC PREFERENCE-BASED MEASURE OF GLAUCOMA
HEALTH STATES: HUG-5 PSYCHOMETRIC VALIDATION’. Building on the previous
work of Dr. Muratov, the HUG-5 is contrasted with a condition-specific measure of health-
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related quality of life and a generic preference-based measure to describe the psychometric
properties for patients with glaucoma. The patients were sampled from a southern Ontario
eye-clinic and supported by ophthalmologist researchers of PRISM Eye Institute.

The goal of this chapter is to describe the validity, reliability, and sensitivity as evidence for
use of the HUG-5 as an instrument of measuring the health states of patients with glaucoma.

Chapter 4 is a manuscript submitted to Value in Health titled ‘RESURRECTING MULTI-
ATTRIBUTE UTILITY FUNCTION; DEVELOPING A VALUE SET FOR HEALTH
UTILITY FOR GLAUCOMA (HUG-5)’. For the HUG-5 to meet the intended use of a
‘preference-based’ measure, a scoring algorithm that assigns utilities to HUG-5 health states
is required. The scoring algorithm was generated from a multi-attribute disutility method
and describes at 3125 HUG-5 states. The tasks within this study required respondents
to trade off between risky outcomes and certain outcomes, similar to how people make
real health care decisions. This study defines the first glaucoma-specific preference-based
measure weighted by the preferences of the US population on the policy scale of perfect/full
health and death.

The goal of this chapter is to generate a preference-weighted scoring algorithm for HUG-5
health states with the multi-attribute disutility function method.
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2 SYSTEMATIC METHODOLOGICAL REVIEW OF
HEALTH STATE VALUES IN GLAUCOMA

COST-UTILITY ANALYSES
Prepared for submission as: Kennedy, K., & Sarohia G.S., & Pickard, A.S., & Tarride, J.E.,
& Xie, F. (2022). JAMA: Ophthalmology. (To be Submitted July 2022)

2.1 Foreward
This first paper was conceptualized to understand how utility values are identified, described,
and included in cost-utility studies of glaucoma interventions. The purpose of this is to
understand the potential impact of the HUG-5 as a condition-specific preference-based
measure to set a standard of health utility values for glaucoma health states.

In this systematic review, we identify and describe 43 cost-utility studies of glaucoma inter-
ventions published from 2005 to 2022 that used Markov state transitions, micro simulations,
discrete event simulations and decision tree models to determine long term costs and utilities
of pharmacological interventions, screening, and monitoring programs. We found that few
cost-utility studies of glaucoma interventions describe key characteristics of the source of
utilities and their relevance to the decision context the cost-utility study informs. These
studies often combined estimates from multiple sources to inform economic models with
utilities that are elicited on different scales or applied simplified linear transformations
of clinical features to utility values. This review describes that few cost-utility studies
describe important rationale for using health state utilities. Including additional details on
the search, appraisal, selection, and inclusion process of health utilities improves trans-
parency, generalizability and supports the assessment of the validity of study conclusions.
Future investigations should aim to use health utilities on the same scale of measurement
across health states and consider the source and relevance to the decision context/purpose of
conducting that cost-utility study.

Overall, we found that few glaucoma cost-utility studies adhere to reporting standards for
use and selection of health state utilities. Authors of future CUA are directed to ISPOR
resources for reporting standards and approaches. Within CUA, reviews of available utilities
for health states are important to justify their use. This review has identified a growing need
for reliable estimates of health state utility on the policy scale of perfect health and death to
support economic comparisons of glaucoma interventions.
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2.2 Introduction
Health care resources are finite and should be allocated efficiently to maximize the value
to the population. Cost-utility analysis (CUA) is a framework to measure this incremental
value between alternative healthcare strategies. CUA may apply decision analytic models
to synthesize available evidence on costs and effects. A recommended outcome for the
effect measure in CUA is quality adjusted life-years (QALY). QALY combines quantity and
quality of life with the quality weight often derived from preference-weighted health state
utilities.

While several guidelines have been published to improve the methods and reporting of
economic evaluations, ophthalmologists have reported a desire for specific guidelines re-
garding the economic assessments specifically for glaucoma.17 Glaucoma is a collection
of optic neuropathies with a global prevalence of 2.4%, affecting 68 million people over
40 in 2021.18,19 There is a growing need for effective, long-term therapies that reduce
burden on patients and health care systems. Due to the complex nature of iterative treat-
ment to minimize vision loss, there is a current need for high quality evidence to provide
patients with reliable, effective, and affordable care.20 Previous studies have aggregated
evidence to describe the available literature measuring the cost-utility of glaucoma screening
programs21,22, primary open-angle glaucoma progression23, ophthalmic medications24–26,
and micro-invasive glaucoma surgeries.27 While each of these reviews address important
policy decisions of resource allocation, none have explored the use and reporting of health
utilities and preference elicitation methods. This is important as a recent study has identified
concerns with reporting quality of health utilities in published CUA (e.g. including health
utilities from different samples, estimation methods and preference weights) which may lead
to unreliable evidence.28 Previous reviews of glaucoma economic evaluations have described
problematic use of vision-scale health utilities (perfect vision to blindness) and incorporating
both direct patient health utilities with indirect health utilities from generic preference-based
measures. One original study evaluated health utilities across 5 common ophthalmic disease,
describing differences between scales of measurement, direct and indirect measures.15 Lee
et al identified that early measures of health utilities in glaucoma were measured with on a
scale of perfect vision and blindness, describing systematic differences and highlighted that
health utilities of vision-related health states should be measured on the full/perfect health
to death scale. A previous review of economic studies evaluating ophthalmic drugs with a
focus on health utilities found that choosing different techniques to derive health utilities
will affect the results and conclusions of a CUA, inhibiting comparability between CUA.29

This methodological review describes the state of practice among published glaucoma CUA
studies. The primary objective was to describe the characteristics of glaucoma CUA by
focusing on the sources and range of health utilities and the quality of reporting.

6



2.3 Methods
A systematic search strategy was developed to identify CUA of glaucoma screening, treat-
ment, or monitoring interventions (SUPPLEMENT 1). Search terms were generated from
published glaucoma systematic reviews with economic evaluation terms. The search strat-
egy was reviewed by an ophthalmologist with specialized training in glaucoma and a staff
librarian with training in developing systematic review strategies. Medline OVID, Cumu-
lated Index to Nursing and Allied Health Literature (CINHAL), Embase OVID, Web of
Science, Scopus, Biosis previews, the Health Economic Evaluations Database, and the NHS
Economic Evaluation Database (NHS EED) were searched for articles meeting inclusion
criteria from 1989 to May 24, 2022.

Review was restricted to include articles written in English. Titles, abstracts and subse-
quently full texts were screened by GS and KK to identify published CUAs with QALYs
as the outcome measure. Excluded studies were non-English language, reviews, editori-
als, protocols, or other types of economic studies (e.g., cost-benefit, cost-minimization,
cost-effectiveness). References of included articles were also reviewed. A data extraction
form was developed in Microsoft Excel (Version 16.52) to extract study characteristics of
CUA, including publication year, country, intervention, comparator, and population. Study
perspective, economic model type, time horizon, and discount rate were also extracted to
describe the characteristics of the study design (SUPPLEMENT 2). Base case and sensitivity
analyses, results were extracted to summarize the methods of accounting for heterogeneity
of CUA results. Methods of describing glaucoma health states and corresponding utilities
were extracted. The original source of the utility value was identified and reviewed to extract
author and year, the description of health staes, the sample size, the method of measuring
preferences, and the health utilities.

Checklist items from the Systematic Review of Utilities for Cost-Effectiveness (SpRUCE
checklist)28 were used to assess the reporting and quality of health utilities in glaucoma
CUA. Briefly, SpRUCE items describe the process by which health utilities are identified
and any quality criterion applied for inclusion and to assess if health utilities selection for
the CUA model was transparent and appropriate.

CUA characteristics were reported as a range of years, n (%) for country, with summary
descriptions of interventions and comparators. The patient population of study described
the target age and demographics. The study perspective includes either societal or payer
perspectives. Sensitivity analyses were described as deterministic or probabilistic. The
type of economic model was assigned as Markov state transition, decision analytic, discrete
event simulation, or microsimulation. Time horizons and discount rates were described as a
range and mode. ICUR values were described as minimum and maximum values, in cases
where specific ICUR values were not reported, the values were calculated relative to the
next most-effective intervention strategy in cases where multiple strategies were evaluated.
The glaucoma health states and method of assigning utilities to health states to the CUA
were described. The unique health utility values that described HPA states across CUA were
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summarized with plots grouped by the scale of measurement and the source of preferences
with point size reflecting the sample size. Health utilities that did not describe HPA health
states were described separately. Selected SpRUCE checklist items were reported as a
frequency n (%). Rates of SpRUCE items checked were summarized in a figure illustrating
the proportions. The count of total SpRUCE items were summed and reported as a range
and mode and illustrated with a histogram.
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2.4 Results
2298 articles were identified by the search terms. 403 duplicates were excluded from the
review, resulting in 1895 records that were screened by title and abstract. 198 records met
the criteria for full text review. 155 full text articles were excluded for non-QALY outcome
(n=118), conference abstract (n=19), other language (n=8), and review article (n=10). A
total of 43 CUA studies met inclusion criteria and were included in the review (Figure 1).

These studies were published between 2005 and 2022 with 9 from the United States (21%),
9 from Great Britain (21%), and 3 from Canada (7%). Interventions included early clear lens
extraction, primary selective laser trabeculoplasty, phacoemulsification (for patients with
cataract and glaucoma), increasing frequency of monitoring, changing medication ordering,
preventative treatment, combinations of medications and SLT, and population/community
targeted screening programs. The standard of care was frequently used as the comparator,
however the definition of standard care varied between studies. The target patient population
of study reported often reflected patients older than 40 years old with glaucoma in one or
both eyes. 24 (56%) studies reported the societal perspective. 32 (74%) used a Markov state
transition model, and 5 (14%) microsimulation or discrete event simulation model. The time
horizon specified ranged from a minimum of 3 years to lifetime with 34 (79%) using a time
horizon of 10 years or longer. A discount rate was applied in 40 studies (93%) and ranged
from 2% to 5% with the most common rate of 3% applied in 20 studies (50%). All studies
conducted sensitivity analyses, where 26 (61%) applied probabilistic sensitivity analysis.
ICUR values ranged from reporting that the intervention increased QALY with savings of
$42,769 USD to increased benefit with an increased cost with ICUR of $89,072 USD (Table
1).

2.4.1 Glaucoma health state

Glaucoma health states were often grouped by Hodapp-Parrish-Anderson (HPA) stages of
glaucoma. HPA staging consists of six stages: OHT (ocular hypertension, pre-glaucoma),
mild (0db to -6db), moderate (-6db to -12db) advanced (-12db to -20db), blindness in one
eye, and blindness in both eyes.7 Visual acuity from 20/20 to 20/800 health states were other
glaucoma health states. Additionally, authors have included health states based on treatment
status such as the type of medication or intervention assigned in a clinical trial (Table 2).

2.4.2 Measures of health utility

11 unique sources of health utilities were referenced across the 43 CUA studies, with 59
values that described HPA glaucoma states15,30–38. 31 of the 59 values (52%) reflected
preference scoring from the general population on the perfect health to death scale, of
which 23 were measured using the EQ-5D-3L and 8 were measured by the HUI-3. The
remaining 28 (48%) utilities were elicited from patient preferences, with 19 Time-Trade-Off,
8 Standard Gamble, and 1 Visual Analog Scale. 12 of the 28 direct patient health utilities
reported a sample size that ranged from 32 to 365. 8 patient preference utilities were elicited
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Electronic Databases searched:
Medline, Cinhal, Embase, Web of Science,

Scopus, Biosis previews, and the
Health Economic Evaluations database

NHS Economic Evaluation Database (NHS EED)
(n = 2298)

Records after duplicates removed
(n = 1895)

Duplicates excluded
(n = 403)

Records screened by titles and abstracts
(n = 1895)

Articles excluded after
title and abstract screening

(n = 1697)

Full text articles assessed for eligibility
(n = 198)

Full text articles excluded
(n = 155)

Non-QALY outcome (n = 118)
Conference Abstract (n = 19)

Other Language (n = 8)
Review Article (n = 10)

Studies included in review
(n = 43)

Figure 1: PRISMA flow diagram.
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Table 1: Study characteristics of publications included in the review.
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Table 2: Health utilities, values, and sources not reported by HPA health states used to
inform CUA model parameters.

on the perfect health to death scale, with the remaining 20 health utilities on the perfect
vision to blind/death scale. Unique health state values were grouped by HPA health states,
measure scale, and elicitation method and are plotted in Figure 2. Utilities estimated by
EQ-5D alongside clinical trials with intervention defined states are illustrated in Figure
3. Table 2 reports the utility values of health states different from HPA health states or
applied utilities collected alongside clinical trials to inform a CUA. A wide range of health
utilities for the same HPA glaucoma health states were reported; OHT (0.84 - 0.95), Mild
(0.68-0.94), Moderate (0.57-0.92), Advanced (0.58-0.88), Severe/blind (0.46-0.76), and
Bilateral blindness (0.26-0.5). Health states described with visual acuity were reported
one primary source from 0.97 (20/20) to 0.52 (20/800).30 Table 2 describes the treatment
status health states ranged from 0.74 to 0.93 with preference weighting from both the
general population (generic measure) and patients (direct elicitation). Most studies used
health utilities from directly estimated patient health utilities and generic measures of health
state with preferences of a general population across health states. Health utilities were
often combined from multiple sources that reported different elicitation strategies (e.g.,
Time-Trade Off [TTO], Standard Gamble [SG], Visual Analog Scale [VAS]) on scales
of both perfect health to death and perfect vision to blindness. Health utilities were also
assigned to hypothetical cohorts (Markov state transition, decision tree) or to individual
simulated patients (microsimulation, discrete event simulation). Individual assignment of
health utilities depended on the simulated clinical features including visual field loss (VFL)
or visual acuity (VA). Clinical features were input as parameters into 2 linear functions
to convert a hypothetical clinical presentation to health utilities (1) from best-eye mean
deviation (dBs) and (2) from best-eye visual acuity.
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(1)QALY s = 0.98991 + 0.0022dBs− 0.00080518dBs2

(2)U = (0.374)(V A) + 0.514.

2.4.3 Health utility reporting quality

Of the 43 CUA studies included, the majority (33, 77%) reported the actual health utilities
used, the basis for using them (34, 79%), the original reference (35, 81%), and any assump-
tions or adjustments applied to the health utilities (22, 51%). Few studies reported assessing
the relevance of health utilities to a decision context (8, 19%). Even fewer (3, 7%) applied
a systematic search strategy for health utilities with search terms, scope, study selection
criteria, and a structured assessment of quality. CUA were assessed to report between 0
(none) and 15 (all) SpRUCE items. 23 of 43 CUA (54%) reported between 4 and 7 items of
the checklist (4).
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Figure 4: Proportion of glaucoma CUA meeting SpRUCE Checklist criteria by item with a histogram describing the total number
of checklist items met.
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2.5 Discussion
In this review, we summarized the methods of assigning health utilities to glaucoma health
states, described the use of different measurement scales and preference sources within CUA,
and applied the SpRUCE checklist to assess the reporting quality of using health utilities.
Few glaucoma cost-utility studies adhere to reporting standards for use and selection of
health state utility values.

2.5.1 Glaucoma health state

The design of the economic model has an impact on how health utilities are assigned
to health states. Studies combined definitions of blindness with utilities describing the
health states of patients with various ocular conditions as equivalent to one-eye blindness
and bilateral blindness. Assigning utility values to patients based on interventions can be
problematic, particularly in glaucoma, as patients may receive interventions across all levels
of severity, often in combination, limiting the precision of measuring the health state and
therefore the conclusions of the CUA.

2.5.2 Measures of health utility

Most studies reported using health utilities directly elicited from patients for at least some
of glaucoma health states. Often, preferences were elicited on a scale of perfect vision to
blindness. The scale of the measure and the frame of which the question is asked influences
the response pattern and ultimately the value assigned to the health state. Preference tasks
designed with these scale anchors are not directly comparable to health utilities on a perfect
health and death scale. Use of alternative anchors in health utilities elicitation limits the
usefulness of these values towards informing health policy, where it is common to consider
the relative societal value of a therapy relative to therapies for other diseases. Gambling
or trading values with anchors of perfect vision and blindness measures health utilities
from a different context, not on the health utility scale. This affects the validity of claims
made for incremental value of interventions. A previous review of vision-related health
utilities has identified that the perfect vision blind scale results in truncated values relative
to utility scale, overestimating health utilities for ophthalmological diseases and overstating
cost-effectiveness of the treatment/prevention of vision-related disease relative to other
medical conditions.15 Of note, two of the most recent studies by the same author relied
on expert opinion to estimate health utilities39,40. Utility values for a medicated state were
derived from setting maximum and minimum values, leaving in between health states to be
assigned from the opinions of an expert. This should be avoided as health utilities are not
observable from a third party through routine clinical examinations as they are a function
of preference and related to trade-offs. Limitations of clinicians assessing patient health
utilities and quality of life have been strongly advocated against elsewhere.41,42

Special care is required when using a deterministic linear function to estimate utility from
clinical characteristics. The health utilities mapped by Rein et al.35 were identified as ‘tempo-
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rary values’ to facilitate glaucoma cost-effectiveness research until ‘empirical’ estimates are
available. The Rein et al conversion function was identified to not account for visual acuity
losses and asserts the limitation that these functions we not generated with consideration of
best-eye or worse-eye, highlighting the importance of binocular summation method which
may be related to visual sensitivity being 40% higher. The authors described that the conver-
sion function assumed that those with complete impairment from VFL would experience
the same QALY loss as those with ‘no impairment’, but with legally defined blindness. The
health utilities source estimates that informed the Rein et al and the Sharma et al conversion
functions were derived from Brown et al original investigation of patient utilities.43,44 The
health utilities that informed both linear equation were elicited from patients with various
conditions, including macular degeneration, cataract, glaucoma, and diabetic retinopathy.
Despite many studies endorsing use of linear equations to estimate health utilities, these
linear equations only considered either mean deviation, visual acuity, and whether or not
the patient had cataracts. Glaucoma is known to affect both visual field loss and visual
acuity at different stages of severity, neglecting either clinical feature in ascribing health
utilities to individuals in economic models leads to inaccurate results. Additionally, in
models estimating health utilities over lifetime there are other known factors to affect health
utilities beyond the discrete health state including age and gender.45

Future use of health utilities should aim to be informed by evidence obtained from studies
that used the same preference-based measure and preference weights, with utilities on the
same scale of measurement. When multiple appropriate health utilities are available, or it
is not possible to identify all health utilities from same measure, it can be reasonable to
synthesize information. However, this limitation affecting the validity of the conclusions of
a CUA should be described with consideration towards the CUA generalizability.

[If someone was using paper 1 to determine which utilities to use in CUA, what should they
choose?]

2.5.3 Reporting quality

Few studies used systematic reviews to identify applicable health utilities. The justifications
for use of particular health utilities sources over others, or reasons not to employ a systematic
search strategy were absent from the published studies that did not perform a review of health
utilities. Use of different samples, estimation methods, and preference weights can result in
different health utilities for the same health state. Selecting evidence in an ad hoc manner
affects justification of conclusions of the CUA where health utilities are ‘cherry picked’. This
concern can be alleviated through systematic review of the literature for health utilities and
setting clear criteria for including health utilities.46–48 A consistent comment within the CUA
included in this review is a lack of available health utilities that reflect the preferences of the
countries and guidance towards optimal study design for generating health utilities. Overall,
many studies cite a lack of health utilities in general.49 This may be due to the methods used
to search for health utilities. Studies with the same authors over time often referenced their
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previous work to describe the identification and use of health utilities. Subsequent CUA with
the same health utility data is efficient to conduct related investigations. However, as the
evidence base grows and new appropriate health utilities may become available, subsequent
reports should be held to the same standard of rigor and description to inform the reader with
an unbiased and transparent analysis. We encourage authors to include a SpRUCE checklist
as a supplementary file with future glaucoma economic evaluation to encourage adherence
to good practice guidelines in reporting the selection and use of health state utilities.

2.5.4 Strengths and limitations

To our knowledge, this is the first use of systematic review to investigate methods applied
and reporting of health utilities in the available glaucoma CUA literature. This study offers
unique insights into the decisions clinical investigators and health economists make when
modeling incremental value of treatments and programs in glaucoma. We believe that this
methodology can be applied in other disease areas to identify the state of practice and inform
future studies of strategies to improve the transparency and validity of CUA. Through this
methodological review, we aggregated approaches in a variety of decision contexts, time
horizons, and model structures to identify specific areas to improve the transparency and
generalizability of future CUA of glaucoma interventions.

This review is limited in that SpRUCE checklist items has a large variation between users
as it directs investigators to perform a quality check.50 We attempted to account for this by
having multiple reviewers apply the checklist. This review analyzes the identification and
use of health utilities, however does not comprehensively review the literature for published
glaucoma health state utilities. This review does not consider the impact of health utilities
on the conclusions of ICUR estimates.

2.6 Conclusion
This methodological review describes the state of practice among published glaucoma CUA
studies. Descriptions were provided for the characteristics of glaucoma CUA, the health
utilities sources, and assess the health utilities reporting standards against good practice
guidelines with the intention of improving the reporting of future glaucoma CUA. We
suggest including a SpRUCE checklist28 as a supplementary file with future glaucoma
economic evaluation to justify decisions that are beyond the scope of what is required to be
reported by journal specifications.
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3 DISEASE-SPECIFIC PREFERENCE-BASED
MEASURE OF GLAUCOMA HEALTH STATES:

HUG-5 PSYCHOMETRIC VALIDATION
Published as: Kennedy, K., & Podbielski, D., & Nanji, K., & Muratov, S.M., &
Ahmed, I.I.K., & Xie, F. (2019). Journal of Glaucoma. (Published July, 2019), DOI:
10.1097/IJG.0000000000001267

3.1 Foreward
The second paper of this dissertation builds on the need for reliable estimates of health utility
by investigating the psychometric properties of the HUG-5 when compared to a frequently
used preference-based generic measure of health state (EQ-5D-5L) and vision-specific
measure of health related quality of life (NEI-VFQ-25). The individual attributes of the
EQ-5D-5L and the sub scales of the NEI-VFQ-25 were compared to HUG-5 attributes for
discriminant and convergent construct validity. The test-retest reliability after a 2-week
period and an additive composite score was used to describe the sensitivity of the HUG-5 in
measuring health states in mild/moderate and advanced glaucoma patients.

124 patients with glaucoma were administered the NEI-VFQ-25, the HUG-5, and the EQ-
5D. The HUG-5 demonstrated construct validity, with convergent and discriminant support
for visual discomfort, mobility, daily life activities, emotional distress, social activities.
The HUG-5 concurrently measured HRQoL associated with best-eye visual field loss r =
0.63, p <0.001. The HUG-5 measured health state consistently with test-retest reliability
Intraclass Correlation = 0.91, p < 0.001. The HUG-5 was established to be sensitive in
detecting differences between mild/moderate and advanced patients with a rank-sum test
with continuity correction (W = 693.5, p < 0.001).

Overall, this study demonstrates that the HUG-5 can effectively measure glaucoma health
states and relationship with the NEI-VFQ and best-eye visual field loss in a sample of
glaucoma patients.
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3.2 Introduction
Glaucoma is a clinical term for a group of optic neuropathies characterized by the progressive
degeneration of retinal ganglion cells and increased intraocular pressure. It is associated
with damage to the optic nerve, generally damaging peripheral vision in its early stages,
eventually progressing to central vision loss.5,51 Glaucoma is the second leading cause of
irreversible blindness in the world with 60 million people worldwide estimated to have
glaucoma52, a figure expected to rise to 76 million by the year 2020.53 Consequently, there is
a rising economic burden associated with glaucoma. In 2004, the direct costs in the United
States were estimated at $1450 per person.54

Although glaucoma progression or treatment have no sizable impact on mortality, both have
a significant effect on the health-related quality of life (HRQoL) of patients.55–58 HRQoL is
a measure of how well individuals are able to function and how they perceive the quality
of their physical, mental, and social dimensions of life.59 As glaucoma progresses, patients
often experience troubles with daily activities and poor emotional well-being, it is important
to measure these changes.60 HRQoL is an integral component that informs health economic
evaluations and maximizing HRQoL is an important goal of patient centered healthcare
service.61

Value of treatments to society and financial costs should be considered for the appropriate
allocation of scarce healthcare resources. Economic evaluations synthesize evidence on costs
and outcomes to inform resource allocation decisions. The quality adjusted year (QALY) is
a common outcome that allows comparisons across disease and clinical outcomes. It is a
measure of disease burden incorporating length of life and impact on HRQoL associated
with an intervention.62 Economic evaluations synthesize evidence on costs and QALY and
are widely used to inform resource allocation decisions.63 QALYs are calculated from health
state utilities values; measurements of patients’ health states, measuring utility between 0 and
1, where 0 indicates death and 1 indicates full health.64 QALYs are calculated by multiplying
the amount of time an individual spends in a particular health state by the HRQoL weight
associated with that particular health state.65 Health utility can be obtained directly for
common measures of HRQoL with preference elicitation techniques such as the time trade
off, standard gamble, or visual analogue scale. However, measuring accurate health utility
with these methods has proven challenging and time consuming.65 Alternatively, health
utility can be measured indirectly from generic preference-based instruments, for example
the EuroQol’s 5 Dimensions (EQ-5D). The EQ-5D is generic preference-based instrument
for measuring health status.66 The generalizability of the EQ-5D comes at the expense of a
loss of sensitivity to measure condition-specific characteristics.67,68 Furthermore, generic
preference-based measures have demonstrated a lack of sensitivity in the vision sciences.69

Existing vision or glaucoma specific instruments (e.g., National Eye Institute Visual Function
Questionnaire or Glaucoma Quality of Life-15) consist of multiple domains and multiple
items per domain formulatig subscale scores.70–72 Developing a mapping algorithm to
convert existing non-preference-based glaucoma-specific HRQoL scores to health utility
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generated by statistical models is an alternative that has been explored in recent years.73

Mapping results have been indicated as inconclusive, with studies often reporting poor model
performances and limited validity.74–76 Moreover, existing glaucoma instruments have been
reported to measure dimensions that do not cover the HRQoL consequential of treatments.77

The only available glaucoma-specific preference-based measure is the Glaucoma Profile
Instrument (GPI) developed by Burr et al.31 The GPI consists of six dimensions with four
response levels per dimension. There is a limitation impacting the psychometric validity
and reliability of the instrument. The GPI uses a catch-all category in the final question of
the tool “Other possible effects of glaucoma or its treatment”. Furthermore, the anchors
used to elicit preferences are 0 (worst state) and 1 (best state) rather than 0 (dead) and 1
(perfect health). As a result of limitations in detecting differences in glaucoma patients by
existing measures73,78,79, health utilities cannot be calculated. This limits the conclusions of
glaucoma economic evaluations and has consequently impacted how economic evaluations
contribute to decision-making within the field of glaucoma.

The Health Utility measure for Glaucoma (HUG-5) was developed from the information
collected in a systematic literature review, patient interviews and focus groups. The HUG-
5 consists of 5 questions, assessing 5 levels of 5 dimensions.80 The HUG-5 measures
health states in patients with glaucoma that represents dimensions important to patients
and consequential to treatment alternatives.16 The objective of this study was to establish
validity and reliability of the HUG-5 in capturing the impact of glaucoma disease severity
on HRQoL.
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3.3 Materials and Methods
3.3.1 Inclusion Criteria

Eligible patients were required to have a confirmed diagnosis of glaucoma and have im-
pairment in one or both eyes. Glaucoma is typically staged as early or mild, moderate and
advanced. According to the Canadian Ophthalmological Society, glaucoma clinical practice
guidelines, mild glaucoma is characterized by an early optic nerve change and (or) mild
visual field defect not within 10 degrees of fixation and mean deviation (MD) of visual field
loss (VFL) greater than -6dB.81 Moderate glaucoma is characterized by more disc features
and a larger visual field defect not within 10 degrees of fixation with an MD from -6 to -12dB.
Advanced glaucoma has more severe optic disc changes and (or) a visual field defect within
10 degrees of fixation with an MD of more than -12dB on a visual field. Previous papers
specifying the planning and development of the HUG-5 describe the methodology and
rationale for grouping mild and moderate patients to be compared with advanced glaucoma
patients.16,80 To participate, patients were required to be at least 18 years of age, able to
speak and write English, provide informed consent and not belong to a vulnerable group
(e.g., people with mental illness, memory problems, learning difficulties, etc.). Patients were
identified to meet study criteria by their attending ophthalmologist specialized in glaucoma
care.

3.3.2 Instruments

The package administered to participants contained three questionnaires; the HUG-5, the
EQ-5D-5L and the NEI-VFQ-25. The three instruments were ordered randomly within the
order of presentation to avoid any experimental order effect. Participants were asked to
provide information on their characteristics in a demographic questionnaire.

3.3.2.1 HUG-5 The Health Utility measure for Glaucoma (HUG-5) is a five question,
disease-specific, preference-based measure. Each question has 5 response options reflecting
none, slight, moderate, very much, severe impact of glaucoma on five HRQoL dimensions.
The composite score for the HUG-5 was calculated as unit-weighted, where each of the
five dimensions were equally weighted and summed. For example, if a patient selects none
for all five dimensions, the composite score for that patient is 5. Alternatively, if a patient
selects severely for all five dimensions, the composite score for that patient is 25. This
measure took patients less than two minutes to complete. After the validation, the next step
is to develop HUG-5’s preference-based scoring algorithm which allows the conversion of
health state responses to health utility.

3.3.2.2 EQ-5D-5L The EQ-5D-5L is a five-dimension, generic preference-based in-
strument for measuring health status.66 Similar to the HUG-5, there is one question for
each dimension. This measure records responses on scales from having no problems (1) to
being (5) unable or experiencing extreme levels of the dimension. Patients are asked on
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their general state describing their health that day with regard to: mobility, self-care, usual
activities, pain or discomfort, and anxiety or depression and to rate their current health state
on a visual analogue scale (VAS) from 1 to 100. Similar to the HUG-5 composite score, the
EQ-5D-5L composite was also calculated using unit weighting, with possible scores ranging
from 5 to 25. This measure took patients less than two minutes to complete on average.

3.3.2.3 NEI-VFQ-25 The National Eye Institute Visual Function Questionnaire (NEI-
VFQ-25) measures vision-related quality of life with 10 scales and a composite score. The
NEI-VFQ-25 is not specific to glaucoma and each scale is informed from multiple items.
The NEI-VFQ records responses on three types of adjective scales. The first ranges from
1- no difficulty to 4 - extreme difficulty. The second adjective scaling captures the extent
a statement applies to the patient; ranging from 1 - all of the time) to 5 - none of the time.
The third adjective scaling captures the extent a statement is true for the patient; ranging
from 1 definitely true to 5 definitely false. Patients are asked on their experiences relating
to ocular pain, driving, near activities, mental health, social function, peripheral vision,
distance activities, role difficulties, general health, general vision, and color vision. Numeric
values associated with each of the NEI-VFQ-25 questions are re-coded following the scoring
rules outlined in Mangione’s scoring algorithm. In a brief summary of the scoring algorithm,
items comprising a subscale are averaged for a subscale scores. The composite score was
calculated by averaging together all sub-scales.70 The NEI-VFQ scoring was flipped and
rescaled to be directly comparable to the EQ-5D and the HUG-5 (e.g. a score of 100 would
be rescaled to 5 and a score of 0 would be rescaled to 25).

3.3.3 Data Collection

Following their clinical encounter, each patient was identified for meeting inclusion criteria
and given a short verbal introduction to the study by their attending ophthalmologist. If the
patient expressed an interest in participating, the ophthalmologist directed the patient to
the onsite study administrator stationed in another clinical office. The study administrator
reviewed the contents of the study consent form, describing the purpose and rights of
the patient in detail before obtaining the informed consent. All study materials were
approved by the Trillium Health Partners Ethics Review Board in August 2017. Patients
were randomly selected to receive a follow up phone call after two weeks where the study
assistant administered the HUG-5 over the phone. Patients were monitored by the study
administrator while completing all instruments, in the event a patient could not read the
instruments themselves, the administrator would dictate the questions to the patient and
record their responses. In these cases where written consent was not possible, verbal consent
was obtained. All participating patients were reimbursed with a 10$ gift card to a national
retailer. Demographic data and patient tracking were stored within a protected spreadsheet
separate from survey data that used unique identifiers to index patient data. Patients who
had elected to cease study participation were removed from record and their physical survey
responses were destroyed.
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3.3.4 Psychometric Properties

This study uses indices of: validity, reliability, and sensitivity as evidence for use of the
HUG-5 as the standard instrument to assess HRQoL in patients with glaucoma across broad
dimensions for use in clinical trials that include economic components in the evaluation of
glaucoma therapies.

3.3.4.1 Score Distributions Differences of shape between composite score distributions
of the HUG-5, EQ-5D-5L and subscales of the NEI-VFQ-25 were considered. Patient
response patterns to the HUG-5 dimensions are described with response frequencies compar-
ing mild/moderate and advanced patients. The score distributions of the three measures were
investigated for skewness, ceiling and floor effects. Patient response patterns were further
explored to provide additional insight into which components of the HUG-5 contributed to
skew or ceiling effects.

3.3.4.2 Validity Construct validity was assessed by evaluating three types of evidence
that support use of the HUG-5 in measuring the HRQoL of glaucoma patients; concurrent,
convergent, and discriminant validity. Concurrent validity was investigated by contrasting
the HUG-5 with the rescaled NEI-VFQ-25 composite scores, the standard for non-preference
based HRQoL tools in ophthalmology74 and the EQ-5D-5L composite scores. Rescaled
NEI-VFQ scores and EQ-5D-5L composite scores were investigated relative to the HUG-5
composite score in their relationship with best-eye visual field loss.51 Patient best-eye VFL
was determined by identifying the greater value of bilateral eye oculus uterque (OU) in
mean deviation (dB). Mean deviation (MD) is a global index available on the visual field
that describes the average value of overall deviation from the expected results within the
same age group of normal visual fields. Depression in a visual field is indicated as a negative
MD value. If right oculus dexter (OD) or left oculus sinister (OS) VFL in MD was greater,
that value was used to describe the relationship between better eye VFL and HRQoL.

Convergent validity was assessed by correlating NEI-VFQ-25 subscales and EQ-5D-5L
dimensions with HUG-5 dimensions. A strong correlation of r >= 0.5 demonstrated
convergent validity for related constructs. The HUG-5 visual discomfort dimension was
expected to demonstrate a strong relationship with general vision and ocular pain NEI-VFQ-
25 subscales, and best-eye MD. The HUG-5 dimension included measures of general vision
performance as criterion for validity because the question addresses difficulty seeing in
darkness as a component of visual discomfort and burning or itching in and around the
eye. The HUG-5 mobility dimension was expected to demonstrate a strong relationship
with the NEI-VFQ-25 subscales general vision, near activities, distance activities, and
peripheral vision; best-eye MD; and the mobility and usual activities dimension of the
EQ-5D-5L. It was rationalized that the measurement of glaucoma’s effect on free movement
would significantly effect activities and overall visual function. The HUG-5 daily living
dimension was expected to demonstrate a strong relationship with general vision, near
activities, distance activities, role difficulties, and dependency subscales of the NEI-VFQ-
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25; a relationship with best-eye MD and the usual activities dimension of the EQ-5D-5L.
Subscales of the NEI-VFQ and dimensions of the EQ-5D were chosen to reflect the capacity
of this dimension to capture glaucoma’s effect on routine activities that people tend to do
every day without requiring assistance. The HUG-5 emotion dimension was expected to
demonstrate a strong relationship with the mental health subscale of the NEI-VFQ-25 and
the anxiety/depression dimension of the EQ-5D-5L. These relationships were expected
to capture the extent that glaucoma effects the range of symptoms and experiences of a
person’s internal life that are troubling, confusing, or out of the ordinary. In one question
attempting to capture the effect glaucoma has on an individual’s current state of subjective
well-being. The HUG-5 social activities dimension was expected to be strongly related to the
NEI-VFQ-25 subscales general visions, near activities, distance activities, social function,
and role difficulties; best-eye MD, and the usual activities dimension of the HUG-5. These
relationships between subscales and dimensions were expected to reflect the negative effect
of glaucoma on activities relating to, or having the purpose of, promoting companionship
and participating in communal activities.

Discriminant validity was assessed by correlating HUG-5 dimensions with NEI-VFQ-25
subscales, EQ-5D-5L dimensions and best-eye MD that were expected to be unrelated
to the construct measured. A poor correlation of 0.3 demonstrated discriminant validity
for unrelated constructs. Few predictions were made for discriminant validity, and most
HUG-5 dimensions were expected to follow atleast a mild correlation between HUG-5
dimensions and other measures. One important hypothesis was tested to evaluate if the HUG-
5 dimensions reflected similar properties as the NEI-VFQ-25 as a vision related measure
of HRQoL. Similar to the NEI-VFQ’s initial validation effort, all HUG-5 dimensions were
expected to be discriminant from the general health subscale of the NEI-VFQ-25.82 The
HUG-5 emotion dimension was expected to discriminate from the NEI-VFQ-25 subscale
for general vision, best-eye MD, as well as the mobility, self-care, usual activities, and
pain/discomfort domains in the EQ-5D-5L. All HUG-5 dimensions were excepted to be
discriminant of the EQ-5D-5L dimension of pain/discomfort.

3.3.4.3 Test-Retest Reliability Test-retest reliability refers to the repeatability of a
measurement administered on two occasions during which there is no significant change
in the patient’s status. The HUG-5 was administered two weeks after the baseline to a
random group of patients (n=24). Reliability was measured by determining the Intraclass
Correlation Coefficient (ICC) of the two administrations of the HUG-5 using the composite
score. An ICC 0.4 was considered acceptable, between 0.6 < x < 0.74 good, and excellent
0.75 < x < 1.00.83

3.3.4.4 Sensitivity Sensitivity of the HUG-5 was evaluated by a cross-sectional com-
parison among patients with two disease severity levels (mild and advanced) with a Wilcox
nonparametric test of independent group differences84, contrasting the two groups composite
scores. The HUG-5 was considered sensitive if the measure rejects the null that there is no
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difference between severity groups mild/moderate and advanced.

3.4 Results
Demographic and clinical characteristics of the sample are summarized by OU best-eye
severity in Table 3. 124 patients diagnosed with glaucoma participated in the study. After
the initial data collection period, 4 patients opted to remove their data from the study, leaving
a final sample of 120 patients. The mean age of the overall sample was 67.0 (16.2) years,
where most patients were employed (32.5%) or retired (58.3%), females (43.4%) and white
(40.0%) or asian/pacific islander ethnicity (31.7%). Advanced patients were more likely to
report being single than mild-moderate patients (50% > 29%), were retired (68% > 55%),
and less frequently had a documented treatment change on the day of their participation
in the study (9% < 23%). Comparable proportions were observed between advanced and
mild/moderate patients for age categories and type of glaucoma.

3.4.1 Score Distributions

Figure 5 describes the distribution of HUG-5, NEI-VFQ-25, and EQ-5D composite scores.
All three measures of HRQoL present with a positive skew, reflecting a tendency for most
participants to score relatively high ratings of HRQoL. The range of composite scores
reported by patients was altered by the generic nature of the EQ-5D. In this sample of
patients with glaucoma, the EQ-5D response distribution ceiling effect captured a ceiling
effect, where the instrument failed to capture health above no problems. This EQ-5D ceiling
effect is illustrated in Figure 5. In contrast with the EQ-5D, the HUG-5 avoided this ceiling
effect. HUG-5 composite scores ranged from 5 (minimum possible) to 25 (maximum
possible); compared to the EQ-5D-5L which ranged from 5 to 19 and the rescaled NEI-VFQ-
25 which ranged from 5.4 to 21.3. Patient response patterns for the HUG-5 were further
explored in Table 4, describing response frequencies of each level of all dimensions for
mild/moderate and advanced patients. The most common concern ailing advanced patients
with their HRQoL above slightly is visual discomfort, followed by mobility and daily life
activities. Mild/moderate patients most commonly identified moderate concerns of visual
discomfort (16.3%), emotion (14.0%) and mobility (11.6%).

3.4.2 Validity

3.4.2.1 Concurrent Validity All measures were significantly correlated with best-eye
MD. The HUG-5 composite demonstrated a strong correlation r = 0.63(0.51, 0.73), p <
0.001 with VFL. The NEI-VFQ-25 composite scale also demonstrated a similar correlation
with VFL, capturing a more precise estimate of r = 0.70, (0.59, 0.78), p < 0.001. The
EQ-5D-5L was marginally less correlated with VFL and less precise relative to the HUG-
5 and the NEI-VFQ-25, where r = 0.54, (0.40, 0.66), p < 0.001. Figure 6 depicts the
relationships between HRQoL composite scores of the NEI-VFQ-25, HUG-5, EQ-5D-3L
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Table 3: Sample characteristics.

 

 Mild/Moderate  
n (%)  

Advanced  
n (%)  

Total 
n (%)  

 

Age Category 
18 to 40  2 (2.33)  2 (5.88)  4 (3.33)   

41 to 60  20 (23.26)  5 (14.71)  25 (20.83)   

61 to 80  47 (54.65)  22 (64.71)  69 (57.5)   

>80  17 (19.77)  5 (14.71)  22 (18.33)   

Gender 
Female  40 (46.51)  12 (35.29)  52 (43.33)   

Ethnicity 
White  38 (44.19)  10 (29.41)  48 (40)   

Hispanic or Latino  3 (3.49)  1 (2.94)  4 (3.33)   

Black or African American  15 (17.44)  9 (26.47)  24 (20)   

Asian/Pacific Islander  24 (27.91)  14 (41.18)  38 (31.67)   

Other  5 (5.81)  0 (0)  5 (4.17)   

Education 
Highschool Diploma or less  26 (30.23)  11 (32.35)  37 (30.83)   

College  23 (26.74)  7 (20.59)  30 (25)   

Undergraduate Degree  19 (22.09)  9 (26.47)  28 (23.33)   

Graduate Degree  17 (19.77)  7 (20.59)  24 (20)   

Marital Status 
Prefer not to answer  1 (1.16)  0 (0)  1 (0.83)   

Single  25 (29.07)  17 (50)  42 (35)   

Married or domestic partner  59 (68.6)  17 (50)  76 (63.33)   

Employment Status 
Employed  31 (36.05)  8 (23.53)  39 (32.5)   

Unemployed  7 (8.14)  2 (5.88)  9 (7.5)   

Student  0 (0)  1 (2.94)  1 (0.83)   

Retired  47 (54.65)  23 (67.65)  70 (58.33)   

Glaucoma Type 
Open-Angle  76 (88.37)  28 (82.35)  104 (86.67)   

Angle Closure  2 (2.33)  3 (8.82)  5 (4.17)   

Mixed Mechanism  6 (6.98)  1 (2.94)  7 (5.83)   

Juvenile Open Angle  1 (1.16)  2 (5.88)  3 (2.5)   

Normal Tension  1 (1.16)  0 (0)  1 (0.83)   

Cataracts  24 (27.91)  3 (8.82)  27 (22.5)   

Treatment Change  20 (23.26)  3 (8.82)  23 (19.17)   

Note: Demographics table reporting the characteristics of mild/moderate (at least one eye) and advanced patients 
(both eyes) 
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Table 4: HUG-5 item response frequencies by glaucoma severity.

Not at all Slightly Moderately Very Much Severely 

Mild/Moderate (OS/OD) 50 25.58 16.28 4.65 3.49

Advanced (OU) 29.41 8.82 20.59 23.53 17.65

Mild/Moderate (OS/OD) 68.6 15.12 11.63 3.49 1.16

Advanced (OU) 32.35 11.76 17.65 23.53 14.71

Mild/Moderate (OS/OD) 75.58 16.28 5.81 1.16 1.16

Advanced (OU) 29.41 14.71 20.59 20.59 14.71

Mild/Moderate (OS/OD) 52.33 29.07 13.95 2.33 2.33

Advanced (OU) 26.47 29.41 20.59 11.76 11.76

Mild/Moderate (OS/OD) 87.21 4.65 3.49 2.33 2.33

Advanced (OU) 52.94 11.76 20.59 2.94 11.76

Level response frequency (%)

Visual Discomfort

Mobility

Daily Life Activities

Emotional Well-Being

Social Activities

Note: HUG-5 responses of mild/moderate (at least one eye and advanced patients (both eyes) by 

dimension and level.
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Figure 5: Histogram plots of HUG-5, NEI-VFQ-25 (rescaled) and EQ-5D-5L; illustrating
the distribution of scores among this sample of mild, moderate and advanced glaucoma
patients collectively.

and best-eye VFL. The complete correlation matrix describing the relationships between all
dimension and subscales are reported in Table 5.
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Table 5: Correlation Matrix of HUG-5, NEI-VFQ-25 and EQ-5D-5L.

   
HUG-5 NEI-VFQ-25                                                                               EQ-5D-5L 

 
Visual 
Discom
fort  

Mobility  Daily 
Living  Emotion Social 

Activity 
General. 
Health  

General. 
Vision  

Ocular 
Pain  

Near. 
Activities  

Distance. 
Activities  

Social. 
Function  

Mental. 
Health  

Role. 
Difficulties  Dependency  Driving  Color. 

Vision  
Peripheral. 
Vision  Comp 

Best 
Eye 
MD  

MOB  SEL  DA  P/D  A/D  

HUG-5 

Visual Discomfort  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  
Mobility  0.71  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  

Daily Living  0.73  0.77  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  
Emotional  0.63  0.56  0.59  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  

Social Activities  0.72  0.76  0.74  0.59  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  
NEI-VFQ-25 

General.Health  -0.31  -0.24  -0.25  -0.27  -0.26  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  

General.Vision  -0.59  -0.57  -0.68  -0.41  -0.66  0.28  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  
Ocular.Pain  -0.48  -0.45  -0.53  -0.45  -0.48  0.22  0.43  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  

Near.Activities  -0.73  -0.65  -0.81  -0.54  -0.72  0.29  0.75  0.53  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  
Distance.Activities  -0.67  -0.71  -0.79  -0.51  -0.7  0.17  0.7  0.48  0.82  1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  

Social.Function  -0.63  -0.66  -0.77  -0.5  -0.76  0.15  0.66  0.4  0.81  0.8  1  -  -  -  -  -  -  -  -  -  -  -  -  -  
Mental.Health  -0.71  -0.71  -0.76  -0.73  -0.83  0.26  0.68  0.5  0.74  0.7  0.73  1  -  -  -  -  -  -  -  -  -  -  -  -  

Role.Difficulties  -0.76  -0.68  -0.77  -0.61  -0.77  0.3  0.69  0.54  0.79  0.72  0.75  0.81  1  -  -  -  -  -  -  -  -  -  -  -  
Dependency  -0.63  -0.71  -0.76  -0.61  -0.79  0.1  0.67  0.48  0.79  0.76  0.84  0.76  0.77  1  -  -  -  -  -  -  -  -  -  -  

Driving  -0.47  -0.48  -0.47  -0.34  -0.46  0.2  0.48  0.22  0.45  0.54  0.49  0.45  0.44  0.47  1  -  -  -  -  -  -  -  -  -  
Color.Vision  -0.49  -0.5  -0.64  -0.37  -0.64  0.12  0.57  0.4  0.7  0.68  0.83  0.6  0.66  0.75  0.41  1  -  -  -  -  -  -  -  -  

Peripheral.Vision  -0.62  -0.74  -0.75  -0.47  -0.69  0.22  0.62  0.47  0.74  0.75  0.72  0.69  0.65  0.69  0.46  0.63  1  -  -  -  -  -  -  -  
Composite  -0.77  -0.77  -0.86  -0.63  -0.83  0.36  0.81  0.6  0.9  0.87  0.87  0.85  0.87  0.86  0.65  0.78  0.82  1  -  -  -  -  -  -  

Progression 

Best Eye MD  -0.5  -0.6  -0.71  -0.41  -0.52  0.1  0.53  0.24  0.65  0.72  0.72  0.53  0.53  0.68  0.56  0.6  0.59  0.7  1  -  -  -  -  -  

EQ-5D-5L 

MOB 0.35  0.43  0.46  0.24  0.46  -0.19  -0.42  -0.25  -0.42  -0.48  -0.46  -0.46  -0.44  -0.46  -0.34  -0.41  -0.44  -0.52  -0.41  1  -  -  -  -  
SEL 0.41  0.43  0.46  0.39  0.6  -0.24  -0.43  -0.37  -0.51  -0.54  -0.57  -0.52  -0.48  -0.55  -0.33  -0.54  -0.45  -0.59  -0.42  0.56  1  -  -  -  

DA 0.56  0.65  0.67  0.45  0.74  -0.14  -0.6  -0.35  -0.64  -0.7  -0.78  -0.68  -0.69  -0.74  -0.46  -0.7  -0.62  -0.76  -0.68  0.59  0.65  1  -  -  
P/D  0.3  0.38  0.29  0.29  0.36  -0.3  -0.17  -0.32  -0.25  -0.28  -0.25  -0.33  -0.31  -0.26  -0.25  -0.2  -0.27  -0.35  -0.21  0.5  0.35  0.33  1  -  

A/D  0.41  0.45  0.37  0.54  0.49  -0.2  -0.37  -0.29  -0.46  -0.46  -0.47  -0.49  -0.42  -0.54  -0.15  -0.32  -0.39  -0.48  -0.37  0.32  0.43  0.5  0.4  1  
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3.4.2.2 Convergent Validity This sample of patients often identified concerns with
the HUG-5 visual discomfort dimension as their best-eye MD increased r = 0.50 and
concurrently elevated the NEI-VFQ-25 subscale for general vision r = 0.59. The HUG-5’s
measure of visual discomfort was correlated with, but did not meet convergent validity crite-
ria with the NEI-VFQ subscale for ocular pain r = 0.48. When patients identified general
vision concerns as measured by the NEI-VFQ subscale, the HUG-5 mobility dimension
was also frequently elevated r = 0.57. When mobility was reported above none or slight
concerns due to glaucoma, patients also tended to report difficulties with their peripheral
vision r = 0.74 (VFQ) and best-eye MD r = 0.6, altering the free movement important to
engaging in usual activities r = 0.67 (EQ-5D), near activities r = 0.65 (VFQ), and distance
activities r = 0.71 (VFQ). Surprisingly, the EQ-5D-5L mobility dimension r = 0.43 did
not meet convergent validity criteria with the HUG-5 mobility dimension. The HUG-5 daily
living dimension was assessed to have a strong, positive relationship with all NEI-VFQ-25
subscales and EQ-5D-5L dimensions specified. Patients reporting daily living difficulties on
the HUG-5 also tended to have greater VFL where the best-eye MD was strongly correlated
r = 0.71. Not so surprisingly, these patients also tended to report general vision difficulties
r = 0.68 (VFQ), problems engaging in near activities r = 0.81 (VFQ), and distance activi-
ties r = 0.79 (VFQ). These patients also reported needing more support of others to perform
basic functions or usual activities r = 0.67 (EQ-5D), captured by the NEI-VFQ-25 subscale
for dependency r = 0.76 and role difficulties r = 0.77. The HUG-5 dimension measuring
emotion was assessed to have a strong, positive relationship with the NEI-VFQ subscale
for mental health r = 0.73 and the EQ-5D dimension of anxiety/depression r = 0.54.
When patients described their experience with how glaucoma has impacted their ability
to engage in social activities, as measured by the HUG-5 dimension of social activities,
patients reported reduced VFL best-eye MD r = 0.52 and general vision problems r = 0.66
(VFQ). Patients reported difficulties engaging in communal activities; specifying difficulties
with near activities r = 0.72 (VFQ), distance activities r = 0.70 (VFQ), social function
r = 0.76 (VFQ), and role difficulties r = 0.77 (VFQ). These patients reported an effect of
their glaucoma progression or treatment on social activities also reported challenges with
usual activities r = 0.74 measured by the EQ-5D-5L.

3.4.2.3 Discriminant Validity This sample of glaucoma patients did not concurrently
elevate HUG-5 dimensions mobility r = 0.24, daily life activities r = 0.25, emotion
r = 0.27, or social activities r = 0.26 when elevating the NEI-VFQ-25 measure of
general health, meeting the criteria for discriminant validity. The fifth HUG-5 dimension,
visual discomfort had a weak correlation with general health r = 0.31 (VFQ). These are
similar results as the reporting in the NEI-VFQ-25 psychometric validation study.70 HUG-5
dimension emotion did not meet criteria for discriminant validity with best-eye MD r = 0.41,
general vision r = 0.41 (VFQ), self-care r = 0.46 (EQ-5D), and usual activities (EQ-5D)
r = 0.45. However, emotion met criteria for discriminant validity with mobility r = 0.24
(EQ-5D) and pain/discomfort r = 0.29 (EQ-5D). The HUG-5 dimensions of daily living
(r = 0.29) and emotion (r = 0.29) met discriminant validity criteria in their correlation with
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pain/discomfort dimension (EQ-5D-5L). Social Activities (r = 0.36), mobility (r = 0.38),
and visual discomfort (r = 0.3) demonstrated a weak correlation, however these subscales
did not meet criteria for discriminant validity. A correlation plot mapping convergence and
divergence predictions while identifying relationships that did not meet criteria with an X is
illustrated as Figure 7.
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Figure 7: Correlation plot of HUG-5 dimension relationships between NEI-VFQ-25, Best-
Eye MD, and EQ-5D-5L. The size of each circle is proportionate to the magnitude of
the correlation. Significant convergent relationships where r >= 0.5 and significant
discriminant relationships where r <= 0.3 are annotated with a ∗. Unmarked circles were
apriori hypotheses that did not meet criteria.

3.4.3 Reliability

After a 2-week period, a random sample of 39 patients was administered the HUG-5 over
the phone. The second HUG-5 composite scores were compared to the first administration,
demonstrating excellent reliability, F (38, 38) = 22, ICC = 0.91, (0.84, 0.95), p < 0.001.
The relationship between time 1 and time 2 HUG-5 administrations was evaluated using a
2-way random-effects model for single raters and conclude that 91% of the variability in the
scores captured by the HUG-5 represented the constuct of glaucoma-specific HRQoL and 9%
represented random variation. The HUG-5 dimensions were individually evaluated for an
index of item reliability (rii). The most reliable dimension of the HUG-5 is daily activities
with rii = 0.88, followed by social activities with rii = 0.84 and mobility rii = 0.80. The
least reliable dimensions of the HUG-5 are visual discomfort with rii = 0.77 and emotion
rii = 0.73.
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3.4.4 Sensitivity

Patients classified as mild/moderate and advanced were compared using a Wilcox test,
where the distribution of HUG-5 composite scores are illustrated in the Figure 8 density plot.
The rank-sum test with continuity correction rejected the null, accepting the true location
shift is not equal to 0 (W = 693.5, p < 0.001). This confirms that the HUG-5 is sensitive
in detecting group level differences between mild/moderate and advanced patients with
glaucoma.
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Figure 8: Distributions of HUG-5 composite score by best-eye glaucoma severity

3.5 Discussion
The present study sought to determine if the HUG-5 preference-based measure met criteria
for validity, reliability and sensitivity in a population of patients followed for glaucoma
management. This methodology was chosen for the purpose of assisting clinicians and
researchers and informing their decisions regarding the use of the HUG-5 as an outcome
measure. Since glaucoma is a slow progressive disease, excellent HUG-5 reliability indicate
that the tool provides very consistent results for individuals in a stable disease state within 2
weeks of measurement. The HUG-5 can effectively discriminate between individuals in a
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mild to moderate stage of glaucoma versus advanced glaucoma, an important characteristic
identified in the planning stages of measure design.80 From the results of this study, it is clear
that the HUG-5 demonstrated sufficient dimensional consistencies between NEI-VFQ-25,
EQ-5D, and best-eye VFL to classify the HUG-5 as valid questions to measure visual
discomfort, mobility, daily life activities, emotion and social activities as they pertain to a
HRQoL state in a glaucoma patient population.

The NEI-VFQ-25 composite score had the most consistent relationship with best-eye MD
(Figure 2), this is most likely reflective of the instruments use of subscaling and multiple
items informing that composite. Additionally, the NEI-VFQ was designed with an intent
to measure vision-specific HRQoL. Despite the imprecision in predicting best-eye MD,
the HUG-5 has a strong, significant relationship with best-eye MD and met criteria for
concurrent validity. Of the 35 construct validity comparisons, 31 met a priori criteria. The
strong associations with NEI-VFQ and best-eye VFL demonstrate that the HUG-5 measures
key elements in specifying HRQoL states in glaucoma, providing quantitative evidence to
support our previous work in the development of the measure from patient perspectives.16 A
proposed explanation as to why the HUG-5 dimension of visual discomfort did not have
a substantial correlation with the NEI-VFQ-25 subscale is that the HUG-5 embodies both
physiological and psychological discomfort, whereas the NEI-VFQ-25 subscale measures
physiological discomfort such as burning or itching of the eye exclusively. Ultimately
there is imperfect yet acceptable evidence for the construct validity of the visual discomfort
dimension. Visual discomfort should be further explored in it’s ability to capture the
components of psychological discomfort with vision (difficulty seeing in darkness) and
physiological discomfort associated with glaucoma progression or therapies (burning or
itching in and around the eyes). There seemed to be strong evidence supporting the mobility
dimension from how patients report their HRQoL and ability to engage in autonomous free
movement. For the dimensions of daily living, emotion, and social activities, all anticipated
relationships between NEI-VFQ-25 subscales and EQ-5D-5L dimensions were observed,
demonstrating excellent evidence for construct validity.

In a direct comparison with the internationally accepted generic measure EQ-5D-5L, the
HUG-5 consistently captured health states that were not detectable by the EQ-5D-5L. In the
case that both measures were administered to patients alongside a clinical trial to evaluate
cost-effectiveness, patients would report a higher quality of life with the EQ-5D than the
HUG-5 because the questions are designed to capture general quality of life. Measuring
relevant dimensions to glaucoma patients allows for a more concise estimation of utility
between individuals, providing the conditions necessary for precise estimates of patient
health utility. Relative to the NEI-VFQ-25, the HUG-5 covers a wider range of possible
health states and requires a fifth of the questions and time to administer. The HUG-5 was
able to consistently measure key elements of health states for glaucoma patients, with
excellent test-retest reliability across the 5 dimensions. On an item level, the means of all
dimensions slightly decreased from the initial administration. This over-reporting effect may
be attributed to the differing environments of administration (at clinic after appointment
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versus at home over the phone). In our measurement of HUG-5 sensitivity, the HUG-5 could
differentiate HRQoL distributions of mild/moderate and advanced patients. This should
be interpreted to the extent that the HUG-5 can detect differences in groups, but it will not
consistently detect important differences as a clinical assessment of an individual patient.

An important piece of information regarding measurement quality is the responsiveness
of a quality of life instrument. Responsiveness assesses the value created by treatment
of glaucoma, if relieving glaucoma symptoms improves function, the HUG-5 should be
able to measure that change. Due to sampling constraints, it was decided to evaluate the
responsiveness of the HUG-5 in a longitudinal study among a homogeneous patient group,
despite our initial plan to assess responsiveness. The HUG-5 will be administered alongside
a randomized controlled clinical trial evaluating treatment efficacy as a secondary outcome
measure and reviewed for responsiveness among patients with differing characteristics. The
HUG-5 is intended to replace the EQ-5D or other multi-attribute utility instruments for
measurement of utilities in glaucoma to inform cost-effectiveness analysis of introducing
changes to treatment alternatives or service changes. The following discrete choice study will
map utility values to HUG-5 health states from the generated multi-attribute utility function
and placed on the health utility scale with a time-trade-off discrete choice experiment.
This study was not without its limitations. This study did not account for the effect of
comorbid conditions. Three patients were included in the analysis that were diagnosed
with Juvenile Open Angle Glaucoma (JOAG). These patients were included as they met
the prespecified criteria for inclusion and in the interest of patient equity for participation.
However, these patients may perceive quality of life different from patients diagnosed at
a later age. It is unlikely that these three individuals invalidated the conclusions of this
study, however future research should aim to evaluate the validity of the HUG-5 in this
population of glaucoma patients with a representative sample. Data was only collected from
patients at one clinical group in Southern Ontario, more patients in different regions would
be important to measure to generalize results to other populations. Regarding concurrent and
discriminant validity, this study made numerous comparisons from threshold criteria without
employing a statistical test to determine the likelihood of obtaining a true result. There were
simply too many comparisons that were identified as important relationships to describe
similarities and discrepancies captured in the reporting patterns present in the NEI-VFQ-25,
the HUG-5 and the EQ-5D-5L. The NEI-VFQ-25 has met criticism in recent years for its
internal consistency85 other measures such as the GlauQol-36 may have provided additional
information on the properties of the HUG-5. Future studies may look to collect more patients
from different populations and test the performance of the HUG-5 relative to other generic
and disease specific measures of HRQoL. Additional research is required to address the
factors impacting measure properties in the detection of subtle HRQoL differences between
mild and moderate patients. In this respect, investigating HUG-5 properties relative to the
HUI III, which includes a vision component, is a worthwhile pursuit.86
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3.6 Conclusion
The HUG-5 has met the expectations previously outlined80 and presents a collection of
evidence that supports its use as a preference-based measure of glaucoma health states. The
final step of this 4-step process is to utilize a discrete choice experiment in conjunction with
a time trade-off exercise with a glaucoma patient population to determine a preference-based
scoring algorithm to measure health states on a health utility scale.
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4 RESURRECTING MULTI-ATTRIBUTE UTILITY
FUNCTION; DEVELOPING A VALUE SET FOR
HEALTH UTILITY FOR GLAUCOMA (HUG-5)

Submitted for publication as: Kennedy, K., & Pickard, A.S., & Tarride, J.E., & Xie, F.
(2022). Value in Health.

4.1 Foreward
In 2019 and at the point of publishing the HUG-5 validation study, I was still developing
an understanding of preference-elicitation methodology and had ended the validation study
with a statement towards using DCE to generate a value function for the HUG-5. In the
design of this study, time trade-off (TTO) and discrete choice experiments (DCE) were
considered as viable methods for generating a preference-based value algorithm for the
HUG-5. However, we ultimately decided to adopt the multi-attribute disutility function
(MADUF) approach.

The rationale for this decision was that despite TTO being a popular value-based framework
used in defining preference-based value functions of the general population for other, similar,
measures such as the EQ-5D, we considered that TTO foundationally was based on limited
theoretical underpinnings.87,88 Discrete choice experiments have grown in popularity over
the past decade, with additional specifications to the experimental method including max-
diff (best-worst scaling).89–91 DCE questions require direct comparison of select health
states, where the cardinal preferences of the sample are ranked on aggregate and fitted
to a logit function between 0 and 1. DCE is designed to elicit choice within a random
utility framework. We did not use the DCE method due to our belief that the preferences
for attributes described in the HUG-5 health states would not be additive, expecting an
interaction between attributes. The MADUF represented a framework that allowed for single
attributes combined as discrete health states with interactions between attributes/levels. In
addition, the MADUF utilities are elicited using Standard Gamble, a method design to
identify indifference points between alternative health states and is closely design to reflect
the tenants of expected utility framework. The SG-VAS MAUF approach allows for additive
relationships (if observed) in calculating the preference-scoring algorithm, yet also retains
capacity to specify multiplicative relationships in utility scoring for non-single attribute
health states.

In the initial design of this experiment, we considered using SG only to develop a mul-
tiattribute utility function directly from elicited single attribute utilities (for all attribute
levels). Unfortunately, in the pilot testing, we found that the range of SG derived utilities was
insufficient to generate a reliable scoring function. We concluded that the iterative nature
of the SG ping-pong approach did not allow for respondents to qualify precise differences
between incremental single attribute health states. The consequence of eliciting all single
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state attributes was a lack of discrimination in aggregate estimates between attributes. We
subsequently pilot tested a sample with both VAS and SG for single attribute states and
found that the precision afforded by VAS to assign values at the upper end of the scale
(without equivocating perfect health) supported reliable estimation of the function. We used
an online data collection process in concert with a sampling service to collect the preferences
of the United States general population. The online application was iteratively tested through
piloting to ensure quality data collection with the final sample. Quota sampling was used
to recruit a representative sample of the US general population in terms of age, sex, and
race/ethnicity.

MADUF utilities were estimated for 3125 HUG-5 health states. The correlation between
mean elicited and estimated values for marker states was strong (R2 = 0.97) with MAE =
0.11. The HUG-5 value set offers improvements over other glaucoma-specific preference-
based measures. First, it was developed from the preferences of a representative sample of
the US general population and second, the HUG-5 health state values are on the scale of
perfect health and death which can be used to estimate QALYs for economic evaluations.
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4.2 Introduction
Cost-utility analyses (CUAs) use a generic or condition-specific, preference-based measure
of health state to facilitate comparisons across diseases and clinical outcomes. Health utility
is a single index measure anchored at 0 for dead and 1 for full/perfect health, with negative
values for health states worse than dead.92 Health utility has been widely used to calculate
quality-adjusted life year (QALY) in CUAs and inform health resource allocation policy
making. Alternatively, in the United States, CUAs have been used by Institute for Cost
Effectiveness Review (ICER) to provide guidance on pricing under a value assessment
framework that applies cost per QALY thresholds.

Health utility can be measured directly using preference elicitation techniques or indirectly
using predeveloped, preference-based instruments. Direct preference-elicitation methods
ask patients to assign value to their current health state. Preference-based instruments are
scored with a preference-weighted function. This scoring function assigns each health state
defined by the instrument to an index of health utility.93,94 The preference-based scoring
function is derived by selecting a subset of health states of interest, identifying a group of
respondents, measuring preferences for the selected states, and modeling a value function
for all health states described by the instrument.95–97 A representative sample of the general
population is a recommended source of preferences when developing a scoring function for
a few reasons.98 First, evidence has consistently shown that patients who have experienced
an impaired health state may adapt to the state and thus assign a higher utility value than the
general population who has no prior experience or knowledge of the state.99 Secondly, in a
publicly funded health care system it is the general public who sponsors the system through
taxation, and is eventually affected by any resource allocation decision. Therefore, any such
decision should be made based on the general public preferences.100,101

In certain conditions, there is evidence that suggests generic health utility measures inad-
equately capture the impact of treatment and outcomes. This is particularly an issue for
vision-related diseases, where generic measures are unable to reliably detect differences be-
tween disease stages.78 Glaucoma is different from acute or emergent ophthalmic conditions
is that it occurs as a gradual progression from peripheral to central vision loss. Glaucoma
is a progressive disease that occurs more often in aging populations and impacts the lives
of 1.86% of the global population.102 In the most common type of glaucoma, open-angle,
vision loss progresses from peripheral visual field loss to central vision loss and possibly
total blindness if untreated.103 Patients, on average, are nearing blindness in both eyes before
a generic instrument detects differences in health-related quality of life.67,104

In recent years, there has been growing interest in developing condition-specific preference-
based measures (CS-PBMs) for conditions that involve deficits to sensory systems such as
vision, hearing, and cancer.105–109 CS-PBMs are developed as a utility-based alternative to
generic preference-based measures when the latter is demonstrably limited for detecting
change and/or differences in health states. Multiple valid and reliable condition-specific
instruments exist for glaucoma such as the NEI-VFQ-25, and the GPI which measure
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glaucoma health states and assign utility values by either a mapping function or a value
set.31,77,110 However, limitations have been described for preference-based scoring previously
developed for the GPI (GUI) and NEI-VFQ-25 mapping algorithm to EQ-5D utility scores.75

The GUI’s function was generated from the preferences of patients, not the general popu-
lation, a significant association was observed between the patient’s disease state and their
preferences for health states. The NEI-VFQ-25 mapping algorithm reported low predictive
power, where the authors highlighted that the mapping function may lead to inaccurate
utility values.75

We have previously developed and validated the Health Utility for Glaucoma (HUG-5).16,111

To address the need for an improved preference-based utility measure, the primary objective
of this valuation study was to develop a scoring function to calculate health utility for health
states described by the HUG-5 based on the preferences of the general population in the
United States.

4.3 Methods
This was a valuation study aimed at developing a preference-based scoring function for the
HUG-5. Two preference elicitation methods, visual analog scale (VAS) and standard gamble
(SG) were used to elicit preferences for a subset of health states described by the HUG-5.
A representative sample of the US general population was recruited through an online
platform. A multiple attribute disutility function (MADUF) was adopted to develop the
scoring function for the instrument.86 The HUG-5 describes patient reported glaucoma health
states as a composite of 5 possible levels of 5 attributes: visual discomfort (physiological
and psychological), mobility concerns (limitations to spatial awareness), daily life activities
(close up work, household chores), emotional health (negative thoughts, worries and fears),
and social activities (getting out with friends, large social gatherings, incidents of social
embarrassment).16,80,111 These dimensions of health state focus on physical, mental, and
social functions which are related to, but not defined in exclusivity by the progressive loss
to the field of vision. In total, the HUG-5 describes 3125 health states.16,80,111 A subset of
the HUG-5 health states was selected to develop the value set.94,112

4.3.1 Health state selection

Single attribute health states refer to the health states in which only one attribute is elevated,
and all other attributes are held constant at level 1 (e.g., 21111, 31111, 41111, 51111). This
allows respondents to consider each attribute and level independent of other attributes. For
each attribute, there are 4 single attribute health states (i.e., slight, moderate, very much,
and severe) and hence the total number across five attributes are 20. The single attribute
health state at the most severe level of the attribute is called corner state. There are five
corner states for the HUG-5, namely, 51111, 15111, 11511, 11151, and 11115. PITS health
state is defined by all attributes at the most severe level, describing the worst possible health
state. For the HUG-5, the PITS state is 55555. Marker states are health states that reflect
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different levels of severity. Marker states facilitated a comparison between health utilities
directly derived from SG and the utilities estimated from the scoring function. We selected
five marker states based on common health states observed in the HUG-5 psychometric
validation studies for patients with mild/moderate and severe glaucoma. Based on health
state frequency of occurence and describing different combinations of attribute levels, we
selected two mild/moderate health states (31232, 31221) and three severe health states
(11545, 14314, 42512).

4.3.2 Preference elicitation methods

Visual analog scale (VAS) was used for deriving health utilities for single attribute health
states. The anchors for the VAS are 0 for death and 100 for perfect health. The VAS was
represented as a vertical line with a slider button, where the respondents can slide the button
and view the current value of the slider to assign value to the health state. The slider was
placed at 50 as the default value for each health state to avoid position bias. The VAS values
were used to determine the distance between single attribute health states. Standard gamble
(SG) is a preference elicitation method developed based on the expected utility theory.113–115

SG tasks constitute respondents being offered a choice between an uncertain option of with
perfect health and death with probability p and 1-p, respectively, and a certain option of
living in a (sub-optimal) HUG-5 health state. The probability p started with 1 and then was
iteratively varied using a ping-pong approach with 0.1 increments until either the respondent
indicated indifference between the two options at which the utility for the HUG-5 health
states was calculated as p, or the value reaches an end by design (e.g., between 0.8 and 0.9,
therefore the utility value of 0.85 was assigned). The SG tasks were presented using an icon
grid visualization of the probabilities116, beginning with 100% chance of being in perfect
health. Respondents assigned values for a warmup health state, the 5 single attribute corner
health states, the 5 marker states, and death or PITS depending on which they deemed to
be worse. A functional transformation was applied to estimate single attribute health state
utilities with information from SG utilities and VAS values.

4.3.3 Sampling

A sample representative by age, sex, and race of English-speaking Americans was recruited
through an online survey platform. The sample size required in health utility valuations of
preference-based measures requires considering the level of precision sought for estimates
and the degree of balance in alternatives presented to respondents.94 For this study, we aimed
at reaching a standard error of mean estimates at 0.05. To reach this level of precision for
the sampled mean, we assumed an average standard deviation of 0.3.96 The total sample size
required to reach a minimum level of precision was n = 180. Based on previous work117,118,
we expected 32% of the total sample would not meet exclusion criteria, adjusting our
minimum effective sample to n = 263. A priori exclusion criteria were established to ensure
the quality of the scoring function estimated. Respondents were excluded if their subjective
numeracy score was less than 2.5 and a self-assessed understanding of the tasks less than
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2 on a scale of 1 to 5 (where 1 was defined as ‘no understanding’, and 5 was defined as
excellent understanding).119 Respondents were also excluded if they used less than 10%
of the VAS or health utility scale or failed more than 2 VAS monotonicity checks across
attributes.118 A failure of monotonicity within an attribute was defined as VAS values not
incrementally lower or the equal for less severe states. In addition to reaching the minimum
effective sample, respondents were recruited to meet quotas for representation of the US
general population.
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4.3.4 Data Collection and Management

The online survey application was developed in R 4.1.1 and the shiny package.120,121 SUP-
PLEMENT 4 to 6 illustrate the user interface used to elicit preferences. The application
followed a prescribed sequence that informed respondents about glaucoma, encouraged re-
flection on what glaucoma would mean for them, and asked a series of preference-elicitation
tasks data quality questions and demographics (Figure 9). The application source code is
open access and is available for download on github.

Initially, respondents were briefed on the purpose of the study and provided an overview of
the study tasks before being asked to consent to participate. Following a confirmation of
their consent to participate, we provided information on the nature of glaucoma, common
therapies, and described the 5 dimensions of the HUG-5. This description included the
definition for each dimension and a narrative summary of how each health dimension is
related to the experiences faced by patients with glaucoma. Providing a context of the
health states valued is important for an effective valuation.122 Respondents participated in a
reflective framing activity to internalize basic knowledge of glaucoma, under the impacts of
the disease and some considerations related to receiving ongoing treatment and generate
a framework to support valuation of glaucoma health states. The reflexive framing task
consisted of a series of open-ended questions where respondents described how the key
attributes of HUG-5 health states would hypothetically affect them at 70 years old.

Respondents may decide that living with PITS is worse than dead. To account for this,
respondents chose between PITS and death to determine group membership between Group
A: prefer PITS to death and Group B: prefer death to PITS. Respondents were asked to
complete 20 single attribute health states on the VAS. Each attribute was presented in random
order. However, within each attribute, the single attribute health states appeared from slight
problems to severe problems before moving on the next attribute. After completing the VAS
questions, respondents were briefed on the purpose and sequence of the SG task. The series
of SG tasks consisted of a warm-up health state (31121), five HUG-5 corner health states
in random order followed by 5 marker health states also in random order. The final SG
task was to use the least preferred health state (PITS or death) as the lower anchor to derive
utility for the other state (death or PITS) according to the answer to the first question of the
survey. Groups A and B assignment determined the last SG task. Group A respondents were
assigned to a SG task for PITS between perfect health and death. Group B respondents were
assigned to a SG task for death between perfect health and PITS.

Respondents were then asked to respond to a series of data control questions and de-
mographic questions. The Subjective Numeracy Scale (SNS) is a self-report measure
of perceived ability to perform mathematical tasks and preference for using numerical
information.119 A single question was asked to the participant to reflect identify the level of
their perceived understanding of the tasks. Respondents were asked to identify their sex, age,
overall health, marital status, if they knew someone with vision loss, if they have experienced
vision loss, level of education, employment status, and annual household income. This study
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Figure 9: Experimental design and task sequencing.
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was evaluated and approved by the Hamilton Integrated Research Ethics Board (HiREB, ref
2020-8247-GRA).

4.3.5 Multi-Attribute Disutility Function

The value set for the HUG-5 was generated from a ‘person-mean’ approach that models
utilities from single attribute states, corner states and the PITS in a MADUF. The MADUF
method estimates the health utility of multiple attribute outcomes as a function of the utility
of each constituting attribute. The MADUF integrates the directly estimated corner state
utilities with the estimated single attribute utilities converted from VAS values to produce
an equation that calculates the disutility of all health states measured by the HUG-5 from 1
to 0 (PITS to perfect health).

4.3.6 Estimating utility from rescaled VAS

Respondents were assigned to one of the two groups according to their answer to the
first question, Group A indicating death was the least preferred and Group B the PITS
state. For each group, mean single attribute VAS scores were adjusted for the end of scale
bias (EOSBA) using a positive linear transformation with the adjustment factor of 1.78.123

The EOSBA rescaling only applies to the least severe level health state of each attribute
(e.g. 21111), the more severe health states (e.g. 31111, 41111) are rescaled to maintain
proportional distances between attribute levels. Proportional differences are calculated
from the range of values from the original vector, determining the percentile that each state
represents among that range. Then find the new range of values from most severe state to the
mildest EOSBA adjusted state and multiply each state’s original percentile by that range and
add to the most severe state. This adjusts the values while maintaining the original spacing
of states relative to one another on a continuous number scale (see Supplementary File).

(EQ. 1)

V ASEOSBA = 100− (
100− V AS

1.78
)

After adjusting for EOSBA, mean single attribute VAS scores were scaled to health utilities
from the corner states (e.g., 11151) and perfect health (0) using a power function.124 Where
v = 1− V AS/100, u = disutility for single attribute health states, p is optimized to result in
mean u scores from 0 to 1 and estimated from the relationship between mean SG derived
disutility and the VAS EOSBA score for the corner states.

(EQ. 2)

u = vp
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The single attribute disutility for Group A and Group B were combined using a weighted
mean, adjusted for the proportion of respondents in each group, for each single attribute
state. Single attribute disutility values were then rescaled from 0 (no problems) to 1 (severe
problems) within each attribute.96

The MADUF (EQ. 3) specifies how the corner state disutility values are combined with
single attribute disutility to estimate the overall disutility of a health state u(x). The x
term represents values of j single attributes states xj with uj single attribute disutilities and
kj disutility of corner state for attribute j. The term uj(xj) describes the single attribute
disutility of a level of a single attribute state (e.g., for health state j = 32415, uj(xj)
represents the vector of disutility of single attribute states 31111, 12111, 11411, 11111, and
11115). The single attribute values are multiplied with corner state’s disutility (kj) which is
calculated from 1− uj , where u is the mean utility for the corner state directly estimated
from responses to the SG tasks.

(EQ. 3)

u(x) = (1/k)
n∏

j=5

(1 + kkjuj(xj))− 1

To calculate disutilities using the MADUF of all HUG-5 health states, we solve for an
interaction term k which captures the interaction in preferences among attributes and scales
the MADUF to PITS (weighted disutility directly elicited from the death/PITS SG). Group
A utilities for PITS state were summarized with a mean value and Group B values for death
were summarized with a mean value. Group B mean disutilities for death state were elicited
on a scale from 1 PITS to 0 perfect health and were rescaled to 1 death and 0 perfect health
by calculating a scaling factor for a linear transformation. Group A and B mean disutility
for PITS were subsequently combined in a weighted mean. (EQ. 4) substitutes the variable
u(x) for PITS, allowing a simplified expression without uj(xj) where the single attribute
disutility values for corner states are equal to 1 for all 5 attributes. The disutility values
generated from the MADUF for all health states were converted to utility values by taking
the difference of 1-MADUF to place health states on a scale from perfect health (1) to death
(0).

(EQ. 4)

PITS = (1/k)
n∏

j=5

(1 + kkj)− 1
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4.3.7 Model fit

The model fit was assessed by comparing directly elicited utilities with the estimated utility
values converted from the MADUF . The fit statistics included the overall square of the
person product-moment correlation between observed and predicted (R2), calculated across
5 marker health states. Additionally, the mean absolute error (MAE) was calculated to
capture the magnitude of error between the predicted and observed utilities. We hypothesized
similar error the observed MAE of the HUI3 (MAE = 0.067) and the observed MAE of
the PORPUS utility weighting function (MAE = 0.10).96,125

4.4 Results
A total of 634 respondents completed the online valuation tasks between September and
November 2021 Among them, 29 reported a subjective numeracy score less than 2.5, 7
reported a task understanding less than 3, 94 failed more than 2 tests of VAS monotonicity,
89 used less than 10% of the scale. 218 of the 634 respondents were excluded for failing
to utilize the VAS scale, lack of discrimination between health states in SG task, low task
understanding, and subjective numeracy (Figure 10). The analysis sample included n =
416 respondents. Respondents reported a mean (standard deviation) age of 42.34 (16.82)
years, 57% identified themselves as female and 78% as White. The median duration of the
time taken to complete all valuation tasks was 22.6 minutes (Q1, Q3: 16.8, 31.4). 28% of
the sample had high school or lower education, 18% a college diploma, 31% a bachelor
university degree, 15% graduate studies, and 11% other post-graduate programs. 47% of the
effective sample reported full-time employment, 17% part time, 11% student, 7% on leave,
and 18% reported being retired. Most respondents reported no chronic health problems
(68%), with the remaining 32% reporting 1 or more chronic health problems. 54% of
respondents reported having family members with vision related problems, and 4% having a
diagnosis of glaucoma. 13% of the analytical sample reported ‘Fair’ or ‘Poor’ general health,
87% reported ‘Good’, ‘Very good’, or ‘Excellent’ general health. 4% of the respondents
reported a 3 for task understanding, 22% reported 4, and 73% reported 5 out of 5. The
median subjective numeracy was 6 (4.33, 5.67) out of 6 (Table 6).

4.4.1 Constructing the MADUF

Of 416 respondents, 260 (62.5%) chose death as worse than PITS and were assigned ‘Group
A’, 156 (37.5%) were assigned to ‘Group B’. Mean utility for PITS in Group A was 0.414.
Mean utility for death in Group B was measured to be 0.362 (on a scale of perfect health
and PITS). The scaling factor to transform the value of PITS on the perfect health to death
scale for Group B was 1.57. The PITS mean disutilities for Group A and B were weighted
by sample size n, resulting in upits(55555) = 0.95′, informing constant k = −0.929. The
MADUF values were applied to 3125 health states with (EQ.3) and converted to utility
values (1-disutility), ordered from the highest to lowest utility (SUPPLEMENT 7).
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Figure 10: Exclusion flow diagram.
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Table 6: Descriptive characteristics of analytical sample, stratified by preference groups
(death worse than PITS state - Group A and PITS state worse than death - Group B).
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Figure 11: (a) Directly estimated VAS respondents for each single attribute health state
with a reference for the default value stratified by preference groups. (b) Directly estimated
utilities elicited from SG task.

Table 7: Single attribute scaling properties by measure dimension.

Visual
Discomfort

Mobility Daily
Activities

Emotions Social
Activities

p(u = vp)
Group A 0.60 0.57 0.60 0.55 0.60
Group B 0.49 0.49 0.47 0.50 0.49

Single Attribute Disutility Scaling (uj)
1 0.00 0.00 0.00 0.00 0.00
2 0.18 0.17 0.16 0.16 0.18
3 0.43 0.39 0.35 0.37 0.37
4 0.66 0.71 0.67 0.70 0.72
5 1.00 1.00 1.00 1.00 1.00

Disutility (kj)
Corner

States
(Level 5)

0.40 0.41 0.39 0.37 0.33
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Table 8: Mean SG Value, estimated utility, and mean absolute difference by marker state.

Marker
State

Mean SG
Value

Estimated
Utility

SD SG
Value

Mean
Difference

Mean
Absolute

Difference
11545 0.52 0.28 0.27 -0.23 0.23
14314 0.55 0.46 0.25 -0.10 0.10
31221 0.68 0.72 0.23 0.05 0.05
31232 0.65 0.62 0.23 -0.03 0.03
42512 0.54 0.38 0.25 -0.16 0.16

4.4.2 Model fit

Overall, the correlation between mean elicited and estimated values for marker states was
strong (R2 = 0.97) with MAE = 0.11. The most significant contributors to the differences
elicited and estimated for marker states were the states selected to reflect advanced glaucoma
(11545 and 42512). The largest MAE of 0.23 was observed for 11545 (Table 8).

4.5 Discussion
The primary objective of this study was to generate a preference-based value set for HUG-5
health states using the multi-attribute utility function method. The value set can be used to
calculate all HUG-5 health state utility values from best possible (11111) to worst possible
HUG-5 state (55555) on the perfect health (0) to death (1) scale. We found that despite
challenges with SG task complexity, eliciting preferences from an online application was an
efficient method for generating the HUG-5 scoring function for the US. The HUG-5 and
the value set offer two major improvements over other glaucoma-specific preference-based
measures. First, it was developed from the preferences of a representative sample of the US
general population and second, the HUG-5 health state values are on the scale of perfect
health and death which can be used to estimate QALYs for economic evaluations.

Relative to currently available utility estimates, the value set for the HUG-5 was developed
based on the preferences of the US general population. This is in direct contrast to the only
other glaucoma utility instrument Glaucoma Utility Index (GUI) that utilized a max-diff
discrete choice methodology to elicit preferences from patients for disease states. In this
study of the GUI, the authors identified a significant limitation to policy makers (who
evaluate HTA), where respondent preferences were associated with levels of disease severity.
The consequence of the relationship between disease severity and preferences for the GUI
was an upward bias of utility values for more severe states. Studies that have collected
utilities of patients with glaucoma through direct elicitation have elicited preferences on
a scale between perfect vision and blindness. Therefore, they cannot be directly used as
quality weights in the calculation of QALY and to subsequently inform insurance policy
making. Preferences for health state on a vision scale reduces the effect of glaucoma
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to a single dimension of health. The HUG-5 describes health states with 5 dimensions,
encompassing aspects of patient experience beyond their visual sensory ability. The HUG-5
measures broader dimensions of patient experience that are directly attributed to glaucoma by
patients.16 This preference weighting algorithm for the HUG-5 supports CUA of glaucoma
interventions alongside clinical trials to improve resource allocation decisions in the United
States.

4.5.1 Limitations

There are a few important limitations to consider in the interpretation of our study. First, the
MAE goodness of fit was influenced by the decision to include more severe health states
as markers. From the mean difference results between estimated and elicited utilities of
marker states, the MADUF assigned greater values to mild/moderate glaucoma marker
states and assigned lower utility values to advanced glaucoma marker states. Retrospectively,
including an additional mild/moderate state to evaluate MAE would have led to a less
biased estimate of error and allow further insight into model fit. Future studies should
include additional marker states, sampled from within quantiles of HUG-5 utility values.
Second, iterative tasks common in health state preference research have been associated
with fatigue effects and learning effects.126 Decisions of rules set for iteration sequence
and limits on stopping can bias respondents and prevent them from expressing their ‘true’
indifference point.127 The ‘ping-pong’ approach was employed in this study, however, with
online administration and use of computer programs affords the possibility of optimal
iterative sequences which may result in more efficient and reliable estimates of indifference
points. Third, the respondents included in the analysis sample was not representative of
Latin and Black Americans, oversampling White Americans. Fourth, the SG approach has
been criticized for scale-comparability bias (where respondents inflate utility estimates from
focusing on the bad-outcome probability opposed to the good-outcome probability)128, poor
internal consistency129, and sensitivity to the gambling effect.130

4.6 Conclusion
This study generated a value set for the HUG-5 based on the US general population prefer-
ences, revitalizing use of the MADUF method in health state utility valuation. The value set
allows for converting the health states described by the HUG-5 into health utilities, which
can be used in the calculation of QALY for economic evaluations in gluacoma.
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5 CONCLUSION
The issue of choosing which utility or value for what health state to inform cost-utility
analyses does not have a silver bullet. No single preference-based measure can completely
capture the clinical presentation of the physical state, the perceived emotional/social ex-
perience of the patient, the level of function, and the interactions that affect attributes of
patient health.131 This dissertation presents one approach to measuring glaucoma health
states scored with utilities that reflect the preferences of the US general population. This
final chapter discusses the implications of this work on economic models of glaucoma
interventions and future research applications that builds on the foundation of these three
studies.

In the following section of this chapter, the contributions of these works to health research
methods and health economics are discussed in more detail. Subsequently, the implications
of these works on cost-utility studies of glaucoma interventions and preference-elicitation
methods are presented and aims for future research are considered.

5.1 Research contributions
The primary goal of this dissertation was to describe how we can improve the quality of
evidence for utilities and values of glaucoma health states. Thus, the studies included in
this dissertation extract from and make significant contributions to several research areas
including: cost utility analyses of glaucoma interventions, measurement of glaucoma health
states, preference elicitation with MADUF methodology, and valuing condition-specific
health states with a sample from the general population.

5.1.1 Cost utility analyses of glaucoma interventions

In the first study, we summarized the growing literature of cost-utility analyses of glaucoma
interventions. Building on previous studies, we found that most studies included in the
review applied a wide range of utilities and values within glaucoma health states. Utilities
and values were elicited on multiple scales and reflected the preferences of both the general
population and patients. We described how authors choose to include utilities elicited
anchored on 2 or more of: perfect vision/blindness, perfect health/blindness, and the policy
scale perfect or full health/death. Within the reviewed studies we observed a clear pattern of
authors continuing to apply early utility estimates without reviews or expansive searches
for relevant utilities. This observed practice does not align with modern good practices
of health utility use in cost-utility analyses.28 major limitation of the reporting in most, if
not all studies included was transparency. Justifications for use of certain utilities were
rarely incorporated into the published reports and use of systematic search strategies to
identify alternative estimates to inform model parameters was infrequently applied. The
utility studies sourced by the CUA conveyed limited reporting on sequencing or iteration
to determine the point of indifference that is characteristic of HSU and most often elicited
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utilities from a single question posed to patients. Within the utility publications that form
the basis of mapping algorithms and utility value estimates, reporting is severely limited on
important technical, ethical and practical obstacles performing TTO or SG with patients.
In the review article we describe why utilities with ‘health policy’ anchors (perfect health
and death) are important and how changing the anchor points can have a significant impact
on the validity and conclusions of cost-utility analyses. This is a significant contribution
to the literature as this article describes where improvements can be made to improve the
transparency of reporting and support improved rigour of economic models of glaucoma
interventions by paying special attention to the primary outcome quality-adjusted life years,
where the utilities come from and if they are appropriate for the decision context of the study
at hand. This study design can also be applied to other domains to identify how CUA in
other disease areas identify and apply utility values.

5.1.2 Assigning value to glaucoma health states

In the third study we observed that when comparing the PITS state (worst possible state
described by the HUG-5), general population respondents assigned utilities on average much
lower than estimates from the available literature for ‘severe glaucoma’ (also described as
blindness in both eyes) posits (from the first study). We believe that this observation is a
consequence of the two key components that the HUG-5 addresses. First, the preferences
are collected from the general population, in comparison with preferences directly elicited
from patients. There is evidence that supports that patients consistently report higher utilities
than the general population.132 Second, the attributes of visual discomfort, emotional health,
and social activities, measured by the HUG-5, are not described by the HPA definition of
health state progression from mild glaucoma to blindness. HPA health states are exclusively
defined by changes to visual field and eventual central vision loss. The HUG-5 attributes
describe aspects of life that are complex and not fully accounted for by blindness alone.

There is ongoing debate over whether to collect preferences of patients who are affected
by the disease or the preferences of the people who are paying for the care. This becomes
more complicated depending on the reimbursement system. Preference source has been
identified as a significant shortcoming of the quality adjusted life-year (QALY) measurement,
especially in the United States.133 There are important differences in application and use
of patient versus general population preferences. Patients have lived experience and can
acutely reflect on aspects of disease progression difficult to capture in a vignette. The general
population without first-hand experience with a condition often form preferences at the
time of preference valuation and therefore rely on information from the elicitation study to
decide their preferences.132 The participants in the third study were required to learn and
understand consequences of glaucoma quickly. Participants were required to integrate the
future consequences of living with glaucoma with their values and activities before assigning
values and determining utilities for the study health states. An important contribution of the
third study is the method introduced to support participants in understanding glaucoma health
states. Within the preference elicitation study of a glaucoma-specific measure, activities
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and vignettes were incorporated to qualify the condition and ensure participants have an
understanding of how the condition would impact them and their lives. This study offered a
novel approach to assist in participant comprehension of glaucoma health states.

The primary goal of clinical trials is to assess whether a therapy or treatment is effective,
with the treatment benefit being caused by the therapy.134 To detect changes, measurements
must be sensitive to health state changes and meaningful to how a patient with a condition
feels or functions. Without being able to detect meaningful change, the conclusions of
the trial are limited, and further economic evaluations become inconsequential. Decision
maker’s preference for generic measures (e.g. EQ-5D) require use of measures that lack
sensitivity to detect differences in the feeling and function important to patient’s daily
lives in glaucoma over time. The impacts of side effects and adverse events related to
glaucoma therapies are not detectable by generic measures of glaucoma health states.78 This
dissertation makes substantial contributions to glaucoma health state measurement as we
have assessed the validity of the HUG-5 and assigned a preference-weighted algorithm to
score health states between 0 (dead) and 1 (perfect/full health). The papers included in this
dissertation build on the available literature and describe a measure that can be adopted in
both clinical practice and trials to measure glaucoma health states. For future CUA models
of glaucoma interventions with published utilities, investigators should consider the decision
context and available values that reflect the preferences of their region. If none are available,
HUI-3 utilities are preferred over EQ-5D-5L until such time as a bolt-on vision dimension
is added to the EQ-5D. If investigators are able to collect utilities from a sample of patients,
HUG-5 should be administered with a generic instrument. Investigators should also take
care to report the rationale for using the utilities and, at a minimum, identify the scale of
measurement and preference source before assigning to glaucoma health states.

5.1.3 Preference elicitation with MADUF methodology

The third study revisits the MADUF method developed over 20 years ago with a modern
data collection strategy of online sampling. It is common today for preference weighting of
generic measures to adopt the econometric approach. However, the multiple attribute utility
function was developed to align preference-elicitation with expected utility theory.101,135–137

This study makes significant contributions to the area of research in applied MADUF
methodology, where the HUG-5 is one of few instruments that have chosen to take this
approach.125,135,138 During the development of the application, an alternative ‘standard
gamble only’ method was attempted to (1) better align the value function with directly
elicited utilities and (2) simplify analyses. However, this method was limited, where
respondents were unable to differentiate between incremental levels of attributes (e.g.,
gamble for single attribute state 11211, followed by 11311). This resulted in estimating an
MADUF that did not differentiate between health states, failing to impose cardinal ordering,
a key axiom of von Neumann expected utility theory.

Whether or not to apply inclusion criteria in preference-based utility weighting investigations
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is a hotly debated topic. On one hand, setting inclusion criteria helps to identify and
exclude respondents who may have not understood the tasks or engaged faithfully with
the experiment tasks. On the other, there are reasonable explanations for preferences for
‘worse’ health, such as likelihood to receive remuneration from insurance or time off from
work. We decided to use an online sampling platform to elicit preferences of the US
general population for glaucoma health states. The sampling platform represents an income
for participants, where they are reimbursed for their time at a pre-specified hourly rate.
The platform itself was not infallible, where respondents could create multiple accounts,
extend experiment duration to increase chance of receiving larger reward, and complete
multiple studies at once, with divided attention. We found that while an online platform
improves the quantity of data, increasing access to people of various background, ethnicity,
and age, the inherently impersonal engagement with respondents can also increase the
chance of respondents engaging in exploitative behaviours. For others considering use of
online platforms to generate a sample of the general population, carefully monitoring data
quality and applying inclusion criteria are effective means at minimizing the impact of these
behaviours on estimating a preference-weighting function using the MADUF approach. In
supplementary file 11, the impacts of these inclusion criteria on the final form of the HUG-5
are illustrated in a series of plots, where the MADUF was generated with respondent data
that met the inclusion criteria of each run. Ultimately, a better fit for the MADUF model
would have been achieved had we only applied a stringent VAS monotonicity, improving the
MAE fit of the function from 0.114 to 0.102 and improving the representation of respondents
with the effective sample size increasing from 416 to 469.

5.2 Practical implications
This dissertation was designed to build on the available evidence to improve the practice of
measuring glaucoma health states. Therefore, there are two primary practical implications
to consider as a consequence of these three studies.

First, we outlined the issues of health utility reporting in glaucoma cost-utility studies and
directed clinical investigators and economists to ISPOR good practices resources aims
to have a positive impact on the transparency, confidence, and comparability of future
cost-utility studies. Second, the HUG-5 meets the need of providing a uniform, consistent
measure of glaucoma health states with a preference algorithms that describes the preferences
of the US general population. The preference-algorithm of US general population was
chosen to encourage uptake in the use, where the US is by far the largest purveyor of clinical
trials that measure the efficacy of glaucoma interventions. The utilities of the HUG-5 are
intentionally anchored to be relevant to policy decision makers (perfect health and death).
The HUG-5 can detect important differences in glaucoma patient health state among patients
with differing levels of severity. The HUG-5 can be administered in clinical trials to facilitate
cost-utility comparisons of trial-based data and describe preference weighted utilities that
can be used in future economic models.

58



5.2.1 CS-PBMs in decision making contexts

Condition-specific preference-based measures have existed in glaucoma and other disease
areas. However, few HTA authorities have recognized their relevance beyond as values to
be used in sensitivity analyses of the ICUR in CUA. Generic measure of health state allows
for comparisons between different disease states to inform resource allocation decisions.
However, if a generic measure cannot detect major differences between patient glaucoma
health states, it is exceedingly unlikely to detect more subtle changes that improve the
quality of patients lives, while also reducing chance of progressive vision loss. The HUG-5
is unique as each attribute highlights the impact of the disease while asking patients to
determine the degree of impact on each attribute. This quality of the HUG-5 is reinforced
and guided by the descriptive examples of common, related, experiences that were reported
by patients when reflecting on each attribute. Adoption and subsequent use of the HUG-5
in HTA decision processes will require going against accepted practice for HTA reporting.
This is necessary to support identifying effective care alternatives and determine incremental
value of glaucoma interventions. Future directions to support ongoing use and adoption
will require working closely with ophthalmologists, engaging them in further HUG-5
research. It will be important to identify the degree of responsiveness of the measure due to
glaucoma interventions and differentiate the qualities of the HUG-5 relative to the EQ-5D for
investigators in important clinical features of patients with glaucoma. Knowledge translation
and discussions with HTA decision makers will be integral in encouraging use of the HUG-5
for the base case of glaucoma intervention CUA.

5.3 Future research
The next step of measure development is to evaluate the use the HUG-5 in a clinical trial and
within clinical practice. Longitudinal, controlled investigations are required to 1) evaluated
the responsiveness to changes and 2) determine minimum important difference (MID). A
study is currently underway to assess the feasibility of measuring quality of life between
clinic visits. A large scale, properly controlled, clinical trial or a longitudinal observational
study with change in quality of life as the primary outcome is required to adequately assess
responsiveness of the HUG-5. Further work may generate additional value functions with
the online collection application for other regions. An R package ‘hug5’ is in development
to be hosted on the R programming CRAN repository with simplified look up of utilities
for all health states, an HTML interface for collecting HUG-5 responses and a pdf of the
HUG-5 measure for open-source, unrestricted use.

Real world evidence is growing in use with increases in demand for monitoring performance
of healthcare providers. With the growth of technological services supporting medical inter-
ventions, there is an opportunity to incentivize quality of care and associate reimbursement
to performance. This can have direct consequences for the patient and support informing
choice of provider with effective use of large-scale data of patient populations. An investi-
gation is currently underway to explore the feasibility of collecting routine data between
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patient visits in a clinic in Southern Ontario. Based on the feasibility of implementing
of this program, an additional study will be planned to evaluate the responsiveness of the
HUG-5 applying this method of in between visit data collection.139 Secondary analysis
of the data from study 2 is underway to describe the associations of clinical presentation,
treatments, and other important variables contrasting the linear relationships between these
factors and EQ-5D-5L/HUG-5 utilities.140 Future studies may also investigate the spillover
effects related to the burden on caregivers and families in supporting patients with glaucoma,
characterizing these effects attributed to HUG-5 glaucoma health states.

Future studies considering the MADUF approach should pay special attention to how to
best measure Death relative to PITS state. Our unique design used a discrete choice task
that determined which gamble the respondent would be presented with (value PITS or value
Death). We performed a positive linear transformation to estimate the average utility of
where PITS is relative to death, weighted by the sample size of those who prefer Death
or PITS. Where PITS is worse than death, we found that the bisection alteration of the
ping-pong approach may not be optimal for valuing health states where the utility would
be expected to be on the lower end of the scale. Alternative approaches to iteration to
determine the point of indifference should be considered for more robust estimates. Future
studies using this approach to generating a preference-weighting function for descriptive
systems should explore VAS monotonicity violations for inclusion criteria as a first stop.
The online application is shared as open source. We encourage others to modify components
of the application to suit their individual needs in applying the MADUF method. The goal
of open sourcing the application is to reduce the burden for others considering designing
an experimental application and encourage further research into the MADUF method,
comparing it with other preference-based utility value frameworks.

Future research should attempt alternative methods and describe their efficacy in general
population comprehension of glaucoma health states. This work would provide much needed
insight into valuing glaucoma-specific preference-based measures with the preferences of
a general population. Future investigations of HUG-5 preference weighting algorithms in
different cultural contexts and translations of the measure would improve the relevance of
HUG-5 glaucoma health state utilities to different decision contexts. Future studies should
investigate the role of caregivers and population utility decrements that are a consequence
of caring for patients with glaucoma.
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APPENDICES
SUPPLEMENT 1. Review: Search strategy for systematic review of glaucoma cost-utility
studies, applied in OVID
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SUPPLEMENT 2. Review: Fields and descriptions that constitutes the review data extraction
sheet, SpRUCE checklist items were scored with 0 (not present) and 1 (present).
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SUPPLEMENT 3. Validation: The HUG-5 measure attributes and levels presented in
paper-and-pencil form.

 
Does glaucoma cause visual discomfort (e.g., uneasy feeling in the eye(s) or pain, difficulty seeing in the 

darkness)? 

Not at all      ☐ 

Slightly      ☐ 

Moderately     ☐ 

Very much     ☐ 

Severely      ☐  

  

Does glaucoma impact your mobility (e.g., feeling cautious when driving or biking, difficulty going up or 

downstairs, incidents of tripping or bumping when walking)? 

Not at all      ☐ 

Slightly      ☐ 

Moderately     ☐ 

Very much     ☐ 

Severely      ☐  

  

Does glaucoma affect your daily life activities (e.g. difficulty with any close-up work, household chores or 

errands)?  

Not at all      ☐ 

Slightly      ☐ 

Moderately     ☐ 

Very much     ☐ 

Severely      ☐  

  

Does glaucoma affect you emotionally (e.g., frustrated with symptoms or treatment, disturbed by frequent 

thoughts, troubled by worries or fears)? 

Not at all      ☐ 

Slightly      ☐ 

Moderately     ☐ 

Very much     ☐ 

Severely      ☐  

  

Does glaucoma disrupt your social activities (e.g., missing out on things, difficulty playing sports, discomfort 

attending social gatherings or crowded places, incidents of social embarrassment)? 

Not at all      ☐ 

Slightly      ☐ 

Moderately     ☐ 

Very much     ☐ 

Severely      ☐  
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SUPPLEMENT 4. MADUF: The user interface for the online data collection application:
anchor task

65



SUPPLEMENT 5. MADUF: The user interface for the online data collection application:
visual analog scale task
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SUPPLEMENT 6. MADUF: The user interface for the online data collection application:
standard gamble task
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SUPPLEMENT 7. MADUF: Utility values for all HUG-5 health states, ranked according to
utility value.
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SUPPLEMENT 8. MADUF: Solving for k, interaction constant:

0 . 9 5 = ( 1 / k ) * ( ( ( 1 + k * 0 . 4 ) *(1+ k * 0 . 4 1 ) *(1+ k * 0 . 3 9 ) *(1+ k * 0 . 3 7 ) *(1+ k
* 0 . 3 3 ) ) −1)
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SUPPLEMENT 9. MADUF: EOSBA function to adjust vector of state values

v e c t o r _ o f _ s t a t e _ v a l u e s <− c
( 8 1 . 2 8 4 6 2 , 7 4 . 0 1 5 3 8 , 6 2 . 0 0 7 6 9 , 5 2 . 4 3 4 6 2 )

r e s c a l e <− f u n c t i o n ( v e c t o r _ o f _ s t a t e _ v a l u e s ) {

e o s b a _ m i l d _ s t a t e <− 100 − ((100 − v e c t o r _ o f _ s t a t e _ v a l u e s [ 1 ] )
/ 1 . 7 8 )

s i n g l e _ a t t r i b u t e _ e o s b a _ r a n g e = e o s b a _ m i l d _ s t a t e −
v e c t o r _ o f _ s t a t e _ v a l u e s [ 4 ]

s i n g l e _ a t t r i b u t e _ r a n g e = v e c t o r _ o f _ s t a t e _ v a l u e s [1] −
v e c t o r _ o f _ s t a t e _ v a l u e s [ 4 ]

e o s b a _ a d j u s t e d _ s i n g l e _ a t t r i b u t e _ v a l u e s <− c (
s i n g l e _ a t t r i b u t e _ e o s b a _ r a n g e * ( v e c t o r _ o f _ s t a t e _ v a l u e s [2] −

v e c t o r _ o f _ s t a t e _ v a l u e s [ 4 ] ) / s i n g l e _ a t t r i b u t e _ r a n g e +
v e c t o r _ o f _ s t a t e _ v a l u e s [ 4 ] ,

s i n g l e _ a t t r i b u t e _ e o s b a _ r a n g e * ( v e c t o r _ o f _ s t a t e _ v a l u e s [3] −
v e c t o r _ o f _ s t a t e _ v a l u e s [ 4 ] ) / s i n g l e _ a t t r i b u t e _ r a n g e +
v e c t o r _ o f _ s t a t e _ v a l u e s [ 4 ] ,

v e c t o r _ o f _ s t a t e _ v a l u e s [ 4 ]
)

r e t u r n ( e o s b a _ a d j u s t e d _ s i n g l e _ a t t r i b u t e _ v a l u e s )
}
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SUPPLEMENT 10. MADUF: Function to calculate all HUG-5 health states

maduf <− f u n c t i o n ( c , c j = v e c t o r ( ) , u i = v e c t o r ( ) ) {
u <− ( 1 / c ) * ( (

(1 + c * c j [ 1 ] * u i [ 1 ] ) *
(1 + c * c j [ 2 ] * u i [ 2 ] ) *
(1 + c * c j [ 3 ] * u i [ 3 ] ) *
(1 + c * c j [ 4 ] * u i [ 4 ] ) *
(1 + c * c j [ 5 ] * u i [ 5 ] )

) − 1 )
r e t u r n ( u )

}
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SUPPLEMENT 11. MADUF: SENSITIVITY ANALYSIS OF INCLUSION CRITERIA.

Note: The decision to set inclusion criteria was based off a series of papers that determined
optimal thresholds for criteria, including subjective numeracy and task understanding,
range of values in response to experiment tasks and violations of monotonicity. This
supplementary information was added to illustrate understand the impact of each inclusion
criteria on estimating the MADUF of the HUG-5.
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This box plot illustrates the distribution of MAE estimates across all sensitivity analyses,
where each inclusion criteria was varied for a representative range of possible values. The
MAE is the average absolute error, in terms of difference between the estimated MADUF
values and the directly elicited SG values for respondents included in each sensitivity sample.

All citeria (n_events 
=218)

>2 VAS monotonic 
 violations (n_events = 104)

Numeracy <2.5 
 (n_events = 30)

Task understanding <2 
 (n_events = 16)

SG Range <0.10 
 (n_events = 102)

VAS Range <10 
 (n_events = 21)

(Intercept) 0.23 *** [0.13, 0.42] 0.15 *** [0.07, 0.33] 0.03 *** [0.01, 0.11]     0.00 [0.00, Inf] 0.05 *** [0.02, 0.11]     0.00 *** [0.00, 0.02]     

18-29 (ref) - - - - - -
30-39 0.74 [0.42, 1.28] 0.69 [0.33, 1.45] 0.38 [0.11, 1.27]     0.42 [0.03, 7.06]     0.68 [0.31, 1.50]     1.06 [0.25, 4.44]     
40-49 1.23 [0.71, 2.15] 1.48 [0.73, 2.99] 0.48 [0.14, 1.64]     0.63 [0.05, 7.62]     0.82 [0.38, 1.73]     0.46 [0.08, 2.63]     
50-59 1.09 [0.61, 1.94] 0.72 [0.31, 1.68] 0.26 [0.05, 1.21]     0.44 [0.03, 5.81]     1.40 [0.69, 2.85]     1.28 [0.27, 6.01]     

60 + 1.03 [0.59, 1.77] 0.99 [0.45, 2.19] 0.18 * [0.04, 0.84]     0.00 [0.00, Inf] 1.62 [0.85, 3.11]     0.12 [0.01, 1.14]     

Bachelor degree (ref) - - - - - -
High school or lower 1.20 [0.74, 1.96] 0.58 [0.26, 1.28] 3.01 * [1.07, 8.44]     16.22 ** [2.31, 114.08]     1.78 [0.99, 3.21]     7.30 ** [1.82, 29.20]     

College diploma 0.66 [0.37, 1.20] 0.50 [0.19, 1.30] 1.09 [0.25, 4.66]     0.00 [0.00, Inf] 0.96 [0.47, 1.95]     0.00 [0.00, Inf]
Graduate Program 1.40 [0.82, 2.41] 1.86 [0.94, 3.67] 1.44 [0.39, 5.28]     1.58 [0.11, 22.00]     1.02 [0.50, 2.11]     1.97 [0.37, 10.32]     

Post-Graduate Program 1.90 * [1.07, 3.36] 4.40 *** [2.24, 8.65] 0.42 [0.05, 3.76]     0.00 [0.00, Inf] 0.43 [0.16, 1.10]     0.72 [0.07, 7.77]     

Very good (ref) - - - - - -
Excellent 2.05 ** [1.29, 3.25] 1.70 [0.97, 3.00] 5.40 * [1.45, 20.13]     1080278496.11 [0.00, Inf] 1.25 [0.68, 2.31]     12.50 * [1.54, 101.63]     

Fair 1.14 [0.60, 2.15] 0.67 [0.25, 1.79] 2.40 [0.38, 15.37]     1.10 [0.00, Inf] 0.83 [0.36, 1.89]     13.77 * [1.18, 161.24]     
Good 1.20 [0.74, 1.92] 0.56 [0.27, 1.17] 4.90 * [1.27, 18.92]     0.00 [0.00, Inf] 1.23 [0.68, 2.21]     3.21 [0.31, 33.41]     
None 2.60 [0.12, 54.27] 4.40 [0.21, 91.21] 0.00 [0.00, Inf] 1.48 [0.00, Inf] 0.00 [0.00, Inf] 0.00 [0.00, Inf]
Poor 0.82 [0.20, 3.41] 1.43 [0.22, 9.21] 0.00 [0.00, Inf] 2501403841.00 [0.00, Inf] 0.00 [0.00, Inf] 0.00 [0.00, Inf]

No (ref) - - - - - -
Yes 0.58 [0.19, 1.72] 0.21 [0.02, 1.86] 0.00 [0.00, Inf] 0.00 [0.00, Inf] 1.86 [0.59, 5.88]     3.83 [0.29, 49.99]     

Not sure 2.08 [0.38, 11.43] 4.36 [0.57, 33.32] 2.18 [0.18, 26.90]     24772992.24 [0.00, Inf] 0.00 [0.00, Inf] 9.10 [0.16, 517.01]     

None (ref)
1 0.75 [0.48, 1.17] 0.70 [0.37, 1.33] 0.70 [0.26, 1.91]     0.14 [0.01, 1.59]     0.99 [0.56, 1.73]     0.47 [0.12, 1.84]     
2 0.46 ** [0.25, 0.82] 0.40 * [0.17, 0.96] 0.32 [0.07, 1.56]     0.00 [0.00, Inf] 0.82 [0.40, 1.69]     0.00 [0.00, Inf]

3 or more 1.26 [0.67, 2.36] 1.33 [0.59, 2.99] 0.30 [0.04, 2.47]     2.96 [0.20, 43.50]     1.12 [0.49, 2.52]     0.26 [0.02, 3.38]     

Death worse (ref) - - - - - -
PITS worse 2.16 *** [1.43, 3.26] 1.15 [0.67, 1.98] 0.97 [0.41, 2.31]     2.05 [0.33, 12.89]     4.49 *** [2.28, 8.82]     4.81 * [1.02, 22.71]     

N 621 622 622 621 622 622
AIC 775.20 495.54 234.77 96.50 527.32 158.08
BIC 863.83 584.20 323.43 185.12 615.98 246.74

Pseudo R2 0.13 0.22 0.20 0.60 0.15 0.36
Binomial GLM reported in odds ratios with [CI] of meeting each inclusion criteria. All continuous predictors are mean-centered and scaled by 1 standard deviation.  
*** p < 0.001;  ** p < 0.01;  * p < 0.05. 
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