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ABSTRACT

Duchenne muscular dystrophy (DMD) is a rare neuromuscular disease characterized by
progressive muscle degeneration resulting in loss of independent ambulation, serious
multisystem complications, and a mean life expectancy at birth of about 25 years. Several
therapies are on the horizon for DMD and it has thus become urgent to better understand the
health economic context of the disease to enable assessments of cost-effectiveness and inform
decisions regarding reimbursement of new health technologies. However, to date, little is
known of the burden of DMD, including cost of iliness and impact on health-related quality
of life (HRQoL). The aim of this thesis was to estimate and describe the health economics of
DMD, develop a tool measuring disease progression, and construct a model framework for
economic evaluation of new treatments.

Paper | to IV were based on data collected in a cross-sectional, observational study. Patients
with DMD from Germany, Italy, the UK, and the US were identified and recruited through
the Translational Research in Europe — Assessment and Treatment of Neuromuscular
Diseases (TREAT-NMD) network and invited with a caregiver to complete a study
questionnaire online. Paper V was a modelling study synthesizing data from the preceding
papers. In paper | to 111, we estimated direct and indirect costs of DMD and measured patient
and caregiver HRQoL and burden using several generic and disease-specific instruments. In
paper IV, we developed the Duchenne muscular dystrophy Functional Ability Self-
Assessment Tool (DMDSAT), a new rating-scale measuring functional ability in DMD. Item
selection for the DMIDSAT was led by neuromuscular specialists and the psychometric
properties of the instrument were examined using Rasch analysis. In paper V, we synthesized
our health economic evidence and developed a decision-analytic model framework for the
assessment of the cost-effectiveness of treatments for DMD based on the DMDSAT. For
comparison, we also developed two models based on stages of disease as defined in the
international DMD clinical care guidelines and patients’ ventilation status, respectively.

In paper I, we show that DMD is associated with a substantial cost burden to society and
affected households. Across countries, the mean per-patient annual direct cost of illness was
found to be 7 to 16 times higher than the mean per-capita health expenditure. Indirect and
informal care costs of DMD were substantial, each component constituting between 18% and
43% of total costs.

In paper 11, we show that HRQoL (as valued by the general population) in DMD is
substantially impaired in relation to general population reference values, strongly negatively
associated with disease progression, and in good agreement with the caregivers’ subjective
rating of patients’ current health and mental status. Still, most children and young adults with
DMD were perceived as happy and in good health by their caregivers, indicating that some
domains of HRQoL remain intact through the progression of the disease.



In paper 111, we show that caring for a person with DMD can be associated with a substantial
burden and impaired HRQoL. Our findings suggest that caregivers to patients with DMD
should be screened for depression and emphasize the need for a holistic approach to family
mental health in the context of chronic childhood disease.

In paper IV, the administered version of the new rating-scale, the DMDSAT, comprised a
total of eight questions covering four domains (arm function, mobility, transfers, and
ventilation status). Results from the psychometric analysis show that the DMDSAT is an
instrument fit for purpose to measure functional ability in ambulant and non-ambulant
patients with DMD.

In paper V, we found that model structure and perspective of analysis have a substantial
impact on assessments of cost-effectiveness of treatments for DMD. Our results show that the
DMDSAT represents a sensitive and clinically relevant option for modelling DMD across the
entire trajectory of disease in economic evaluations compared with frameworks based on
conventional staging of disease progression.

In summary, this thesis provides a description of the previously unknown health economic
context of DMD, including a portfolio of cost and utility data, a new tool designed to measure
DMD disease severity, and a fully populated decision-analytic model framework for cost-
effectiveness analysis. These data and tools should be helpful to inform health technology
assessments and health economic programmes of new treatments for DMD.
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1 INTRODUCTION

A rare disease is a medical condition that affects a very small proportion of the population
(defined as one in 2,000 in the EU [1] and one in 1,250 in the US [2]). There are between
5,000 and 8,000 distinct rare diseases, the majority chronically debilitating and life-
threatening, prevalent among an estimated 30 million people throughout the EU and the US,
respectively [1,2]. Thus, although individually uncommon, rare diseases are associated with a
substantial global health burden and constitute an important medical and social issue [3].

Up until the 1980s, rare diseases received little attention by academia and the pharmaceutical
industry, both with respect to basic research and drug discovery, in part due to low expected
profitability but also because of challenges associated with conducting studies of small
populations [4,5]. As a result, these conditions became known as orphan diseases, and their
treatments as orphan drugs, referring to their neglected position in relation to more common
illnesses. In response, policy-makers in several jurisdictions, including the US, Japan,
Australia, and the EU, adopted legislation such as tax credits and marketing exclusivity rights
to stimulate development of orphan drugs [5,6]. In addition, global register networks and
similar infrastructure have been implemented to help pool resources across different rare
indications, recruit patients to research, and strengthen collaboration between advocacy
groups, academia, and the pharmaceutical industry.

In the wake of these initiatives, treatments for a range of rare diseases have received
marketing authorization or are currently being tested in trials. However, because of the small
number of patients, many orphan drugs are associated with high prices to recoup
manufacturers’ research and development costs [7-9]. As a consequence, policy-makers have
found it increasingly difficult to contain healthcare costs within budget constraints and
simultaneously meet public demands of equal access to the most efficacious, state-of-the-art,
health technologies [10]. Therefore, it has become urgent to better understand the health
economic context of specific orphan drugs and their position within the conventional health
technology assessment (HTA) paradigm [8,10].

A rare disease for which several promising treatments are on the horizon is Duchenne
muscular dystrophy (DMD), a genetic, neuromuscular condition characterized by progressive
muscle degeneration resulting in loss of ambulation and severe multi-system complications
[11]. Without intervention, mean age at death is around 19 years, but following
improvements in the medical management of the disease, some patients now live beyond
their third or even fourth decade [12].

To date, little is known of the health economics of DMD, including the burden of disease in
terms of costs and impaired health-related quality of life (HRQoL). The aim of this thesis was
to estimate and describe the health economic context of DMD, develop a tool measuring
disease progression, and construct a model framework for economic evaluation of new
treatments.






2 BACKGROUND

2.1 DUCHENNE MUSCULAR DYSTROPHY

This section provides a summary description of the pathophysiology, epidemiology, and
medical management of DMD.

2.1.1 Pathophysiology

DMD is an inherited, terminal neuromuscular disease [13]. The condition was first described
in 1830 by English physician Charles Bell (1774-1842) but named after Guillaume Benjamin
Amand Duchenne (1806-1875), a French neurologist who established its basic clinical and
pathological features [14]. DMD is characterized by muscle weakness caused by mutations in
the gene that produces dystrophin, a cell membrane protein required to maintain muscle
integrity. Deficiency or complete absence of dystrophin causes plasma membrane leakage
and muscle fibre degeneration leading to progressive muscle weakening. DMD is inherited in
an X-linked recessive pattern from female carriers to males, although females with the
disease have been described in the literature [11,15]. Approximately two-thirds of all cases
have genetic origin, with the rest accounted for by sporadic mutations [16,17].

Patients with DMD are diagnosed around the age of five years, but many boys show
symptoms earlier due to proximal muscle weakness resulting in delayed physical milestones
(e.g. walking, running, and climbing stairs), a waddling gait, and the use of Gowers’
manoeuvre when arising from the floor. Creatine kinase (CK) concentrations are markedly
increased in patients with DMD and the pathway to diagnosis typically starts with testing for
CK on dried blood spots. Muscle biopsy may also be performed to assess if the dystrophin
protein is absent, but gene analysis is usually conducted to establish a definitive diagnosis of
the disease [11,15].

As the disease progresses, patients’ functional ability diminish rapidly and affected children
become non-ambulatory usually in their early teens and eventually need assistance to carry
out most activities of daily living, including feeding, dressing, and toileting. It is also
common for patients with DMD to have some degree of mental impairment and learning
difficulties, and many boys suffer from serious mental health comorbidities, including
autism-spectrum disorder (ASD) and obsessive-compulsive disorder (OCD) [11]. Untreated,
the mean age at death is around 19 years, but the introduction of glucocorticoid therapy,
proactive cardiac management, and nocturnal ventilatory support has prolonged life
expectancy into the third and sometimes fourth decade of life. Respiratory failure and
cardiomyopathy are common causes of death [11,12].

2.1.2 Epidemiology

Data on the incidence of DMD is scarce and varies across studies depending on diagnostic
criteria. Based on observations from new-born screening programs in Belgium, Canada,
Cyprus, France, Germany, New Zealand, the UK, the US, and Wales, comprising cases of



disease confirmed through genetic testing or muscle biopsy, the incidence of DMD has been
estimated at between 1 in 3,802 and 6,291 live male births [18,19]. Three additional studies,
in which it is uncertain if all cases where confirmed, reported an incidence of between 1 in
5,319 and 9,337 live male births [20].

To date, only one study, a retrospective patient chart review conducted in Northern England
[21], has estimated the prevalence of DMD based exclusively on cases confirmed through
genetic testing or muscle biopsy. The reported point prevalence among males was 8.29 (95%
confidence interval [Cl]: 6.90-9.88) per 100,000. A recent longitudinal study [22] comprising
six sites in the US estimated the prevalence of definite or probable cases of DMD (which also
comprise cases not confirmed through genetic testing or muscle biopsy) at 10.20 (9.20-11.20)
per 100,000 male individuals. Point prevalence estimates from other studies using different
diagnostic criteria in which cases were not confirmed (or information about disease
confirmation is missing) range from 0.95 (0.80-1.12) in South Africa [23] to 7.13 (5.16-9.60)
in Japan [24] per 100,000 male individuals. In addition, the prevalence in Swedish male
children less than 16 years old has been estimated at 16.80 (11.40-23.80) [25], Chinese male
children less than 19 years old at 9.81 (7.52—12.58) [26], and Estonian male children less than
20 years old at 12.76 (8.26-18.84) [27] per 100,000.

As noted above, the prognosis for survival in DMD has improved dramatically during the last
decades. Mean life expectancy at birth for UK patients who died in the 1960s has been
estimated at 14 years, markedly lower than the median survival (i.e. the point in time when
50% of patients are still alive) of between 25 and 35 years recorded for patients who received
ventilation support (introduced in most settings in the late 1980s or early 1990s) [12,28,29].
However, given that these median estimates were derived for patients who had in fact
survived up until they required and received ventilation support (due to stratification in the
analysis phase or restriction of the study sample population), they would be expected to be
biased and should be interpreted with caution. To date, data on the mean life expectancy for
patients receiving ventilation support is not available due to insufficient follow-up time.

2.1.3 Medical management

DMD is associated with extensive morbidity that necessitates a multidisciplinary approach to
manage the disease. International clinical care guidelines for DMD [11,30] were published in
2010 and provide integrated treatment recommendations for both preventive and active
interventions to address the primary and secondary manifestations and complications
throughout the disease progression. Table 1 provides a summary overview of the key
components of the medical management of DMD.

At present, there is no cure for DMD. Glucocorticoids (e.g. prednisone and deflazacort) have
been shown to slow down the rate of deterioration in muscle strength and are considered for
patients between four to six years of age when motor function reaches a plateau. Indications
for glucocorticoids in non-ambulatory patients are more relative than absolute due to
insufficient efficacy and safety evidence [11]. However, several new therapeutic strategies



have been developed in animal models and human trials of some of these interventions have
started. Examples of treatment approaches that have been investigated include exon skipping
(e.g. drisapersen and eteplirsen), mutation suppression, utrophin upregulation, myostatin

inhibition, and insulin growth factors [31,32].

Table 1: Summary of DMD care guidelines

Care component

Frequency (minimum)

Practitioner

Aims

Neuromuscular
management

Every six months

Neuromuscular
specialist

Evaluation of disease status and progression (e.g. muscle
strength, function, and range of movements); anticipatory
planning of future developments and prevention of
complications (e.g. scoliosis); ensuring immunisation
schedule (e.g. varicella zoster, pneumococcal vaccine, and
flu jab); planning pharmacological interventions (e.g.
glucocorticoid therapy); efficacy and side-effect
management of pharmacological treatments; evaluation of
psychological issues and daily activities.

Cardiac management

At diagnosis; annually in
ambulatory patients and
every six months in non-
ambulatory patients

Cardiac specialist

Evaluation of cardiac function (using e.g.
electrocardiography and echocardiogram) to allow timely
prevention and management of complications (e.g.
dyskinesia, left ventricle dysfunction and, dilated
cardiomyopathy).

Respiratory

Annually in ambulatory

Respiratory

Evaluation of respiratory function (using e.g.

management patients and every six specialist measurement of forced vital capacity and peak cough
months in non-ambulatory flow) to allow timely prevention and management of
patients complications and trigger interventions (e.g. respiratory
physiotherapy, cough assist machine, non-invasive
ventilation, and tracheostomy).
Orthopaedic As indicated Orthopaedist Evaluation of surgical options for joint contractures (e.g.
management Achilles tendons and hips); monitoring for scoliosis and
need for other interventions (e.g. spinal fusion).
Physiotherapy Every six months Physiotherapist Assessment of disease progression and complications

(e.g. joint contractures and spinal deformities); trigger
interventions for management of complications (e.g.
orthoses and referral to orthopaedic surgeon); provision of
advice about stretching exercises.

therapy

language therapist

Psychosocial therapy | As indicated Therapist and/or Provision of family support; early evaluation and timely
psychologist interventions for learning and behavioural issues;
evaluation of coping strategies; promoting independency
and social development.
Speech and language | As indicated Speech and Evaluation of speech developmental delay and

establishment of interventions; assessment of dysphagia.

Note: Table adapted from [33].

2.2 HEALTH ECONOMICS

Health economics studies how resources are allocated and health is produced in society and
the healthcare sector through the application of economic theories, methods, and concepts
[34-36]. A central focus in health economics is to help understand how to make the best use
of the money and other resources spent on health and healthcare. This may involve decisions
about e.g. the reimbursement of a more expensive but also more efficacious pharmaceutical
drug or whether or not to implement a screening program to prevent a specific disease.
Moreover, interventions that represent value for money may only do so for certain patient
groups with specific disease characteristics (e.g. risk of disease complications). To study
these topics, and help decision-makers formulate evidence-based health policy, health
economists conduct various analyses, one of the most common being economic evaluations
[34]. The outcomes of health economic research inform decision-making in healthcare and
health policy predominantly through HTAs.




2.3 HEALTH TECHNOLOGY ASSESSMENT

HTA may be defined as “the systematic evaluation of the properties, effects, and/or other
impacts of healthcare technology” [37]. In this context, a healthcare technology is “any
intervention that may be used to promote health, to prevent, diagnose or treat disease or for
rehabilitation or long-term care” [38]. The main purpose of HTA is to inform policy-making,
including pricing and reimbursement decisions, for existing and new healthcare technologies.
Specifically, a HTA synthesizes different pieces of evidence, including but not limited to
efficacy, safety, cost, and cost-effectiveness data, to assess clinical, economic, ethical, and
social aspects of healthcare technologies. As a result, HTA has been described as “the bridge
between evidence and policy-making” [39]. HTA is complementary to health technology
regulation (HTR), which is mandatory for marketing authorization and conducted to
guarantee the safety and efficacy of healthcare technologies with the objective to prevent
harm [38].

Since the origin of HTA in the US in the late 1970s [40], agencies responsible for HTA
activities have been established in most countries throughout the Western world. However,
the mandate and responsibilities of HTA agencies, as well as the processes through which
HTA outcomes are disseminated and implemented, vary greatly across jurisdictions. For
example, the HTA body in the UK, the National Institute for Health and Care Excellence
(NICE), provides recommendations on the use of new and existing medicines and treatments
within the National Health Service (NHS). However, the NHS is legally obliged to fund and
resource health technologies recommended by NICE's appraisals. In Sweden, on the other
hand, the Dental and Pharmaceutical Benefits Agency (TLV) (one of two national HTA
agencies) determines the reimbursement status of medicines, medical devices, and dental care
treatments (i.e. if they should be subsidized by the central government). However, in contrast
to the UK, there is no guarantee that a particular technology will be used locally even if it is
reimbursed by TLV, because the different county councils in Sweden have mandate to make
their own recommendations. In addition, there are notable inter-country differences regarding
HTA evidence requirements and assessment criteria [38].

2.3.1 Health technology assessment of orphan drugs

As mentioned in the Introduction (Section 1), legislation has been implemented in several
jurisdictions to help stimulate the development of orphan drugs, that is, medicines treating
rare diseases (defined as one in 2,000 in the EU and one in 1,250 in the US) [5,6]. Examples
include tax credits for research and clinical development, reduced fees for regulatory
applications, and marketing exclusivity rights. These interventions are based on principles of
equity in access to healthcare, where individuals suffering from orphan diseases should be
entitled to the same opportunity of receiving treatment as patients with more prevalent
conditions [7,8]. It is well-demonstrated that these incentives have led to increased product
availability of orphan drugs in both the EU and the US [9]. However, although harmonized
legislation for drug development and marketing authorization exists in some regions,
decisions regarding pricing and reimbursement are made at the national level [6]. As a



consequence, policies governing reimbursement of orphan drugs differ substantially between
health systems, creating inequality in access to and utilization of orphan drugs between
citizens of different countries. For example, only 65% of all marketed orphan drugs in 2009
were reimbursed in Sweden, compared with 100% in France [41].

A recent literature review of orphan drug legislation, regulations, and policies [6] found that
in most countries (29 of 35), HTA of orphan drugs comprises evidence of cost-effectiveness
from economic evaluations. However, because costs of orphan drugs usually are very high,
frequently exceeding €100,000 per patient and year [42] to recoup research and development
costs from small patient populations, these medicines are typically not found to be cost-
effective [7-9]. Therefore, a range of other factors are also taken into consideration in HTAs
of orphan drugs, including therapeutic value, budget impact, impact on clinical practice,
pricing and reimbursement practices globally, patient organizations, economic importance,
ethical arguments, and the political climate [6]. In Sweden, for example, reimbursement
decisions for all drugs are based on three criteria: “the cost-effectiveness principle”, “the
human dignity principle” (all individuals have equal value and rights), and “the needs-
solidarity principle” (resources should be allocated and first utilized where the need is largest)
[43].

A key component of HTAs in general, and assessments of the value for money of new health
technologies in particular, is evidence from economic evaluations.

2.4 ECONOMIC EVALUATION

Economic evaluations compare the costs and benefits (also referred to as consequences,
outcomes, or health effects) of two or more alternatives, for example two different
pharmaceutical drugs. Costs in this context refer to opportunity costs (i.e. the value of the best
alternative use of the resources), as opposed to financial costs associated with monetary
transactions for goods and services in the marketplace [35]. Examples of health benefits
include life-years gained, reduced incidence rate of a disease complication, or improved
HRQoL. There are four main methods of economic evaluation [34]:

e Cost-minimization analysis (CMA)
o Cost-effectiveness analysis (CEA)
o Cost-utility analysis (CUA)

o Cost-benefit analysis (CBA)

The listed methods all include costs in monetary units measured as opportunity costs. The
main difference instead concerns how benefits are taken into account in the analysis. In
CMA, evaluated alternatives are assumed to be associated with identical benefits and only
costs are compared. This simple method is appropriate for comparing e.g. clinically
equivalent drugs with different costs. In CEA, benefits of evaluated alternatives are measured
in the same natural unit (e.g. life-years). CUA is a special case of CEA where benefits are
measured in terms of quality-adjusted life-years (QALY's) (described in Section 2.7), which



enables comparison of alternatives with different type of benefits. Lastly, in CBA, both costs
and benefits are expressed in terms of monetary units, which allows for the comparison of
any type of benefits, however originally quantified [34].

As noted above, in all types of economic evaluation, costs constitute a core analysis input.
Thus, in order to perform an economic evaluation, cost data must be collated or estimated.
The sections below provide a summary overview of how costs are estimated to inform
economic evaluations, as well as a description of cost of illness studies.

2.5 COST STUDIES

The process of estimating costs associated with a disease can be broken down into several
steps. The first step is to identify all resources used or consumed as a consequence of the
disease (e.g. hospitals, physicians, and medications) [34,35]. Which resource items to include
depend on the perspective of the analysis, and two main viewpoints exist: (i) the health
service/healthcare perspective, in which only costs carried by the healthcare system are
considered, and (ii) the societal perspective, comprising all costs irrespective of who carry
them (including so called indirect costs, typically referring to costs associated with lost
production due to absenteeism from work, described below).

The second step in assessing disease costs involves measuring the quantities of identified
resources used or consumed as a consequence of the disease (e.g. number of hospital
admissions, physician visits, or filled prescriptions) [34,35]. Resource data may be extracted
from registers, patient charts, or case report forms from clinical trials, or collected directly
from patients using questionnaires. However, many rare diseases, including DMD, do not
have a unique disease classification code (in e.g. ICD-9 or ICD-10). As a result, it is usually
not possible to identify resource use for patients with DMD in e.g. national administrative
registers or claims databases.

The third step in estimating costs is to collate price data for each resource type [34,35]. All
resources are valued at their economic value, that is, their opportunity cost. A number of
approaches can be used to estimate the opportunity cost depending on data availability and
required level of precision. However, in most studies, national price lists from hospitals
and/or market prices are typically used, although they may not convey the true opportunity
cost due to e.g. distortions in the market place such as monopoly competition, taxes, and trade
barriers.

For non-tradable goods (i.e. resources not sold in the marketplace), e.g. lost production due to
absenteeism from work and informal care by family members, which may be particularly
relevant for paediatric diseases, other valuation techniques are required. The main approach
to estimate production losses in health economic research is the human capital approach, in
which the loss in production is valued according to the cost of employment (i.e. the national
mean gross income plus employer’s costs and social fees) [34,35]. An alternative valuation
method includes the friction cost method, described elsewhere [44]. In addition, several
methods exist to estimate the economic value of informal care [45,46]. However, for this



resource, it is often necessary to differentiate between the time spent providing informal care
instead of working and the number of hours of leisure time devoted to informal care. The
former is typically valued using the human capital approach. The latter, on the other hand,
could be valued in a number of ways, e.g. at the cost of a nurse visit or the value of travel
time savings. Ultimately, the choice of method depends on the analysis objective,
perspective, and audience.

The final step to obtain the cost associated with a resource is to multiply each resource use
quantity for a relevant time unit, e.g. a month or a year, with the estimated price. Included
resource costs are then summed to obtain the total cost of illness.

In addition to estimating costs for use in economic evaluations, cost studies may also be
conducted to assess the total cost of a disease to society. These studies, typically referred to as
cost of illness or burden of illness studies, do not provide any guidance in terms of resource
allocation (for which data on benefits also are included) but may be useful for highlighting
the importance of a disease and help identify drivers or categories of costs. Cost of illness
studies are either incidence-based or prevalence-based [34,35]. In the former approach,
lifetime costs are estimated for a cohort of patients (e.g. for all patients diagnosed in a
specific year). In a prevalence-based cost study, annual costs are estimated for all patients in
given year. In practice, prevalence-based studies are more common because they require less
data. Moreover, cost of illness studies can be conducted using a “top-down” or “bottom-up”
approach. The former involves using aggregated disease cost data to estimate total costs for a
given prevalence sample, seldom utilized due to lack of precision and data availability. In the
much more common “bottom-up” approach, per-patient costs are estimated from a
representative sample, using data collected retrospectively (from e.g. registries or patient
charts) or prospectively [34,35].

2.6 QUALITY OF LIFE

A central aim of the palliative medical management of incurable diseases, such as DMD, is to
promote and maintain patient quality of life [47]. Quality of life is also a key concept in
health economics and economic evaluation [34]. The World Health Organization (WHO)
defines quality of life as “individuals’ perception of their position in life in the context of the
culture and value systems in which they live and in relation to their goals, expectations,
standards, and concerns” [48]. Accordingly, quality of life is a subjective trait that is unique
both in its definition and attainment to each person. If you ask two individuals what they
regard as quality of life, and what primarily determines their quality of life, you are likely to
receive two different answers. Individuals’ perception of quality of life also change over time,
e.g. with age, as their health changes, or as they find themselves in new cultural settings. In
addition, quality of life depends on past experiences and beliefs, including previous
perceptions of what constitute quality of life [49-51].

For these reasons, measuring quality of life is challenging. Yet, quality of life has emerged as
a key outcome in many settings, e.g. as endpoints in clinical trials, as well as in health



economic research including economic evaluations. To facilitate measurement and
interpretation of quality of life in the context of medical science, the concept HRQoL has
been proposed to distinguish between quality of life in the wider sense and quality of life
concerning health and illness.

2.6.1 Health-related quality of life

HRQoL is a multidimensional construct referring specifically to the individual’s perception
of the impact of health and illness on three aspects (also known as “domains”) of life: (i)
physical, (i) mental, and (iii) social [49,50]. These aspects originate from WHO’s definition
of health: “Health is a state of complete physical, mental and social well-being and not
merely the absence of disease or infirmity” [52].

There are two main categories of rating-scales (also referred to as “instruments” or “tools”)
developed to measure HRQoL.: (i) generic, and (ii) disease-specific. The former are designed
to be broadly applicable across conditions regardless of severity or treatments, whereas the
latter usually focuses on measuring HRQoL in patients with a specific disease. A range of
different generic HRQoL instruments exist, but the most common include the EuroQol EQ-
5D-3L (EQ-5D-3L) [53], the Short Form (36) Health Survey (SF-36) [54], the Health
Utilities Index Questionnaire (HUI) [55], and the Pediatric Quality of Life Inventory 4.0
Generic Core Scales (PedsQL GCS) [56] (Table 2).

Table 2: Examples of generic health-related quality of life rating-scales

The EQ-5D-3L [53] The SF-36 [54] The HUI [55] The PedsQL GCS [56]
Age restriction® >12 years >18 years >13 years >5 years
Domains Mobility; self-care; usual Vitality; physical Vision; hearing; speech; Physical; emotional;
activities; pain/discomfort; | functioning; bodily pain; ambulation; dexterity; social; school functioning.
anxiety/depression. general health perceptions; | emotion; cognition; pain.
physical role functioning;
emotional role functioning;
social role functioning;
mental health.
No. of items 5 36 18 23
No. of levels 3 3-6 5-6 5
Recall period None (time of completion) 1 or 4 weeks 1, 2, or 4 weeks 4 weeks

Note: EuroQol EQ-5D-3L (EQ-5D-3L). Short Form (36) Health Survey (SF-36). Health Utilities Index
Questionnaire (HUI). Pediatric Quality of Life Inventory 4.0 Generic Core Scales (PedsQL GCS).
2 Self-assessment.

Only one disease-specific rating-scale measuring HRQoL in DMD, a module to the PedsQL,
has been published. The instrument, referred to as the PedsQL 3.0 DMD Module Scale [57],
comprises 18 items (i.e. questions), each described in five levels (i.e. response categories),
across four domains: (i) daily activities, (ii) treatment, (iii) worry, and (iv) communication.
Questions within the PedsQL 3.0 DMD Module Scale are transformed to an ordinal scale
ranging from 0 to 100, where a higher score indicates higher HRQoL. A validation article
[57] was published in 2012 but to date, the module has not been used in any published

research.

The PedsQL 3.0 Neuromuscular Module (PedsQL NMM) [58] is a rating-scale not specific to
DMD but neuromuscular diseases in general. The instrument consists of 25 items, each
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described in five levels, covering three domains: (i) About my/my child’s neuromuscular
disease (17 questions related to the disease process and associated symptomatology), (ii)
Communication (three questions related to the patient’s ability to communicate with
healthcare providers and others about his/her illness), and (iii) About our family resources
(five questions related to family financial and social support systems). Specific formats are
available for ages 5to 7, 8 to 12, and 13 to 18 years. Analogously to the PedsQL 3.0 DMD
Module Scale, instrument items are transformed to an ordinal scale ranging from 0 to 100,
where a higher score indicates higher HRQoL.

Due to its subjective nature, by using rating-scales such as those described above, it is
possible to measure aspects of life that may or may not be associated with HRQoL, but not
HRQoL per se. For example, although it is possible to assess if an individual experience
problems with pain (using e.g. the EQ-5D-3L), it is not possible to assess if, or to what extent,
pain has an impact on HRQoL. To help bridge this gap, researchers have developed a
methodological framework where the concept of utility is a central topic.

2.6.2 Utilities

The term utility has different meanings in different contexts, but usually relate in some way
or another to the notion of preference, where higher utility is associated with more preferred
outcomes, and vice versa [34]. In health economics, utilities are units of measure (ordinal or
interval) that reflect an individual’s preferences for specific health states (also referred to as
“vignettes”). A health state may refer to the health status associated with a specific disease,
one or several disease complications, or general aspects of life (e.g. physical, mental, and
social). Utilities usually range between O (interpreted as being in a health state that is equal to
being dead) and 1 (interpreted as being in a health state of perfect health) [59]. Preferences
for health states may be estimated using various methods, of which the most common include
the standard gamble, the time trade-off (TTO), and the visual analogue scale (VAS) [34].

2.6.2.1 Standard gamble

The standard gamble, first introduced by von Neumann and Morgenstern [60], is the classic
method of measuring cardinal preferences under conditions of uncertainty. Preferences
derived using the standard gamble method are consistent with the axioms of rational
behaviour and expected utility theory, and are referred to as “utilities” [59].

In the standard gamble approach for chronic states, participants are asked to make a choice,
or gamble, between two alternatives:

(1) Reside in health state i (associated with e.g. a disease) for t years; or
(2) Reside in a health state with perfect health for t years at probability p or immediate
death at probability 1- p.

The probability, p, is then varied until the respondent is indifferent between the two
alternatives. The utility score for health state i for time t is p, measured on an interval scale
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from O=immediate death to 1=perfect health. Alternative specifications exist for temporary
health states [59].

2.6.2.2 Time trade-off

The TTO method [61] was developed as a complement to the standard gamble. In the TTO
approach for chronic states, participants are asked to make a choice between two alternatives:

(1) Reside in health state i (associated with e.g. a disease) for t years and then die; or
(2) Reside in a health state with perfect health for v<t years, and then die.

Time v is then varied until the respondent is indifferent between the two alternatives. The
utility score for health state i is v/t, measured on an interval scale from O=immediate death to
1=perfect health. Utilities derived through the TTO method represent cardinal “values” based
on value theory (rather than expected utility theory, the basis of the standard gamble method)
because there is no element of uncertainty or risk [34,59].

2.6.2.3 Visual analogue scale

A VAS consists of a line, or scale, typically ranging from 0 (reflecting death) to 1 (or 100)
(reflecting perfect health), onto which participants are asked to locate the HRQoL they
associate with a particular health state. The VAS approach generate “values” rather than
“utilities”, as it involves neither any element of choice nor decision-making under uncertainty
[34,59].

Comparing these methods, most studies report that the standard gamble yields higher
estimates than the TTO, which yields higher values than the VAS [62].

2.6.3 Whose preferences should be measured?

Irrespective of method employed for estimating utilities for health states, a central decision
concerns whose preferences should be measured. Two common sources include: (i) patients
(i.e. individuals who currently experience the health state), and (ii) the general population (i.e.
healthy individuals, ex ante experiencing the health state).

Research has shown that patients and the general population value health states differently.
Severely ill patients have for example been found to be unwilling to trade any life-expectancy
to become well, and patients with severe disease have reported similar HRQoL as their
healthy counterparts [34]. In a recent comparison of patient and general public preferences in
a Swedish setting, experience-based preference values were higher “in virtually all health
conditions” [63]. There are several possible explanations for these differences, four of which
are discussed below. First, patients and the general population may interpret health states
differently based on their own experiences and information. Second, individuals from the
general population may be subject to a process known as “focalism” or “focusing illusion”
[64,65], where positive aspects of a health state are underestimated or neglected because the
attention is focused on negative consequences. Third, patients may learn to cope with their
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iliness, adjust their perception and expectations of HRQoL, and adapt to their health state, a
phenomenon known as “response shift” or “well-being paradox” [49]. Lastly, patients and the
general population may have different vantage points, with patients assessing their health
state in terms of the benefits that would result from regaining health, while member of the
general population may view the health state in terms of the costs associated with losing good
health [64].

Proponents of patient preferences argue that it is not certain to what degree healthy
individuals may comprehend and rate hypothetical health states. Those who are in favour of
using preferences of members of the general population instead argue that in a publicly
funded healthcare system, preferences of the general public are most relevant [59,66]. It
should be noted that given evidence of non-trivial discrepancies in preferences, as discussed
above, the choice of population would be expected to have considerable consequences for
applications of utilities in e.g. economic evaluations. Currently, NICE in the UK states that
HRQoL in adults should preferably be measured using public preferences, whereas TLV in
Sweden now prefers experience-based utilities [67,68].

2.6.4 Multi-attribute health status classification systems

Of convenience to researchers, preferences have been estimated (using the methods discussed
above) for health states as defined by rating-scales measuring HRQoL, including the EQ-5D-
3L, the SF-36, and the HUI. These sets of preferences are referred to as multi-attribute health
status classification systems, or value sets, and measures linked to such systems as
preference-based instruments. For example, the EQ-5D-3L consists of five items each
described in three levels generating a total of 243 combinations of possible answers (or health
states). Utilities for 42 of these health states have been estimated using the TTO method
based on a sample from the general population, and these valuations have subsequently been
used to predict preferences for all 243 health states described by the rating-scale [69].
Accordingly, based on the attributes included in the EQ-5D-3L, it is possible to describe the
health state and corresponding utility (from the perspective of the sample population from
which the utility values were estimated) for anyone who completes the instrument. A
summary of the most commonly employed health status classification systems for the EQ-
5D-3L [69], the SF-36 [70], and the HUI [71] are presented below in Table 3.

Table 3: Common health status classification systems

The EQ-5D-3L UK value set [69] The SF-6D [70] The HUI Mark 3 [71]

Rating-scale EQ-5D-3L SF-36 HUI

Total no. of health states 243 18,000 972,000

No. of health states valued 42 249 25

Valuation method TTO Standard gamble Standard gamble and VAS

Year of estimation 1997 1999 1994

Sample population 2,997 randomly selected members | 611 randomly selected members | 256 randomly selected members
(data on age and sex not available) | (>16 years of age, mean age 46 | (16-86 years of age, mean age
of the non-institutionalized adult years; 61% female) of the 43 years; 61% female) of the
general population in England, general population in the UK. general population in Hamilton,
Scotland, and Wales. Ontario, Canada.

Utility scale range -1tol Otol -0.36t0 1

Note: EuroQol EQ-5D-3L (EQ-5D-3L). Short Form-6 dimension (SF-6D). Short Form (36) Health Survey (SF-
36). Health Utilities Index Questionnaire (HUI). Time trade-off (TTO). Visual analogue scale (VAS).
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Evident from the table, value sets for the EQ-5D-3L and the HUI comprise values below 0,
interpreted as health states rated worse than being dead. The methods employed for deriving
these preference estimates are described in the respective articles [69-71]. However, when
using utilities in economic evaluations, preference weights are usually anchored on measures
of dead (utility=0) and perfect health (utility=1) [59].

2.6.5 Health-related quality of life in paediatric populations

Children, adolescents, and adults have different reference systems and thus differ in their
perception of HRQoL and its determinants [49]. For example, the meaning of physical,
mental, and social aspects of life to adults may not be relevant to children because of
differences in activities of daily living (e.g. working versus playing), needs, expectations, etc.
In addition, other domains, e.g. cognitive function, autonomy, self-esteem, body image, etc.
may be equally relevant elements of HRQoL in children. Moreover, the format of adult
measures may not be appropriate for children due to incomplete cognitive and emotional
development [49]. For these reasons, age-specific formats of existing adult scales, as well as
new instruments for measuring HRQoL in children and adolescents, have been developed. A
summary of three of the most popular instruments, in addition to the HUI and the PedsQL
GCS, are presented in Table 4. Among the listed rating-scales used to measure HRQoL in
paediatric populations, currently only the HUI is linked to utilities.

Table 4: Examples of paediatric health-related quality of life rating-scales

The Child Health Questionnaire [72] The KIDSCREEN-52 [73] The EQ-5D-Y [74]

Age restriction® >10 years >8 years >8 years

Domains Behaviour; bodily pain; family Physical well-being; psychological Mobility; looking after myself; doing
activity; mental health; general health; | well-being; moods and emotions; usual activities; having pain or
role function behaviour; physical self-perception; autonomy; parent discomfort; feeling worried, sad or
function; role emotion; role physical; relations and home life; social unhappy.
self-esteem; global behaviour; global support and peers; school
general health; family cohesion. environment; social acceptance;

financial resources.

No. of items 87 52 5

No. of levels 4-6 5 3

Recall period Mixed 1 week None (time of completion)

a Self-assessment.

There is no consensus regarding at which age children are capable of providing reliable self-
assessments of their HRQoL, and different thresholds, e.g. five years [75] and eight years
[49,74], have been proposed in the literature. It has been shown that 75% of six-year-olds use
terms for feeling comfortable, excited, upset, glad, unhappy, calm, embarrassed, hateful,
nervous, and cheerful. Yet, it is not until adolescence that cognitive skills become more
complex, allowing the individual to formulate ideas, contemplate their future more
systematically, and engage in deduct reasoning [49].

Historically, in research of HRQoL in paediatric populations, proxy-reports by e.g. caregivers
or physicians were often used instead of patient self-assessments. However, the level of
agreement between proxy-reports and child self-reports has been shown to be questionable.
Thus, following the development of dedicated rating-scales, the consensus is that children can
and should report their own HRQoL, although the use of proxy-reports also is encouraged to
collect complementary HRQoL data [49,76].
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2.7 QUALITY-ADJUSTED LIFE-YEARS

In the context of health economics, the primary use of utilities is in economic evaluation,
more specifically CUA, where benefits of all compared alternatives are expressed in terms of
QALYs. A QALY incorporates both the quality and quantity of life and is constructed by
multiplying every life year with a utility weight reflecting HRQoL. As mention in Section
2.6.2, utilities usually range between O=dead and 1=perfect health. This is to ensure that
QALYs reflect units of perfect health and that the absence of a year is equivalent to a year at
zero weight [59]. As an example, if an individual lives for ten years and assigns a utility
weight of 0.80 to each of those years, her total number of QALY's would be 8 (10 x 0.80).

2.8 DECISION-RULES OF COST-EFFECTIVENESS ANALYSIS

The main outcome of an economic evaluation (comparing e.g. alternative A and B) is the
expected differences in costs (C, — Cg = AC) and benefits (E, — Ez = AE). In CUA, as
benefits are measured in terms of QALYSs, the incremental benefit equals the number of
QALYs gained (or lost) from implementing alternative A instead of alternative B. These
increments (AC and AE) are subsequently used to calculate the incremental cost per
incremental QALY known as the incremental cost-effectiveness ratio (ICER):

AC
AE

Possible results of a CEA of two mutually exclusive and independent alternatives may be
illustrated in a cost-effectiveness plane (Figure 1). In sum, there are four outcomes, each
covered by a quadrat in the figure.

C,>Cy
A

WTP per unit of E (A)

B dominates A

E,<E, < > Ep>Ep

A dominates B

v
Ca<Cy

Figure 1: Example of a cost-effectiveness plane
Note: Willingness-to-pay (WTP).
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In quadrant I, alternative A is dominated by B (C, > Cp and E, < Ep), and in quadrant 1V,
alternative B is dominated by A (C4 < Cg and E, > Ej). If the evaluation result lies in
quadrant Il (C, > Cg and E, > Eg) or quadrant Il (C, < Cz and E, < Ep), the estimated
ICER must be compared against a monetary willingness-to-pay (WTP) for a QALY (y) to
test for cost-effectiveness. Alternative A is cost-effective compared with alternative B if:
AC <

AE Y

Alternatively, rearranged to fit the cost-benefit analysis framework, alternative A should be
implemented instead of alternative B if:

AE Xy —AC >0

The societal WTP for a QALY varies between settings and jurisdictions, but in health
economic evaluations cited values often lie between approximately €50,000 and €100,000
[77]. However, as noted in Section 2.3, HTA agencies in many jurisdictions also consider
factors other than cost-effectiveness in their reimbursement appraisals.

2.9 CAREGIVER BURDEN

Throughout the Western world, including the US, Australia, Japan, and the EU, unpaid
family caregivers are responsible for the vast majority of the long-term care of disabled or
chronically ill patients [78-81]. Although emotionally rewarding, it is well-documented that
the provision of informal care can be associated with serious adverse health effects for the
caregiver, including anxiety and depression, impaired immune system function, and coronary
heart disease, as well as social isolation, financial deprivation, and even premature death
[78,82-84]. Compared with caregivers to elderly patients (e.g. a son caring for his father with
dementia), parents raising a child with a chronic iliness may face even greater challenges as
they normally live together with the patient and have no choice but to fully take on the
caregiver role. In addition, as a result of improved survival in many childhood diseases
[85,86], including DMD [12], the duration of informal caregiving has increased considerably,
in some indications from years to several decades, with increased morbidity and care needs in
later stages of the patient’s life.

Caregiver burden has been defined as “the extent to which caregivers perceive that caregiving
has had an adverse effect on their emotional, social, financial, physical, and spiritual
functioning.” [87] Similarly to HRQoL, caregiver burden is thus a multidimensional
construct. Accordingly, investigations of caregiver burden commonly cover assessment of
overall HRQoL (e.g. using a generic HRQoL rating-scale such as the EQ-5D-3L), specific
aspects of health (e.g. depression), as well as examinations of more tangible aspects of
caregiving (e.g. the number of hours devoted to informal care, or loss of household income).
In addition, a wide variety of rating-scales have been developed specifically to measure
caregiver burden. In fact, a recent review [88] of instruments measuring the impact of
informal caregiving of the elderly identified a total of 93 different instruments. The most
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widely applied measure of caregiver burden is the Zarit Caregiver Burden Interview (ZBI)
[87,88]. The ZBI was initially developed to measure subjective burden among caregivers of
adults with dementia, but has been employed in many different indications. It contains 22
questions formulated as statements (response options range from “Never” to “Nearly
Always”) and each question is scored on a Likert scale (global score range from 0="low
burden” to 88=""high burden”).

2.10 DECISION-ANALYTIC MODELLING

Decision-analysis may be described as a systematic approach to inform decision-making
under conditions of uncertainty. It encompasses ways and means for dealing with complex
decisions. Decision-analytic models are tools within decision-analysis. In the context of
health economics and economic evaluation, decision-analytic models provide a framework
for comparative analysis, synthesizing evidence from a multiple sources, translating analysis
inputs into relevant outputs (e.g. costs and QALYS), and assessment of uncertainty (Table 5)
[34,89].

Table 5: Features of decision-analytic models

Feature Description

Analysis structure Decision-analytic models provide a framework for the analysis problem and comparative
evaluation (e.g. CEA of two alternative health technologies).

Evidence synthesis A central principle of evidence-based medicine is to consider all relevant evidence. However, a

single trial seldom provide all data needed for economic evaluation (e.g. efficacy, mortality, cost,
and utility data for the included alternatives). Instead, data from multiple sources must be collated
(from e.g. clinical trials, observational studies, and clinical experts). Decision-analytic models help
synthesize and structure the many different data components that are required for the evaluation,
and also provides a framework for data inter- and extrapolation (e.g. efficacy beyond the duration

of the trial).

Estimation Decision-analytic models translate inputs into analysis outputs relevant to decision-makers (e.g.
the ICER in CUA).

Assessment of uncertainty Decision-analytic models allow for assessment and variability of uncertainty associated with the

decision problem, e.g. probabilities associated with treatment response, disease complications, and
mortality. In addition, decision-analytic models allow for deterministic and probabilistic sensitivity
analysis (described in Section 2.10.3), which informs decision-makers how model assumptions
and uncertainty around the model inputs affect the outcomes (e.g. the ICER)

Note: Cost-utility analysis (CUA). Incremental cost-effectiveness ratio (ICER).

2.10.1 Decision trees

Decision trees are one of the most basic types of decision-analytic models. A decision tree
models decisions and their possible consequences as branches which may be illustrated in a
tree-like figure (Figure 2) [34,89]. In addition to the branches, a decision tree usually consists
of three types of nodes:

e Decision nodes (squares)
e Chance nodes (circles)
e Terminal nodes (triangles)

The decision node usually marks the start of the decision tree and shows the decision point
between the evaluated alternatives (e.g. drug A vs. drug B, as shown in Figure 2). The
pathways that follow each alternative represent a sequence of possible events, denoted by
branches emanating from chance nodes. The alternatives at each chance node are mutually
exclusive (i.e. their probabilities sum to exactly one). In Figure 2, two possible events have

17



been modelled for each drug and each of these events have been assigned drug-specific
probabilities. The end points of each pathway are denoted by terminal nodes to which pay-
offs, such as QALY or costs, are assigned.

No disease
<| 7 QALYs
0.5
Drug A
Severe disease
<| 2 QALYs
0.5
No disease
<| 7 QALYs
0.3
Drug B
Mild disease
<| 4 QALYs
0.7

Figure 2: Example of a decision tree

Once all model data has been specified, the expected value (EV) for each alternative can be
calculated. In the example in Figure 2, the EV for drug A is 0.5 x 7 + 0.5 X 2=4.5 QALYsS,
and for drug B 0.3 X 7 4+ 0.7 x 4 =4.9 QALYSs. Thus, drug B is preferred.

2.10.2 Markov models

Basic models, such as decision trees, are useful to inform simple decisions. Complex
decisions, on the other hand, typically require more sophisticated models. The most common
model framework in economic evaluations, such as CUA of health technologies, is the
Markov model [34,89].

In a Markov model, in contrast to decision trees, a hypothetical cohort (or individual patients)
are divided between a finite set of predetermined, mutually exclusive and collectively
exhaustive “Markov states”. These Markov states may for example represent disease
complications, stages of disease progression, or other events central to the decision problem.
Transitions between the Markov states take place over a series of discrete time intervals,
known as cycles. The cycle length vary depending on the decision problem, but common
durations include one month, six months, and one year. The distribution of patients in each
Markov state in each cycle is determined by transition probabilities, and the matrix of
probabilities is known as a “Markov trace”. Compared with decision trees, Markov models
thus allow for the explicit incorporation of a time dimension into the analysis [34,89].
Figure 3 shows an example of a Markov model of a monotonically progressive disease with
four Markov states:

(1) Mild disease;
(2) Moderate disease;
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(3) Severe disease; and
(4) Dead (an absorbing state in which patients stay for the remainder of the simulation).

Mild | ' Moderate | ' Severe |
disease ! i disease i disease

Figure 3: Example of a Markov model of a progressive disease

In a Markov model, costs and benefits (e.g. QALYSs) are not attributed at terminal nodes, but
instead allocated as a value per Markov state and cycle. Accordingly, at the end of the
simulation, instead of calculating EVs for each evaluated alternative, the main model output
is the sum of cycle-specific total costs and QALYSs, usually discounted to present values. The
model simulation terminates once a pre-specified criterion is realized, for example that all
patients in the modelled cohort has died or a specified proportion has transition to a certain
Markov state.

An important feature of Markov models is the “Markovian property”, which stipulates that
future events only are dependent on the current Markov state. As a result, all patients within
each Markov state are treated the same irrespectively of their history within the model. In the
example in Figure 3, the probability of having moderate disease is independent of the number
of cycles (i.e. length of time) the patient has had mild disease, as well as the number of cycles
the patient has had moderate disease in the past. It is possible, however, to include memory
into the model by evaluating patients individually instead of a cohort. In such a model,
sometimes referred to as a microsimulation model, transition probabilities, as well as costs
and benefits, may be dependent on e.g. the number of cycles a patient has been in a specific
Markov state and her history in other Markov states [34,89].

2.10.3 Uncertainty in decision-analytic models

As described in Section 2.10, assessment of uncertainty is a key feature of decision-analytic
models. In the context of economic evaluations, uncertainty is usually assessed through
deterministic and probabilistic sensitivity analysis (PSA) (although several other types of
uncertainty have been described in the literature [90]). Deterministic sensitivity analysis
explores the impact on the analysis outcome (e.g. the ICER) of changing one (one-way) or
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several (multi-way) model parameters. One-way sensitivity analysis is commonly executed to
analyse different “scenarios”, e.g. different efficacy profiles, treatment durations, or discount
rates. In addition, one-way sensitivity analysis may also be applied to better understand to
which model parameter the evaluation outcome (e.g. the ICER) is most sensitive by changing
all parameters by a fix amount, e.g. +25% or £50%. The results from such an analysis may be
presented in a Tornado diagram, as shown in Figure 4.

ICER ($)

-10,000 -5,000 0 5,000 10,000 15,000 20,000 25,000 30,000 35,000
| | | |

Drug cost

Utility (severe disease)
Cost (moderate disease)
Treatment start age
Discount rate costs
Treatment duration

Cost (mild disease)

Figure 4: Example of a Tornado diagram

Note: Incremental cost-effectiveness ratio (ICER).

In contrast to deterministic sensitivity analysis, PSA is conducted to understand how
uncertainty around the input data (commonly referred to as second-order uncertainty), e.g. the
uncertainty around the point estimate of the mean drug efficacy, impacts the evaluation
outcome. In PSA, “all parameters are varied simultaneously, with multiple sets of parameter
values being sampled from a priori defined probability distributions” [90]. Results from PSA
can be illustrated in e.g. a cost-effectiveness acceptability curve (Figure 5), which presents
the number of sets that resulted in a cost-effective outcome given different WTP thresholds,
or in a cost-effectiveness plane (Figure 1 in Section 2.8).

100%
90%
80%

70%
60%
50%
40%
30%
20%

Probability cost-effective

10%
0%

P P P P P P P P D P P P P P PP PP PITSTSTSESESS®
pr N b‘QQ S Q)QQ «@ FLFLEE LS pr (o@ @QQ /\QQ FLFEE L, v@ (OQQ b@ «@
NGIECAN AR IN S S A VG, F: 2 S DR R RS SN S i S SRS

WTP for a QALY

Figure 5: Example of a cost-effectiveness acceptability curve

Note: Willingness-to-pay (WTP). Quality-adjusted life-year (QALY).
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2.11 THE SCIENCE OF MEASUREMENT

2.11.1 Introduction and terminology

Measurement may be defined as the assignment of numbers to categories of observations.
The first stable measures originated from the fields of engineering and included units such as
length, volume, and weight [91]. These measures were constructed for directly observable
objects. However, some things that we wish to quantify cannot be measured directly, e.g.
functional ability. Such hidden (or latent) aspects (or traits) must instead be measured
indirectly through their observable manifestations [92].

A rating-scale consists of one or several items, each described in two or more levels, put
together to measure a latent trait. Specifically, rating-scales seek to map out, or conceptualize,
a latent trait on an abstract line, known as a “scale” or “continuum”, described by its items.
The purpose of this process, known as “scaling” or “abstraction”, is to create a scale onto
which people, or things, can be located, and is common to all measurement [91,92]. Figure 6
shows an example of a continuum of weight (i.e. a variable that is directly observable) and
functional ability (i.e. a latent trait).

Individual

v

Low Weight High
Individual

v

( )
Low Functional ability High

Figure 6: Example of continuums of weight and functional ability

2.11.2 Likert’s method of summated ratings

Most measures of social variables construct scores by counting responses to items using
Likert’s method of summated ratings [92,93]. An example of a Likert item comprising five
levels with level rank order in parentheses is presented below.

e Strongly disagree (0)

e Disagree (1)

e Neither agree nor disagree (2)
o Agree (3)

e Strongly agree (4)

By Likert’s method, response options are ordered and allocated sequential integers and item
scores are subsequently summed to produce total scores. Accordingly, instruments scored
using this method are ordinal-level scales that fail to adhere to the requirements for sound
measures, outlined in the section below.
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2.11.3 Requirements for measures

Between 1925 and 1932, engineer and psychologist Louis Thurstone published a set of
epistemological requirements for stable, objective measures of social variables. These
requirements include linearity, sample-free calibration, test-free measurement, and
unidimensionality [91,92].

2.11.3.1 Linearity

Quantitative observations are always ordinal (if not nominal), e.g. counting events that fulfil
certain criteria. For ordinal-level measurement, order has meaning but not the relative
differences between responses. Meaningful measurement, on the other hand, is based on the
arithmetic properties of interval-level measurement. Interval has two meanings in this
context. First, the distance in unit of measurement between response categories on the
continuum is consistent within and across items. For example, in the case of the Likert item
discussed above, the distance between the response category “Strongly disagree” and
“Disagree” for one item is the same as the distance between “Agree” and “Strongly agree”
for another item. Second, the distance between total scores is consistent across the range of
the continuum represented by scale. For example, the distance between a total score of 1 and
2 is equal to the distance between a score of 3 and 4. Interval scales allow for the meaningful
interpretation of total scores, calculation of mean scores, as well as changes in total scores.
Figure 7 shows the difference of a change of three points between an ordinal-level and
interval-level measurement system.

3 points 3 points

Ordinal scale

Interval scale

3 points 6.5 points

Figure 7: Example of an ordinal- and interval-level measurement system

2.11.3.2 Sample-free calibration

The rating-scale must not be affected by the sample it is measuring. That is, the continuum,
and the location of items on the continuum, must be sample-independent. In short, “[t]he
scale must transcend the group measured.” [94]

2.11.3.3 Test-free measurement

Results for samples must be independent on the scale on which they are measured and the
sample within which they are measured. Accordingly, it must be possible to measure a trait
independently of the items included in the scale. For example, the measure of a person’s
momentary level of functional ability must not be dependent on the scale or the functional
ability of others.
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2.11.3.4 Unidimensionality

The measurement of any object or person describes only one attribute of the object measured.
This is a universal characteristic of all measurement.

2.11.4 Traditional psychometric methods

Psychometrics may be defined as “the study of methods for measuring psychological
variables” [92]. Psychometric methods determine the extent to which a quantitative
conceptualization of a latent trait has been operationalized successfully. In social sciences,
most rating-scales are constructed and evaluated using traditional psychometric methods,
which are based on a theory known as classical test theory (CTT). CTT is underpinned by
several assumptions, reviewed in detailed elsewhere [92] and summarized below. First,
according to CTT, a persons’ observed score (as measured by a rating-scale) is the sum of the
true score (T') and an error term (E):

O0=T+E

The true score is not observable, or measurable, due to measurement error. Second, CTT
postulates that when a scale is administered to a person on multiple occasions, the mean of
the observed scores is equal to the true score. Third, the error score (E) is uncorrelated with
the true score (0), normally distributed, and has a mean of zero. Fourth, the error scores
associated with two scales are uncorrelated. Lastly, the error score of one scale is
uncorrelated with the true score of another scale.

The conclusions drawn from the assumptions of CTT and their mathematical proofs
constitute the basis of traditional psychometrics. However, because true scores and error
scores cannot be observed, the assumptions underpinning the theory cannot be tested.
Therefore, CTT is regarded a weak theory [92].

In the paradigm of CTT, rating-scales have been evaluated in terms of several psychometric
properties, three of the most commonly reported being reliability, validity, and targeting.
Reliability describes the extent to which scale scores are free from random error [92]. It is
commonly estimated using Cronbach’s a. [95], which is a measure of the correlation between
items within an instrument, referred to as internal consistency. The idea behind the statistic is
that items that measure the same trait would be expected to be correlated. Cronbach’s a is
dependent on the number of items in the scale, as well as the variance of the total score, and
ranges between negative infinity and 1, although only positive values can be interpreted. It
has been proposed that Cronbach’s a should exceed 0.80 [96].

Validity refers to the extent to which a scale measures what it has been designed to measure.
A range of statistical and non-statistical tests of different types of validity have been proposed
and applied in the literature, including content validation, face validation, and factorial
validation, but “these validation techniques are based on circular reasoning, generate
circumstantial evidence, enable only limited development of construct theories, and result in
only a basic understanding of what is being measured.” [97].
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Targeting refers to the extent to which the distribution of the latent trait in the sample matches
the distribution of the latent trait measured by the rating-scale. For example, in an instrument
measuring general functional ability, items covering running and climbing would be poorly
targeted in a sample of non-ambulatory patients with DMD. The proportion of respondents
scoring the maximum score (known as “ceiling effect”) and minimum score (“floor effect”)
are two commonly reported measures of targeting, for which upper-limit threshold values of
15% and 20% have been suggested [98,99].

2.11.5 Modern psychometrics and Rasch analysis

Rasch measurement, or Rasch analysis, is a modern psychometric method improving the
quality of social measurement by creating a model which adheres to the requirements of
stable measurement (reviewed above) [92]. Specifically, given good fit of the data to the
model, Rasch analysis transforms ordinal-level scales to interval-level measures. For this
reason, Rasch analysis has become “the measurement standard for patient reported outcomes
in general” [100].

Rasch analysis is the formal testing of a scale against a mathematical model developed by
Danish mathematician Georg Rasch [101]. In brief, there are three main components to the
theory of Rasch measurement. First, the response from person n to item i is governed by two
factors only:

(1)  Person ability, 8,, (e.g. level of functional ability); and
2 Item difficulty, §; (e.g. the level of functional ability expressed by the item).

The probability that a person will affirm an item is a function of the distance between person
ability and item difficulty, that is, 8,, — &;. Alternatively, expressed using natural logarithms:

0< e < oo
Or as an odds ratio:

e(en_si)
0< e =1
Accordingly, the probability that person n will affirm item i given ability 6,, and item
difficulty 6; is:

o On—6)
P;(affirm; 8,,) = 1

The second component of the Rasch model is a probabilistic form of the Guttman response
pattern, which states that if a person affirms a task then there is a high probability that easier
tasks will also be affirmed (e.g. that a person who is able to run longer distances would also
be expected to be able to walk longer distances). An example of a Guttman response pattern
is shown in Figure 8.
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Least
able

Person ability (8)

Most
able

Easy Item difficulty () Difficult
Iltem 1 Item 2 Item 3 Iltem 4 Item 5 Iltem 6 Total score
Person 1 0 0 0 0 0 0 0
Person 2 1 0 0 0 0 0 1
Person 3 1 1 0 0 0 0 2
Person 4 1 1 1 0 0 0 3
Person 5 1 1 1 1 0 0 4
Person 6 1 1 1 1 1 0 5
Person 7 1 1 1 1 1 1 6

Figure 8: Example of a Guttman response pattern

Note: 1=Affirmed; 0=not affirmed.

The last component to the theory of Rasch measurement is Rasch’s criterion of invariance,
where item locations can be estimated independently of the distribution of person locations

on the continuum, which ensures that results for scales are sample independent and results for
samples are scale independent [92].

The Rasch analysis output consists of an interval-level scale or metric (logit scale) to which
both respondents and items are located following the three listed analysis components. In
addition, Rasch analysis provides a unified approach to test several important measurement
issues, including disordered thresholds (which occurs when respondents have difficulty

discriminating between levels of an item given their ability) and differential item functioning

(which occurs when, at the same level of ability, response to a particular item differs by a

factor, e.g. gender) [100,102,103].
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3 LITERATURE REVIEW OF PREVIOUS RESEARCH

This section presents results from a targeted literature review of previous research of DMD
cost of illness, HRQoL in patients with DMD, caregiver HRQoL and burden in DMD,
measures of disease progression in DMD, and model frameworks for economic evaluation in
DMD. The review was performed in PubMed and Web of Science.

3.1 DMD COST OF ILLNESS

No previous study has estimated costs associated with DMD. However, two studies have
estimated costs in mixed populations of patients with different neuromuscular disorders, in
which DMD may have been included (Table 6).

Table 6: Previous research of costs associated with muscular dystrophies

Authors Sample Data sources Costs Main findings
Ouyang et al. 572 US patients with Commercial Direct medical costs The mean per-patient annual medical
(2008) [104] congenital hereditary claims data. (in 2004 US dollars). expenditure was estimated at $20,467.

muscular dystrophy or
hereditary progressive
muscular dystrophy.

Larkindale etal. | 1,966 US patients with | Commercial and Direct medical and The mean per-patient annual medical
(2014) [105] hereditary progressive Medicare claims non-medical costs; loss | cost was estimated at $22,533, non-
muscular dystrophy. data and a survey. of family income (in medical cost at $12,939, loss of family
2010 US dollars). income at $15,481, and total cost of
illness at $50,952.

Ouyang et al. [104] assessed direct medical costs (comprising outpatient visits, prescription
drug claims, and hospitalizations) for a privately insured US cohort of patients (30 years of
age or younger) with congenital hereditary muscular dystrophy or hereditary progressive
muscular dystrophy based on claims data from 2004. They estimated the mean per-patient
annual medical expenditure for men and women at $20,467 (in 2004 US dollars).

Larkindale et al. [105] estimated direct medical, non-medical, and indirect costs (measured as
household income loss) for US patients with hereditary progressive muscular dystrophy
based on commercial and Medicare claims data and a survey. The authors estimated the mean
per-patient annual medical cost for these diseases at $22,533 (in 2010 US dollars). Non-
medical cost, comprising e.g. costs associated with adaptations to the home or car and
professional caregiving, were estimated at $12,939, and loss of family income at $15,481. In
total, the mean per-patient annual cost of illness was estimated at $50,952.

3.2 HEALTH-RELATED QUALITY OF LIFE IN PATIENTS WITH DMD

Previous research of HRQoL in patients with DMD has usually been based on small samples
(<60 cases), recruited from a single clinic or country, and contains results from a wide range
of different rating-scales (Table 7). Comparison and interpretation of findings between
studies may also be challenging due to differences in patient characteristics, in particular age,
and inadequate stratification across stages of disease.

A total of seven studies [57,58,106-110] have measured self-assessed HRQoL in patients
with DMD using the PedsQL GCS (discussed in Section 2.6.1). Results from these reports
show that DMD has a negative impact on multiple domains of HRQoL, including
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psychosocial aspects of life (one study [110] did not report scores). Specifically, mean self-
reported PedsQL GCS scores (ranging from 0 to 100 on an ordinal scale, where a higher
scores indicates higher HRQoL) have been estimated at between 33 and 68 for the physical
functioning domain, 60 and 72 for emotional functioning, 60 and 77 for social functioning,
54 and 70 for school functioning, and 53 and 67 for the total score [57,58,106-109].
Corresponding reference scores for healthy children have been estimated at between 85 and
91, 73 and 84, 80 and 89, 77 and 81, and 82 and 87, respectively [57,58,108].

Evidence that DMD has a negative impact on multiple domains of HRQoL has also been
shown in caregiver proxy-assessments. Bray et al. [111] measured patient HRQoL using the
Child Health Questionnaire - Parent Form 50 (which includes 50 items across 14 domains) in
34 Australian boys with DMD and found scores for all domains to be significantly lower than
the general paediatric population. Similar findings were reported by Baiardini et al. [112] ina
study of 27 Italian patients using the same instrument, and by McDonald et al. [106] in a
study of 52 ambulatory patients using the PedsQL GCS. In contrast, Kohler et al. [113]
found, using the SF-36 (discussed in Section 2.6.1), that only physical function was impaired
in patients with DMD, not psychosocial aspects of HRQoL. Elsenbruch et al. [114] reported
similar results for adolescent and adult patients with DMD, but not young children.

A few studies have investigated the association between disease progression and HRQoL in
patients with DMD. A negative association between wheelchair use, ventilation support, and
HRQoL was reported by Baiardini et al. [112] In addition, Bray et al. show in two studies
[107,111] that patient HRQoL is significantly, negatively associated with physical
functioning, but uncorrelated with psychosocial domains. Comparable findings were reported
by Kohler et al. [113], Uzark et al. [57], and Elsenbruch et al. [114] In fact, in the two latter
studies, older children and adolescents were found to have better psychosocial HRQoL
compared with their younger counterparts.

The level of agreement between patient self-assessments and caregiver proxy-assessments
has been investigated in several studies using the PedsQL GCS and the PedsQL NMM,
reporting poor to fair [57,58], poor to fair to moderate [107], moderate [110], and moderate to
good agreement [109].

One previous study [115] has assessed HRQoL in DMD using the EQ-5D-3L (discussed in
Section 2.6.1), estimating the mean patient utility at 0.44 (value set not reported). However,
the study only included 57 adult patients with ventilation support (mean age 27 years), and
the external validity of the results with respect to the general DMD population is thus limited.
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Table 7: Previous research of health-related quality of life in patients with DMD

Country; Type of
Authors sample size Instruments assessment | Main findings
Kohler et al. Switzerland; The SF-36 Self Compared with general population reference data,
(2005) [113] 35 patients with DMD had lower scores for physical
function, but not vitality, role-emotional, social
function, or mental health.
Davis et al. The US; The PedsQL GCS and Self and Compared with reference data for healthy peers,
(2010) [58] 44 the PedsQL NMM proxy patients with DMD had lower scores in all
domains of the PedsQL GCS.
McDonald etal. | The US; The PedsQL GCS and Proxy Compared with healthy controls, patients with
(2010) [106] 52 the Pediatric Outcomes DMD had lower scores across all domains.
Data Collection
Instrument
Baiardini et al. Italy; The Child Health Proxy Compared with normative data, patients with
(2011) [112] 27 Questionnaire - Parent DMD had lower scores in 10 of 15 instrument
Form 50 domains. The use of wheelchairs and ventilators
was significantly associated with lower HRQoL in
the physical functioning domain.
Bray et al. Australia; The PedsQL GCS Self and Compared with reference data for healthy peers,
(2010) [107] 35 proxy patients with DMD had lower scores in all
instrument domains.
Simon et al. Brazil; The Life Satisfaction Self HRQoL in patients with DMD was not associated
(2011) [116] 95 Index for Adolescents with age or disease progression.
Bendixen et al. The US; The PedsQL GCS and Self Compared with healthy controls, patients with
(2012) [108] 50 the Children’s DMD had significantly lower physical, social,
Assessment of school-related, and total scores, but comparable
Participation and emotional domain score.
Enjoyment
Bray et al. Australia; The Child Health Proxy Compared with healthy controls, patients with
(2011) [111] 34 Questionnaire - Parent cancer, and patients with cerebral palsy, patients
Form 50 with DMD had lower scores in all instrument
domains.
Pangalila et al. The Netherlands; EQ-5D-3L Self Patient HRQoL was low (mean EQ-5D-3L utility
(2012) [115] 57 estimated at 0.44, value set not reported).
Uzark et al. The US; The PedsQL GCS and Self and Compared with reference data for healthy peers,
(2012) [57] 117 the PedsQL DMD proxy patients with DMD had lower scores in both
Module Scales physical and psychosocial domains.
Elsenbruch etal. | Germany; The SF-36, the Self Compared with reference data for patients with
(2013) [114] 50 DISABKIDS other chronic illnesses, children with DMD had
questionnaire, and the lower HRQoL across all instrument domains.
Depression Inventory Adolescents and adults with DMD had lower
for Children and scores only for physical domains, not
Adolescents psychosocial.
Hu et al. Ching; The PedsQL GCS and Self The Chinese version of the PedsQL NMM has
(2013) [110] 56 the PedsQL NMM acceptable psychometric properties.
Limetal. The US; The PedsQL GCS Self and Good to moderate agreement in instrument scores
(2014) [109] 63 proxy between patient self-assessment and parent proxy-

assessment.

Note: Pediatric Quality of Life Inventory 4.0 Generic Core Scales (PedsQL GCS). Pediatric Quality of Life
Inventory 3.0 Neuromuscular Module (PedsQL NMM). EuroQol EQ-5D-3L (EQ-5D-3L). Short Form (36)
Health Survey (SF-36).

3.3 CAREGIVER BURDEN OF DMD

A total of eight previous studies of burden and related aspects, such as HRQoL, distress, and
strain, in caregivers to patients with muscular dystrophies were identified in the literature
review (Table 8). Four reports present estimates for caregivers to patients with DMD only, of
which one study measured caregiver HRQoL using a generic HRQoL instrument mapped to
utilities (discussed in Section 2.6.2). Specifically, Pangalila et al. [115] measured HRQoL in

80 Dutch parents to adult patients with DMD (mean patient age 27 years) using the EQ-5D-

3L (discussed in Section 2.6.1). The authors estimated the mean caregiver utility at 0.87,
comparable to that of the general population, and found no increased prevalence of anxiety
and depression. In contrast, strain and stress in caregivers to patients with DMD were
reported by Baiardini et al. [112] (based on the Family Strain Questionnaire) and Nereo et al.
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[117] (based on the Parenting Stress Index). In addition, Abi Daoud et al. [118] found that
parents to children with DMD had lower self-esteem and higher risk of depressive episodes.
Elevated risks of distress and depression among caregivers have also been reported in studies
of mixed cohorts of patients with muscular dystrophies [119,120].

Table 8: Previous research of the caregiver burden in DMD

Country;
Authors sample size Instruments Main findings
DMD
Chen et al. Taiwan; The Chronic Impact and Coping Instrument | Caregivers to patients with DMD had elevated
(2002) [121] 30 and the coping scale (excluding the subscale | levels of stress. Coping strategies involved
of cognitive reconstruction) searching for information, emotional
expression, and self-blame.
Nereo et al. The US; The Parenting Stress Index Mothers to boys with DMD had elevated
(2003) [117] 112 levels of stress, primary due to problems with
social interactions.
Abi Daoud et al. | Canada; The Depression Scale, Distress Scale, Self- | Compared with national reference data,
(2004) [118] 42 Esteem Scale, and Mastery Scale (from the | caregivers to patients with DMD had lower
National Population Health Survey) self-esteem and an increased risk of going
through a major depressive episode.
Samson et al. Canada; Semi-structured interviews The experience of parental hope emerges from
(2009) [122] 12 the cognitive appraisal of DMD; hope can
help absorb the initial crisis, sustain
adaptation, or prepare for the fatal outcome.
Baiardini et al. Italy; The Family Strain Questionnaire Caregiving in DMD was associated with
(2011) [112] 27 family strain, but the strain was not influenced
by the severity of disease.
Pangalila et al. The Netherlands; The EQ-5D-3L, the Hospital Anxiety and Caregiving in DMD was associated with a
(2012) [115] 80 Depression Scale, the Caregiver Strain substantial burden, but was also found to be
Index, the Self Rated Burden Scale, the rewarding; mean caregiver EQ-5D-3L utility
Carer Quality of Life measurement, the (estimated at 0.87) was comparable to general
Utrecht Coping List, and the General Self- population reference data (value set not
Efficacy Scale reported).
Thomas et al. India; The Family Burden Assessment Scale, the Caregiving in DMD was associated with a
(2014) [123] 60 COPE Inventory, and the Caregiver Well- moderate burden, in particular concerning
Being Scale financial domains of family life.
MD
Boyer et al. France; The ZBI, the SF-36, the General Health Caregiving in MD was associated with a high
(2006) [119] 56 Questionnaire, and the Hospital Anxiety burden (mean global ZBI score estimated at
Depression Scale 23), poor social functioning, and anxiety.
Mah et al. Canada; Parenting Stress Index and the Stress Index | Stress levels among caregivers to patients with
(2008) [124] 55 for Parents of Adolescents neuromuscular disease requiring home
mechanical ventilation was comparable to the
general population.
Kenneson et al. The US; The ZBI (four-item screening version), the Caregiving in MD was associated with high
(2010) [120] 1,238 Brief Resilient Coping Scale, the levels of caregiving demands, serious
ENRICHD Social Support Instrument, the psychological distress, stress, and low life
Johnson & Johnson Stress Profile, and the satisfaction.
Kessler psychological distress scale
Magliano et al. Italy; The Family Problems Questionnaire and the | Being a caregiver to a patient with MD was
(2013) [125] 502 Social Network Questionnaire found to be a positive, rewarding experience.

Note: Muscular dystrophy (MD). EuroQol EQ-5D-3L (EQ-5D-3L). Short Form (36) Health Survey (SF-36).
Zarit Caregiver Burden Interview (ZBI).

3.4 MEASURES OF DISEASE PROGRESSION IN DMD

A summary of clinical scales commonly used to measure disease progression in patients with
DMD are presented in Table 9. Evident from the table, no current rating-scale is applicable to
both ambulatory and non-ambulatory patients.

Historically, primary endpoints in clinical trials of DMD drugs, as well as outcomes in
natural history studies, have been defined in terms of the Six-Minute Walk Test (6MWT)
[126]. The GMWT measures the distance that a person can quickly walk on a flat, hard
surface in a period of six minutes. It was originally developed as a 12-minute test, but to
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accommodate the impaired functional capacity of patients with e.g. respiratory disease, a
shorter version comprising only six minutes was subsequently published [127]. In the context
of DMD, an important limitation of the 6MWT is that it is only applicable to ambulatory

patients.

Table 9: Examples of rating-scales measuring functional ability in DMD

Rating-scale Assessment Description

The Vignos Scale [128] Lower extremity function The Vignos Scale is a single-item scale comprising ten possible grades of
lower extremity function, ranging from “Walks and climbs stairs without
assistance” (1) to “Is confined to a bed” (10).

The Brooke Scale [129] Upper extremity function The Brooke Scale is a single-item scale comprising six possible grades of

upper extremity function, ranging from “Starting with arms at the sides,
the patient can abduct the arms in a full circle until they touch above the
head” (1) to “Cannot raise hands to the mouth and has no useful function
of hands” (6).

The NorthStar Ambulatory
Assessment (NSAA) [130]

Lower extremity function

The NSAA includes 17 items, ranging from standing (item 1) to running
(item 17), each comprising three levels (“Normal with no obvious
modification of activity”, “Modified method but achieves goal
independent of physical assistance from another”, and “Unable to achieve
independently”).

The Performance of the
Upper Limb (PUL) [131]

Upper extremity function

The PUL includes 22 items with an entry item to define the starting
functional level, and 21 items subdivided into shoulder level (four items),
middle level (nine items), and distal level (eight items) (each comprising
two to seven levels).

Given the inability of existing measures to map out stages across the entire progression
sequence, four categories of disease, defined first in terms of current ambulatory status and
second in terms of age, were proposed in the international DMD clinical care guidelines [11]
to facilitate management and monitoring of DMD:

e Early ambulatory (approx. <7 years)

e Late ambulatory (approx. age 8-11 years)

e Early non-ambulatory (approx. age 12-15 years)
e Late non-ambulatory (approx. age >16 years)

Although helpful to broadly define key stages of disease, it should be emphasized that these
categories lack granularity both with respect to applications of therapies in clinical practice,
as well as basis for endpoints in trials.

3.5 MODEL FRAMEWORKS FOR ECONOMIC EVALUATION IN DMD

No model frameworks for the economic evaluation of treatments for DMD was identified in

the literature review.
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4 DATA GAPS

Based on the literature review presented in the preceding section, the following data gaps
were identified concerning the health economics of DMD.

Estimates of DMD cost of illness.

Estimates of patient HRQoL, in particular utilities, at different stages of disease
progression.

Estimates of the caregiver burden of DMD, including measures of caregiver HRQoL,
at different stages of disease progression.

An instrument measuring progression in DMD across the entire disease trajectory
linked to costs and utilities.

Frameworks for economic evaluation, including decision-analytic models for cost-
effectiveness analysis.
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5 AIMS

The overall aim of this thesis was to estimate and describe the health economic context of
DMD, develop a tool measuring disease progression, and construct a model framework for
economic evaluation of new treatments.

The specific aims of the thesis, illustrated in Figure 9 below, were to:

e Estimate DMD cost of illness (paper 1);

e Contribute to the understanding of HRQoL in patients with DMD (paper I1);

e Contribute to the understanding of the caregiver burden in DMD (paper I11);

e Develop a rating-scale measuring functional ability in patients with DMD to map
progression in clinical practice, measure efficacy in clinical trials, and model the
disease in economic evaluations (paper 1V); and

e Develop a decision-analytic model framework for cost-effectiveness analysis of
treatments for DMD (paper V).

Health economic context

Disease progression rating-scale

Model framework for cost-effectiveness analysis

Paper| Paper i Paper il
Costs of illness Patient health-related quality of life Caregiver burden
Paperiv. | Paper V

Figure 9: lllustration of the thesis aims and publications
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6 MATERIALS

Paper I, Il, 111, and IV were based on data collected in a multi-national, cross-sectional,
observational study. The sections below provide a summary description of this study. Paper
V was a modelling study utilizing data derived from the preceding papers. The methods used
to meet the study objectives of the different papers are presented in Section 7.

6.1 STUDY POPULATION

Patients with DMD and one of their caregivers (e.g. a parent) were identified and recruited
through the TREAT-NMD network [132]. TREAT-NMD was established in 2007 as a
European Union “network of excellence” to help bring advances in neuromuscular disease
treatment rapidly and effectively to patients. The network has since then developed into a
global infrastructure of partner organizations, e.g. patient organisations and specialist clinics,
managing national patient registries. Four TREAT-NMD partners participated in the study:
Ludwig-Maximilians-Universitat Minchen (Germany), Parent Project Onlus (Italy), Action
Duchenne (the UK), and DuchenneConnect (the US).

To be eligible to participate in the study, patients were required to fulfil the following
inclusion criteria:

e Male;
e Confirmed diagnosis of DMD; and
e Five years of age, or older.

Patients who were from Germany, Italy, the UK, or the US but resided in a different country
were not eligible to participate in the study.

6.2 PROCEDURES AND COLLECTED DATA

Eligible patients were invited to complete a questionnaire administered via an online website.
The questionnaire contained three parts. The first part consisted of questions regarding
demographic characteristics of the patient (e.g. age, living situation, and education and work
status), disease information (e.g. ambulatory status and ventilation support requirements),
DMD-related healthcare resource utilization (e.g. admissions to hospitals, visits to physicians
or other healthcare professionals, and medications), and patient HRQoL assessed using the
HUI and the PedsQL NMM (described in Section 2.6.1). The first part of the questionnaire
also contained a new rating-scale measuring functional ability in DMD, the Duchenne
muscular dystrophy Functional Ability Self-Assessment Tool (DMDSAT) (paper IV). A six-
month recall period was designated for all questions concerning DMD-related healthcare
resource utilization, except for medication use (one month) and investments (one year).

The second part of the questionnaire consisted of questions about the caregiver (e.g. age,
gender, education and work status) and the household (e.g. household composition,
disposable income, co-payments, and other DMD-related expenditure). A modified version of
the Work Productivity and Activity Impairment Questionnaire (WPAI) [133] was used to
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assess the impact of caring for someone with DMD on work, productivity, and daily
activities. Caregivers also completed the ZBI (described in Section 2.9) to assess the
subjective caregiver burden. Data on caregiver HRQoL were obtained through the EQ-5D-3L
(described in Section 2.6.1) and the Short Form (12) Health Survey (SF-12). The SF-12 is a
short version of the SF-36 (described in Section 2.6.1) and measures functional health and
well-being through a total of 12 questions, each described in three to five levels. SF-12
outcomes include two composite scores, the Physical Component Summary Score (PCS) and
the Mental Health Component Summary Score (MCS), as well as eight separate scores.

In the final part of the questionnaire, patients were asked to complete age-specific self-report
versions of the PedsQL NMM. We asked the caregivers to indicate if their sons completed
the PedsQL NMM on their own (i.e. without any support, explanation, or suggestions), and
only those who did so were included for analysis.

6.3 ETHICAL APPROVAL

Study ethical approval was granted from Ludwig-Maximilians-Universitat Minchen
(Germany), Comitato Etico IRCCS E. Medea—Associazione La Nostra Famiglia (Italy),
North East Research Ethics Service, NHS (the UK), and the Western Institutional Review
Board (the US). Approval was also obtained from the TREAT-NMD Global Databases
Oversight Committee.
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/7 METHODS

This section provides a summary description of the methods used to meet the study objectives
of the papers included in this thesis.

7.1 DMD COST OF ILLNESS (PAPER 1)

We estimated annual costs of DMD from a societal perspective including direct medical costs
(e.g. hospital admissions, visits to physicians and other healthcare professionals, medical tests
and assessments, medications, and emergency and respite care), direct non-medical costs (i.e.
costs associated with non-medical aids, devices, and investments), non-medical community
services (e.g. transportation services and home help), informal care costs (i.e. paid and unpaid
informal care by the primary caregiver), indirect costs (i.e. production losses for the patient
and primary caregiver, including productivity losses due to absenteeism and impaired
productivity while working), and intangible costs (i.e. costs due to impaired HRQoL).

Direct medical and non-medical costs of DMD were calculated using data on resource use
and national reference prices [134-142]. Country-specific costs for aids, devices, and
investments were obtained through expert input from TREAT-NMD. Annual estimates were
derived by assuming that a similar proportion of patients would use the same quantity of
resources in any given one-month, six-month, or one-year period.

The indirect cost (i.e. costs associated with production losses) of DMD was valued according
to the human capital approach at the cost of employment. Outcomes from the WPAI were
used to estimate productivity losses due to absenteeism and impaired productivity while
working.

We valued each hour of paid informal care according to the human capital approach. To
estimate unpaid informal care, we first calculated the proportion of the caregivers’ leisure
time devoted to informal care, estimated using outcomes from the WPAI and data from the
Organisation for Economic Co-operation and Development (OECD) on the country-specific
mean daily number of hours of leisure time for an adult in the general population [143]. Each
hour of leisure time was then conservatively valued at 35% of the country-specific national
mean gross wage, in line with previous research and recently updated estimates of the value
of travel time savings [144,145].

The intangible cost (i.e. costs due to pain, anxiety, social handicap, etc.) of DMD was
estimated by assigning a monetary value to the loss in HRQoL for patients and caregivers in
relation to the age- and sex-specific mean HRQoL in the general population [146,147]. The
societal WTP for one year of full health, also known as one QALY varies by method of
assessment and setting and commonly cited values lie between $50,000 and $100,000 [77]. In
this thesis, a WTP for a QALY of $75,000 was used in the analysis.

We related our results to the progression of DMD by classifying patients into four groups
defined in terms of current ambulatory status and age (as defined in Section 3.4). A
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generalized linear model (GLM) was fitted to the data to investigate if the mean per-patient
annual cost of illness varied between the four ambulatory classes and to predict costs for
these groups. To control for confounding effects, the GLM was adjusted for country,
household income class, diagnosis of common mental and behavioural disorders, as well as a
dummy variable indicating additional household member with DMD. Determinants of patient
HRQoL and annual household cost burden were investigated analogously.

Results are presented in 2012 international (US) dollars calculated using Purchasing power
parity (PPP) data from Eurostat.

7.2 HEALTH-RELATED QUALITY OF LIFE IN DMD (PAPER II)

We measured mean caregiver proxy-assessed HUI-derived utilities and mean caregiver
proxy-assessed and patient self-assessed PedsQL NMM scores. We compared estimates
across four ambulatory classes (as defined in Section 3.4). In addition, to further investigate
the relationship between patient HRQoL (as perceived by the caregivers) and HRQoL as
measured through the rating-scales, we also stratified our estimates by the caregivers’
subjective rating of their sons’ current health (five categories, ranging from “Poor” to
“Excellent”) and the caregivers’ subjective rating of their sons’ current mental status (five
categories, ranging from “So unhappy that life is not worthwhile” to “Happy and interested in
life”).

Agreement between patients’ self-assessments and caregivers’ proxy-assessments of PedsQL
NMM scores was investigated by estimating intraclass correlations (ICCs) from one-way
random-effects models. In accordance with previous research [57,58], we considered
ICCs<0.40 to indicate poor/fair agreement, 0.40 to 0.60 moderate agreement, 0.61 to 0.80
good agreement, and >0.80 excellent agreement.

We assumed the sampling distributions of the sample means to be approximately normally
distributed in accordance with the central limit theorem and used Welch’s t tests and analysis-
of-variance models to compare estimates across strata due to heterogeneous variances.

7.3 CAREGIVER BURDEN OF DMD (PAPER III)

We assessed mean EQ-5D-3L utility scores (using the UK value set derived through the TTO
method [69]), mean VAS scores, mean global ZBI scores, and mean PCS and MCS scores
from the SF-12. We assessed and reported EQ-5D-3L results for anxiety and depression
separately as we hypothesized that this domain would be most influenced by the caregiver
role.

We compared estimates across four ambulatory classes (as defined in Section 3.4), countries,
and the caregivers’ subjective rating of their sons’ current health and mental status with
general population reference data [147,148] using Welch’s t tests and analysis-of-variance
models. We used logistic regression to test for differences in anxiety and depression across
ambulatory classes, caregivers’ ratings, and two objective measures of the caregiver burden
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(i.e. annual household cost burden and number of hours of leisure time devoted to informal
care) taken from paper I.

7.4 FUNCTIONAL ABILITY RATING-SCALE (PAPER 1V)

We declared the underlying latent trait to be operationalized by the new tool as “functional
ability” (i.e. physical and respiratory functioning), encompassing the full range within the
DMD progression sequence (i.e. from the early ambulatory to late non-ambulatory disease
stage). Our aim was to create a clinically and personally relevant disease-specific rating-scale
that could be easily completed by the patient or a caregiver (e.g. a parent), and we therefore
sought to capture the trait through manifestations in common activities of daily living (e.g.
getting on and off the floor, on and off the toilet, and climbing up and down stairs). In
addition, to allow further discrimination of functional ability, we also included items relating
to manifestations of the lower and upper extremities, respectively, as well as current
ventilation status.

Initial instrument item identification and selection was led by a group of neuromuscular
experts (i.e. specialist neuromuscular physicians and physiotherapists with extensive
experience in the medical management of DMD). The bank of item and level candidates was
also informed by a literature review of existing measures. To capture the patient-perspective,
items within a draft set were discussed with and tested on patients and caregivers as part of
patients’ routine clinical follow-up to assure understandability (e.g. that the items and levels
made sense and were easily understood) and completeness (e.g. that all essential levels were
represented, relevant, and appropriately formulated in terms of hierarchy). We also conducted
a pilot study to further assure understandability and completeness.

A full Rasch analysis (described in Section 2.11.5) was conducted to assess the psychometric
properties of the new rating-scale.

7.5 DECISION-ANALYTIC MODEL FRAMEWORK (PAPER V)

We synthesized our previously published health economic data in three Markov state-
transition models (Figure 10). The framework of our main model, model I, was based on the
DMDSAT (from paper 1V). For comparison, we also developed a model based on stages of
disease as specified in the international DMD clinical care guidelines (defined in Section 3.4)
(model 1) as well as patients’ ventilation status (model IIT). The models were constructed in
accordance with the ISPOR-SMDM Modeling Good Research Practices Task Force
guidelines [149] and designed to evaluate the cost-effectiveness of a hypothetical treatment
versus standard of care in a cohort of patients with DMD in a UK setting.

In each model, every cycle (i.e. every 12 months) patients had a probability to remain in the
current state, progress to a more severe state, or die. In the base-case scenario, we assumed
that the hypothetical intervention reduced the probability of DMD progression by 25% across
model states.
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Figure 10: Schematic illustration of the DMD Markov model frameworks

Note: The absorbing health state Dead, linked to all states within each model structure, was excluded for
simplicity.

Instead of assuming an annual treatment cost, we estimated and reported the maximum cost
given NICE’s cost-effectiveness threshold, i.e. a WTP for a QALY of £30,000 [150]. Our
base-case scenario was specified in accordance with NICE’s reference case [68] and included
costs from the perspective of NHS and Personal Social Services (PSS) (i.e. direct medical
costs) and impact of the disease on patient HRQoL. We also analysed a scenario from the
societal perspective comprising all costs (i.e. direct medical and non-medical, and indirect
costs) as well as the impact on patient and primary caregiver HRQoL. Main model outputs
comprised the mean total lifetime discounted cost and number of QALYSs, used to calculate
the ICER.

We conducted deterministic one-way scenario analysis to investigate the impact of efficacy
on mortality, different discount rates, and a fully curative, life-long treatment. To investigate
second-order uncertainty of the input parameters, we performed PSA for a wide range of
different efficacy levels (relative risk of disease progression ranging from 0.01 to 0.99, in
increments of 0.01) and eight annual treatment costs (1,000x99x8=792,000 simulations in
total per model) and estimated the probability of cost-effectiveness given a WTP for a QALY
of £30,000.

Face validation of the appropriateness of the conceptual models (in terms of e.g. structure,
health states, and comparator), model input data, and model outcomes were judged by the
participating DMD experts. The validity of the computerized models was assessed through
derivation of Markov traces and by comparing modelled mortality and disease progression
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probabilities with the populated data. Extreme value and unit testing comprised setting model
transition probabilities to 0 and 1, respectively and turning off specific cost and utility
components, as well as mortality. No previous models of DMD were identified in the
literature and cross validation testing was therefore not possible. However, one model of a
subtype of DMD has been described as part of a NICE appraisal (discussed in Section 9.1.5).
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8 RESULTS

8.1 DMD COST OF ILLNESS (PAPER 1)

The mean per-patient annual total direct cost of illness was estimated at $42,360 in Germany,
$23,920 in Italy, $54,160 in the UK, and $54,270 in the US (in 2012 international dollars)
(Table 10). Across countries, costs associated with paid and unpaid informal care accounted
for between 18% and 31% of the total cost of illness. We found the mean per-patient annual
cost of illness to be significantly associated with disease progression, with an estimated
adjusted mean increase of 17%, 74%, and 143% from the early ambulatory to the late
ambulatory, early non-ambulatory, and late non-ambulatory class, respectively.

Table 10: Per-patient annual costs of DMD (in 2012 international $)

Germany Italy The UK The US
Hospital admissions® 2,080 (1,020-4,950) 1,420 (900-2,470) 2,300 (1,500-3,720) 2,220 (900-5,050)
Visits to physicians and other 18,210 (15,450-
healthcare practitioners 3,850 (3,410-4,340) 2,590 (1,970-3,440) 8,230 (6,360-13,150) 22,260)

Nurse 40 (10-80) 40 (10-220) 550 (300-1,160) 1,270 (650-2,530)
General practitioner 110 (80-160) 40 (30-60) 340 (220-670) 230 (180-340)
Specialist physician 330 (280-410) 170 (130-240) 3,290 (2,380-7,100) 3,730 (3,140-4,840)
Psychologist or therapist 50 (30-110) 50 (30-120) 160 (80-390) 720 (430-1,220)
Physiotherapist or 2,810 2,210 3,290 9,920
occupational therapist (2,480-3,180) (1,610-3,020) (2,420-5,820) (8,220-12,030)
Other healthcare practitioner” 500 (360-700) 70 (50-120) 600 (370-1,400) 2,350 (1,740-3,200)

Tests and assessments

2,400 (2,180-2,680)

600 (530-690)

1,580 (1,450-1,750)

2,860 (2,660-3,070)

Medications

1,020 (770-2,000)

1,550 (890-4,650)

930 (820-1,070)

2,070 (1,720-2,710)

Non-medical community services®

8,920 (6,890-12,400)

2,740 (1,640-5,380)

19,250 (13,240-28,670)

7,610 (6,030-9,790)

Aids, devices, and investments®

5,560 (4,160-7,460)

1,850 (970-4,450)

7,520 (5,690-9,790)

7,930 (6,210-10,260)

Total burden of illness

(100,390-119,510)

(71,030-89,190)

(108,280-132,710)

18,530 13,160 14,340 13,370
Informal care (16,440-20,580) (11,270-15,280) (13,030-15,990) (12,060-14,930)
42,360 23,920 54,160 54,270
Total direct cost of illness (38,640-46,880) (20,420-28,300) (47,310-63,510) (48,740-62,220)
Indirect cost of illness (production 20,770 18,220 18,700 21,550
losses) (17,670-24,250) (15,430-21,380) (16,280-21,150) (18,490-24,720)
63,140 42,140 72,870 75,820
Total annual cost of illness (57,600-69,710) (36,940-47,730) (64,350-84,150) (69,350-85,270)
45,860 37,980 46,080 45,080
Intangible costs (41,630-50,160) (32,400-43,550) (42,360-50,050) (41,100-48,260)
109,000 80,120 118,950 120,910

(111,460-130,770)

Note: Data presented as mean (95% CI), rounded to nearest ten.
2 Including emergency and respite care.

b Care coordinator/care advisor, dentist, dietitian/nutritionist, and speech/language/swallowing therapist.

¢ Home help, personal assistants, nannies, and transportation services.

4 Include investments to and reconstructions of the home (e.g. adaptations for wheelchair accessibility).

Indirect costs of DMD were substantial. Specifically, across countries, between 27% and
49% of caregivers had reduced their working hours or stopped working completely due to
their sons’ DMD, and for employed caregivers, the mean overall work impairment (loss in
work time and productivity while working) was estimated at between 20% and 29%
(corresponding to more than one day of a five-day work week). In addition, labour-force
participation among patients 18 years of age or older not in full-time education was low
(<4%). In total, indirect costs accounted for between 26% and 43% of total cost of illness in

the studied countries.

Per patient and annum, the total societal burden of DMD, comprising direct, indirect, and
intangible costs, was estimated at $109,000 in Germany, $80,120 in Italy, $118,950 in the
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UK, and $120,910 in the US. The corresponding national burden of DMD was estimated at
$278,058,000, $154,465,000, $200,478,000, and $1,217,373,000, respectively.

We also found affected households to be carrying a considerable cost burden. The mean total
annual cost of insurance premiums, co-payments for healthcare, and out-of-pocket payments
for investments (e.g. adaptations of the home for wheelchair accessibility) was estimated at
$5,940 in Germany, $7,550 in Italy, $3,490 in the UK, and $14,390 in the US. The
corresponding total household cost burden, including income losses, costs associated with
lost leisure time, and intangible costs, was estimated at $70,190, $58,440, $63,600, and
$71,900, respectively. Adjusted regression analysis results showed that the total household
cost burden on average was 38%, 181%, and 191% higher for late ambulatory, early non-
ambulatory, and late non-ambulatory patients compared with their counterparts in the early-
ambulatory stratum.

8.2 HEALTH-RELATED QUALITY OF LIFE IN DMD (PAPER II)

The vast majority (>84%) of patients were perceived as happy and in good health by their
caregivers. In contrast, mean patient HUI-derived utility, proxy-assessed by the caregivers,
was estimated at 0.46, ranging between 0.75 and 0.15 across ambulatory classes, 0.62 and 0
across caregivers’ rating of their sons’ current health, and 0.55 and 0.04 across caregivers’
rating of their sons’ current mental status (Figure 11). Mean caregiver proxy-assessed
PedsQL NMM total scores were significantly associated with ambulatory class (mean score
ranged between 52 and 72), caregivers’ rating of their sons’ current health (mean score
ranged between 26 and 73), and caregivers’ rating of their sons’ current mental status (mean
score ranged between 43 and 67).

We found patients’ self-assessed PedsQL NMM total scores to be consistently higher than
caregivers’ proxy-assessments, but that overall agreement was good to excellent across the
different instrument domains (the ICC was estimated at 0.78 for the total score in the pooled
sample).

8.3 CAREGIVER BURDEN OF DMD (PAPER lIII)

Half of all caregivers reported that they were moderately or extremely anxious or depressed.
Adjusted logistic regression results showed that the prevalence of anxiety and depression was
significantly associated with the caregivers’ rating of patients’ health and mental status, as
well as annual household cost burden and hours of leisure time devoted to informal care, but
not ambulatory class (Table 11).

The mean EQ-5D-3L caregiver utility was estimated at 0.81. The sex- and age-matched loss
in caregiver utility in relation to the general population was estimated at between 0.09 and
0.14 across ambulatory classes, 0.06 and 0.18 across caregivers’ rating of their sons’ current
health, and 0.09 and 0.30 across caregivers’ rating of their sons’ current mental status. Mean
VAS scores were lower than the estimated EQ-5D-3L utilities in all strata except for
caregivers to patients rated to be very unhappy.
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Figure 11: Self-assessed and caregiver proxy-assessed patient health-related quality of life, by
ambulatory status (a), patients’ current health (b), and patients current mental status (c)

Note: *Statistically significant difference (at a 5% level) between patients’ self-assessed Pediatric Quality of Life
Inventory 3.0 Neuromuscular Module (PedsQL NMM) total scores and caregivers’ proxy-assessed total scores.
Health Utilities Index Questionnaire (HUI).

Results from the SF-12 also indicated impaired caregiver mental health. Specifically, the
mean SF-12 MCS score was estimated at 45, ranging between 44 and 46 across ambulatory
classes, 48 and 37 across caregivers’ rating of their sons’ current heath, and 46 and 33 across

caregivers’ rating of their sons’ current mental status.
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The mean global ZBI score was estimated at 29, ranging between 25 and 32 across
ambulatory classes, 23 and 38 across the caregivers’ rating of their sons’ current health, and

26 and 41 across the caregivers’ rating of their sons’ current mental status.

Table 11: Predictors of anxiety and depression in caregivers to patients with DMD

n Odds ratio (95% CI)? P-value

Model I: Patients’ ambulatory status

Early ambulatory 155 1

Late ambulatory 256 1.08 (0.70-1.65) 0.742

Early non-ambulatory 154 1.04 (0.64-1.70) 0.873

Late non-ambulatory 205 0.93 (0.53-1.64) 0.807
Model I1: Caregivers’ rating of patients’ health

Excellent 145 1

Very good 321 1.53 (1.00-2.33) 0.049

Good 228 3.85 (2.40-6.20) <0.001

Fair/poor 76 5.87 (3.05-11.29) <0.001
Model 111: Caregivers’ rating of patients’ mental status

Happy and interested in life 455 1

Somewhat happy 239 1.85 (1.32-2.58) <0.001

Somewhat unhappy 63 4.67 (2.44-8.92) <0.001

Very unhappy 13 7.22 (1.79-29.09) 0.005
Model 1V: Annual household cost burden

<$1000 380 1

$1000-$5000 170 1.43 (0.95-2.16) 0.090

>$5000 220 1.76 (1.18-2.63) 0.006
Model V: Hours of leisure time devoted to informal care

<25 per week 294 1

25-50 per week 203 2.01 (1.37-2.94) <0.001

>50 per week 273 3.35 (2.32-4.83) <0.001

Note: Confidence interval (CI).

2 Adjusted for country, caregiver sex, caregiver age, caregiver university degree, caregiver marital status,
additional household member with DMD, household income class, patient diagnosis for depression, ADHD,
ASD, and OCD, patient learning disabilities, patient glucocorticoid use, and patient-caregiver relationship
(parent vs. other).

8.4 THE DMDSAT (PAPER IV)

The administered version of the new rating-scale (referred to as the DMDSAT) included a
total of eight items in four domains (Figure 12). Upon re-scoring of two items that initially
displayed disordered thresholds, the total DMDSAT score ranged from O (low functional
ability) to 23 (high functional ability). Item fit to the Rasch model was good, mean item
dependency low (-0.007), and agreement between model and clinical expert rankings of items
difficulties in terms of functional ability excellent (Spearman’s p=0.95). Fit of individual
responses to the Rasch model was also good, with minor floor and ceiling effects (2% and
6%, respectively), and the estimated scale encompassed ability levels both lower and greater
than those observed in the sample. The Person Separation Index (PSI) was estimated at 0.95
and Cronbach’s a at 0.93, indicating good reliability. The adjusted mean change in per-
patient annual cost of illness associated with a one-point increase in DMDSAT total score
was estimated at 5.9%. The corresponding mean loss in patient utility was 9.5%. Spearman’s
p between predicted and observed total cost of illness and patient utility was estimated at 0.62
and 0.85, respectively.
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The DMD Functional Ability Self-Assessment Tool (DMDSAT)
The questions below describe levels of activity for arm function, mobility,
transfers, and need for ventilatory support. The activities are intended to be
in order of difficulty and we would like you to tick the circle that best applies
to your current level of function.

Question 1: Arm function Select one
Can put an item such as book onto a shelf above shoulder height O
Can lift at least one arm above head O
Can lift at least one arm to shoulder height O
Can eat a meal without any help O
Needs help to cut up food but can feed and drink independently O
Needs help to drink or feed self O
Can pick objects up e.g. pen/money O
Can move fingers e.g. press on mobile or other electronic device O
Cannot move fingers O
Question 2: Mobility Select one
Walks independently long distances outdoors (more than 1 km) O
Walks independently medium distances outdoors (less than 1 km) O
Walks independently outdoors for short distances, e.g. to car O
Walks outdoors with help from a person O
Walks indoors independently but requires wheelchair for outdoors O
Walks indoors with help from a person requires wheelchair outdoors O
Uses wheelchair indoors and outdoors O
Uses wheelchair but unable in some situations e.g. cold weather O
Unable to control wheelchair without help O

Can do Can do Needs to be lifted or
Question 3 to 7: Transfers independently with help hoisted or cannot
Get on and off the floor O O O
Get in and out of a chair O O O
Get in and out of bed O O O
Get on and off the toilet O O O
Go up and down stairs O O O

Not Ventilated Ventilated during

Question 8: Ventilatory support ventilated at night day and night
Ventilatory status O O O

Figure 12: The DMD Functional Ability Self-Assessment Tool (DMDSAT)
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8.5 MODEL FRAMEWORK FOR ECONOMIC EVALUATION IN DMD (PAPER V)

In all models, starting the simulation at an age of five years, 50% of patients survived until an
age of 25 years (in accordance with input data) and the estimated mean number of

(undiscounted) life-years was 23. Results for the base-case (i.e. NICE reference case) and the
societal perspective for each model are presented in Table 12.

Table 12: Cost-effectiveness of a hypothetical intervention in DMD

Model | (DMDSAT)
Annual treatment cost: £3,770

Model 11 (ambulatory status)
Annual treatment cost: £3,000

Model 111 (ventilation status)
Annual treatment cost: £2,290

Cost outcomes (C) Trt SoC A Trt SoC A Trt SoC A
Intervention cost 58,290 0 58,290 46,440 0 46,440 36,060 0 36,060
Direct medical costs 190,840 217,510 | -26,670 | 221,250 244,120 -22,860 263,510 286,550 -23,040
Direct non-medical costs 184,330 | 201,290 | -16,960 | 194,520 | 204,840 -10,310 204,860 | 207,440 -2,580
Patient indirect costs 69,000 69,000 0 69,000 69,000 0 69,000 69,000 0
Caregiver indirect costs 125,850 | 136,440 | -10,590 | 139,490 | 145,560 -6,070 150,890 | 154,090 -3,200
Total, NHS/PSS perspective 249,130 | 217,510 | 31,620 | 267,690 | 244,120 23,580 299,570 | 286,550 13,020
Total, societal perspective 628,310 | 624,240 4,070 670,700 | 663,500 7,200 724,310 | 717,080 7,230

Effect outcomes (E)

Patient QALYs 8.13 7.07 1.05 7.96 7.17 0.79 6.39 5.96 043
Caregiver QALYs 12.93 12.80 0.12 12.89 12.82 0.07 12.72 12.66 0.06

ICER (AC/AE) (£)

NHS/PSS perspective 30,000 30,000 30,000
Societal perspective 3,450 8,400 14,636

Note: Cost results in 2015 Great British Pounds (£) rounded to nearest ten. Treatment (Trt). Standard of care
(SoC). Incremental cost-effectiveness ratio (ICER). Quality-adjusted life-years (QALYs). Costs and effects were

discounted at 3.5%.

The maximum annual treatment cost given a WTP for a QALY of £30,000 from the
NHS/PSS perspective was estimated at £3,770 in model I, £3,000 in model 11, and £2,290 in
model 111. Corresponding maximum treatment costs for the societal perspective was £5,790 in
model I, £4,200 in model 11, and £2,760 in model I11. Results from the PSA showed that the
probability of cost-effectiveness was <10% at drug costs exceeding £22,500 in model I,

£17,500 in model 11, and £15,000 in model I11.

All three models were judged to have good validity with regards to the appropriateness of the
conceptual representation of the disease, model input data, and model outcomes. Model
Markov traces for the treatment arms (provided in the electronic supplementary Appendix)
showed that the simulated cohorts transitioned across model states in agreement with the
input data (i.e. modelled mortality and disease progression probabilities). Extreme value and
unit testing revealed no errors with regards to the mathematical implementation of the

models.
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9 DISCUSSION

In accordance with the stated aims, this thesis provides a description of the previously
unknown health economic context of DMD, including a portfolio of cost and utility data, a
new tool designed to measure DMD disease severity, and a fully populated decision-analytic
model framework for cost-effectiveness analysis. Importantly, as most of the long-term care
in DMD is provided at home, the thesis work also comprise the health economic impact of
the disease on affected family caregivers.

This section provides a summary discussion of the thesis results in relation to previous
research, methodological and ethical considerations, implications for health policy, and
suggestions for future research.

9.1 FINDINGS IN COMPARISON WITH PREVIOUS RESEARCH

9.1.1 DMD cost of illness (paper I)

Patients with DMD utilized a considerable variety of healthcare resources and services,
associated with an annual direct medical cost of $11,240 in Germany, $7,300 in Italy,
$15,940 in the UK, and $28,590 in the US. The mean per-patient annual direct cost of DMD
was estimated at $42,360, $23,920, $54,160, and $54,270 for patients from Germany, Italy,
the UK, and the US, approximately 10, 8, 16, and 7 times higher than the mean per-capita
health expenditure in these countries, respectively. Prior to paper I, no study had estimated
costs in a population comprising only patients with DMD. However, two studies, Ouyang et
al. [104] and Larkindale et al. [105], had estimated costs for US patients with muscular
dystrophies based on historical claims data. Although not directly comparable due to
substantial differences with respect to disease and demographic characteristics, as well as
study design (e.g. measured costs, included healthcare resource types, and valuation
techniques), our estimate of the direct medical cost for the US sample was similar to
equivalent estimates reported in these previous studies ($28,590 compared with $20,467 and
$22,533, respectively).

9.1.2 Patient health-quality of life (paper II)

As a result of the severe disability and morbidity associated with DMD, we found caregiver
proxy-assessed HUI-derived utility to be significantly impaired in relation to sex- and age-
matched general population reference values. Specifically, across ambulatory classes, the
mean utility ranged from 0.75 to 0.15, corresponding to a mean disutility of 0.20 to 0.79, well
above the estimated clinically important difference threshold in HUI utility of between 0.03
and 0.05 [55]. No previous study has estimated HRQoL using the HUI in patients with DMD
and only one study has assessed HRQoL in DMD using the EQ-5D-3L. Specifically,
Pangalila et al. [115] estimated the mean EQ-5D-3L utility of a sample comprising 57 adult
patients with ventilation support (mean age 27 years) at 0.44. Although our estimates are not
directly comparable due to considerable differences between the HUI and the EQ-5D-3L (as
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described in Section 2.6.1), our HUI-derived utility for patients requiring ventilation support
(16%, 126 of 770) was notably lower at 0.10.

Interestingly, despite our low utility estimates, we found that the vast majority of patients
were perceived as happy and in good health by their caregivers. As discussed in Section
2.6.3, a potential reason for this finding is a phenomenon known as “response shift” or “the
well-being paradox”, in which patients adjust their preferences and perception of health,
happiness, and HRQoL over time, as the disease progresses. In addition, caregivers may
adjust their perception of their sons’ HRQoL based on disease history, as well as the
anticipated disease trajectory (where the current health state may appear relatively good given
the expected well-being in more advanced stages of DMD). Lastly, since DMD is a genetic
condition, patients are not familiar with a life free from disease, and therefore do not have the
same references as healthy individuals against which to compare their current situation.

Evidence of coping mechanism has been reported in previous research of patients with DMD.
In two separate studies, Bray et al. [107,111] found patient HRQoL, measured using the
PedsQL GCS and the Child Health Questionnaire, to be significantly negatively associated
with physical functioning (measured using the Vignos scale), but that physical functioning
was uncorrelated with psychosocial domains. Moreover, Uzark et al. [57] reported that self-
assessed psychosocial HRQoL measured using the PedsQL GCS was higher among
adolescent patients (13-18 years) than in younger boys (8-12 years) (although this pattern was
not found for caregiver proxy-assessment of patient HRQoL, or for results from the PedsQL
3.0 DMD Module Scale). Similar findings were also reported in studies by Kohler et al. [113]
and Elsenbruch et al. [114], in which older children and adolescents with DMD had better
psychosocial HRQoL compared with their younger counterparts. However, it should be noted
that most previous research of HRQoL in DMD have been conducted on small cohorts of
patients with insufficient statistical power to perform stratified analyses by e.g. age or level of
functional ability. In addition, a range of different instruments have been used to measure
HRQoL, which also limits the possibility to compare existing research across studies and
with our results.

In paper 11, in addition to the HUI, we also measured patient HRQoL using the PedsQL
NMM. We estimated the mean patient self-assessed PedsQL NMM total score at 67, ranging
between 57 and 80 depending on patient ambulatory status. Only two previous studies
[58,110] have to our knowledge assessed HRQoL in patients with DMD using the PedsQL
NMM, and they estimated the mean parent-proxy score at 60 and 53, respectively. However,
given that these preceding studies do not stratify their results by age or some other measure of
disease stage or severity, it is not meaningful to conduct further comparisons. Furthermore,
there are several methodological issues with the PedsQL NMM instrument, discussed in
detail in Section 9.2.2, which limits interpretation of results across cohorts.

In our sample, patients’ self-assessment of their HRQoL through the PedsQL NMM was
consistently higher than the proxy-assessment made by their caregivers. Still, overall
agreement between proxy- and self-assessments of patient HRQoL was found to be good to
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excellent, in contrast to previous studies in DMD reporting poor to fair, poor to fair to
moderate, moderate, and moderate to good agreement [57,58,107,109,110]. Potential reasons
include differences between studies in, for example, patient-caregiver relationships (parents
vs. more distant relatives) and extent of caregiver involvement in the daily life of the patient
with DMD.

9.1.3 Caregiver burden of DMD (paper IIl)

We found caregivers to patients with DMD to have lower HRQoL compared with age- and
sex-matched general population reference values. Specifically, the mean EQ-5D-3L disutility
was estimated at 0.11, well above the minimally important difference threshold of 0.074
[151]. This finding suggests that the impact on HRQoL, as measured through the EQ-5D-3L,
of being a caregiver to a patient with DMD is similar to or greater than very serious and
sometimes rapidly fatal diseases, e.g. lung cancer and schizophrenia (0.11), systemic lupus
erythematosus (0.08), and epilepsy (0.07) [152]. Only one study, Pangalila et al. [115], has
measured HRQoL in caregivers to patients with DMD using a preference-based measure
linked to utilities, and in contrast to our findings, the authors estimated the mean EQ-5D-3L
utility at 0.87 (based on an undisclosed value set), similar to general population reference
data. However, Pangalila et al. studied a cohort comprising 80 caregivers to adult DMD
patients receiving ventilation support, and our estimates are thus not directly comparable. In
our sample, the mean utility for caregivers to patients receiving ventilation support was 0.75,
significantly lower than 0.88 (p<0.001).

Moreover, based on the results from the EQ-5D-3L, we found that half of all caregivers in
our cohort were moderately or extremely anxious or depressed. Evidence of strain and stress
in caregivers to patients with DMD have been reported previously, both in cohorts
comprising only patients with DMD [112,117,118,121], as well as in mixed cohorts of
patients with muscular dystrophies [119,120]. Interestingly, we found caregiver HRQoL,
including anxiety and depression, to be predominantly associated with the well-being of the
patient (as assessed by the caregiver), not disease stage. A similar observation was made by
Baiardini et al. [112] in a study of 27 caregivers to patients with DMD, in which outcomes
from the Family Strain Questionnaire were not associated with age, ventilator use, or
wheelchair status. In addition, Nereo et al. [117] found that patient behaviour problems and
verbal intelligence quotient were associated with maternal stress, but not age or wheelchair
use, and the authors also reported that maternal stress related to child variables diminished
over time. These findings suggest that caregivers to patients with DMD to some extent learn
to cope with the increased level of dependency and requirements of assistance associated with
the progression of the disease, although the tasks may still be considered burdensome.

We found caregiver anxiety and depression to be significantly associated with annual
household cost burden and hours of leisure time devoted to informal care per week (estimated
in paper 1). In addition, based on the results from the ZBI, depending on their rating of patient
well-being, between 12% and 40% of caregivers replied that they frequently or always felt
that they should be doing more for their sons, 27% and 69% that they were stressed between
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the demands of caring for the relative and trying to meet other responsibilities for family or
work, and 17% and 62% that they did not have enough money to take care of their sons.
These results emphasize that lack of time and money is an important source of distress in
caregivers to patients with DMD. Similar findings have been reported by Kenneson et al.
[120], who show that employment outside of the home is a predictor of stress in caregivers to
boys with DMD and Becker muscular dystrophy. The stresses associated with meeting
responsibilities associated with informal care at home is further underscored by the fact that a
non-trivial proportion of caregivers in our sample had terminated their employment, either
partially or in full (as reported in paper I). Similar observations were also reported by
Baiardini et al. [112].

We estimated the mean global ZBI score at 29, ranging from 23 to 42 across investigated
strata. No previous study has estimated caregiver burden using the ZBI in DMD, but
Kenneson et al. [120] administered a four-item screening version of the ZBI to a sample of
caregivers to patients with DMD and Becker muscular dystrophy. In their study, Kenneson et
al. found that more than half of all caregivers reported a high level of caregiving demands.
Comparing our estimates with findings from studies of other diseases, the burden as
measured through the ZBI was comparable to or higher than estimates for e.g. neuromuscular
diseases in general (23) [119], irritable bowel syndrome (22) [153], Alzheimer’s disease (29)
[154], OCD (29) [155], and Parkinson’s disease (24) [156]. However, it should be noted that
in the case of DMD, the burden is carried by affected families for several decades, in contrast
to e.g. geriatric diseases such as Alzheimer’s, which usually develop late in life. In addition,
as further discussed in Section 9.2.3, it is challenging to interpret the outcome of the ZBI as
there is no link between ZBI scores and the trait measured (i.e. subjective burden).

9.1.4 The DMDSAT (paper IV)

Prior to the development of the DMDSAT, no instrument was designed to measure severity
in DMD along the entire disease trajectory. Instead, several different tools were used to assess
and monitor functional ability in clinical practice and measure efficacy in trials depending on
the ambulatory status of the patients (e.g. the NSAA [130] for ambulatory patients and PUL
[131] for non-ambulatory patients). The DMDSAT complements these more complex tools,
which involves physical tasks and/or timed tests that must be supervised by a healthcare
practitioner, and is also the first rating-scale linked to costs and utilities.

Comparing results from the Rasch analysis of the DMDSAT with the psychometric
properties of the NSAA and the PUL (both of which have been validated using the same
methodology [131,157]), all three instruments were found to have excellent targeting and
reliability (PSI: 0.95, 0.91, and 0.96, respectively), stable item locations, and good item and
person fit to the Rasch model. For the DMDSAT and NSAA, item difficulty was in good
agreement with clinical opinion (Spearman’s p: 0.95 and 0.80, respectively), indicating good
clinical validity (data not reported for the PUL).
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9.1.5 Economic evaluation in DMD (paper V)

As noted in Section 3.5, no model or economic evaluation in DMD had been published prior
to paper V. However, one model of the disease was made available in April 2016 (before
paper V was submitted for publication) as part of a NICE evaluation of ataluren [158], a new
treatment targeting a subgroup of patients with DMD caused by nonsense mutation in the
dystrophin gene. This model, which was based on cost and utility data from this thesis,
comprised a total of five states (in addition to an absorbing state for dead) defined in terms of
patient ambulatory status, ventilation status, and scoliosis: (i) ambulatory, (ii) non-
ambulatory, (iii) non-ambulatory with scoliosis, (iv) non-ambulatory with ventilation support,
and (v) non-ambulatory with ventilation support and scoliosis. Several comments can be
made with regards to the ataluren evaluation in relation to the findings presented in this
thesis. First, in the ataluren model, differences between arms (i.e. ataluren versus placebo)
related only to time to non-ambulation based on outcomes from the 6MWT, the primary trial
endpoint, with identical transition probabilities for subsequent states. As a result, the mean
costs associated with scoliosis and ventilation support could have been added to the non-
ambulatory state (accounting for assumed differences between arms), and the model therefore
essentially only comprised two states; ambulatory and non-ambulatory (in addition to dead).
Accordingly, the ataluren model is indeed a less granular version of model 11 (which was
based on four ambulatory classes) as specified in paper V.

Second, as noted above, the ataluren model was partially based on health economic data from
this thesis. Specifically, our cost and utility estimates for late ambulatory patients were used
for the ambulatory model state and our cost and utility estimates for late non-ambulatory
patients were applied to the non-ambulatory state. In addition, in the ataluren model,
scoliosis, but not ventilation support, was assumed to be associated with an additional cost
and patient utility loss. However, no adjustments were made to the costs and utilities that
were assigned to the non-scoliosis non-ventilation support ambulatory and non-ambulatory
model states, despite the fact that these estimates were derived for a sample of patients of
which a substantial proportion in fact had scoliosis and received ventilation support. Thus,
our cost and utility data appears to have been incorrectly implemented into the structure of
the ataluren model.

Third, in the ataluren evaluation, assumptions regarding mortality seem to be in poor
agreement with the current body of evidence (reviewed in Section 2.1.2). Specifically, from
the Markov traces it appears as if patients receiving placebo had a median survival of about
33 years, with a substantial proportion (30% of patients) surviving beyond 40 years, as well
as fifty years of age (15%). Moreover, although not explained in detail the evaluation report,
it appears as if ataluren was assumed to be associated with a substantial reduction in
mortality, with a mean survival in the ataluren arm of about 42 years, with a non-trivial
proportion of patient surviving beyond 50 years (35%) and even 60 years (20%) of age.
Furthermore, in contrast to the findings in paper V, efficacy on mortality was associated with
improved cost-effectiveness in the analysis of ataluren (possibly due to differences between
arms in terms of costs and utilities for the most advanced model states). Specifically, in the

52



ataluren arm, patients resided in the non-ambulatory ventilation support state from a median
age of 30 years until a median age at death of 42 years, with only a trivial proportion
developing scoliosis. Patients treated with placebo, on the other hand, transitioned from the
ventilation support state to the scoliosis and scoliosis and ventilation support states, with a
median age of scoliosis of 17 years and a median age of scoliosis and ventilation support of
32 years. These differences in transition probabilities and costs and utilities between the
ventilation support and scoliosis states may help explain our conflicting results relating to
efficacy on survival.

Fourth, comparing Markov traces for the two arms in the ataluren model, it appears as if
patients receiving placebo were at risk of transitioning from the ambulatory to the non-
ambulatory state from 9 years of age (at a probability so that the mean age at loss of
ambulation was in agreement with existing evidence, i.e. 14 years). In the ataluren arm,
however, patients were not at risk of becoming non-ambulatory until they became 14 years of
age, with a median age at loss of ambulation of 25 years. This inconsistency in
implementation would be expected to have resulted in an overestimation of the mean time to
non-ambulation for patients treated with ataluren and thus an overestimation of the drug’s
cost-effectiveness.

9.2 METHODOLOGICAL CONSIDERATIONS

9.2.1 Estimating costs of DMD

There are several methodological considerations concerning the methods underlying the cost
of illness approach applied in this thesis work, of which five are discussed below. First,
decisions regarding which costs that are to be included in a cost of illness study have non-
trivial consequences for the results. For example, a cost study in DMD that only includes
resource use related to physician visits would underestimate the direct medical cost of the
disease, given that visits to other healthcare practitioners (e.g. physiotherapists) also are very
common in this patient group. Similarly, a cost study that only covers direct medical costs of
DMD is likely to underestimate the total societal cost burden of the disease, given that a
substantial proportion of total care consists of informal care provided at home. In paper I,
given that our aim was to estimate costs from a societal perspective, as well as from the
perspective of affected households, we sought to include all resources and costs that could be
attributed DMD, both directly and indirectly. However, some items may have been omitted
from our analysis, e.g. resource use related to end-of-life care, and the total economic burden
of DMD may as a consequence have been underestimated.

Second, as described in Section 2.5, estimating costs of an illness comprise several steps,
including identification of resources consumed as a consequence of the disease, measuring
the quantities of identified resources, and obtaining price data for each resource type. Thus,
the price component, which comprises the opportunity cost of all identified resources, is
central to the analysis. Indeed, high-quality data on healthcare resource use are worth little if
multiplied with uncertain, low-quality price estimates. However, for many resources,
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opportunity costs are seldom known. In cost of illness studies, it is therefore common practice
to rely on national reference lists that contain prices which reflect the monetary
reimbursement value, or the prices charged between different hospitals. Accordingly, these
prices may or may not reflect the true opportunity cost, and differences between countries
may be substantial depending on e.g. national healthcare systems, reimbursement policies,
etc. It is therefore important to keep in mind that inter-country differences in cost of illness
estimates may be driven both by differences in resource use and prices (which was the case
with e.g. our direct medical cost estimate for Italy, as reported in in paper 1).

Third, given its prevalence and magnitude in genetic childhood diseases such as DMD,
methods concerning the valuation of informal care would also be expected to have a
considerable impact on total cost of iliness estimates. As described in Section 7.1, in paper I,
we employed a method which explicitly differentiated between the time spent providing
informal care instead of working (accounted as a productivity cost) and the number of hours
of leisure time devoted to informal care (accounted as an informal care cost). We based our
calculation of unpaid informal care costs on the country-specific mean daily number of hours
of leisure time for an adult in the general population, instead of assuming that caregivers who
reduced their working hours or stopped working completed due to their sons’ disease spent
all of their time providing informal care. We chose this approach because the true number of
hours of informal care was unknown, to avoid double-counting costs of care provided via
nurse visits to the home, personal assistants, etc., and to allow for an unadjusted estimation of
indirect costs in accordance with the human capital approach (which is arguably a more
established method compared with valuation techniques of informal are). As a consequence,
we may have underestimated informal care costs for caregivers who provided informal care
instead of working (hours which instead were accounted for in full as a productivity cost) and
it is therefore likely that we to some degree underestimated informal care costs and
overestimated productivity costs. Moreover, in accordance with previous research and
recently updated estimates of the value of travel time savings, we valued each hour of leisure
time at 35% of the country-specific national mean gross wage. Alternatively, we could have
utilized the price for e.g. a nurse or physician visit, but we opted for a more conservative
approach, primarily because it is unlikely that all hours of informal care encompass tasks that
require medical training (e.g. feeding, dressing, getting in and out of bed, etc.). It is also
worth pointing out the fact that we included informal care as a direct non-medical cost with
the rationale that the care otherwise would have had to be provided by healthcare
professionals. In fact, given the healthcare needs and assistance with activities of daily living
associated with DMD, our results suggest that many patients with DMD, in the absence of
informal care, would have to be institutionalized, especially in more advanced stages of the
disease.

Fourth, when modelling cost data, ordinary least square regression models may not be
appropriate due to e.g. skewness of the data, heteroscedasticity, censoring, and many
observations with zero-costs [159]. Instead, other models have been proposed in the
literature, and in case of no censoring and no zero-costs, which is an accurate description of
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our DMD cost data, a vast body of literature favours using a GLM model assuming a gamma
distribution and a log-link function [160], which was applied in this thesis work. Another
important consideration when modelling data for discrete states in a decision-analytic model
concerns the choice of explanatory variables in addition to the main covariates. For example,
in a regression model of disease stage and total cost of illness, scoliosis (which is more
common in more advanced disease stages) is a mediator (i.e. it carries some of the influence
of disease stage on cost of illness), in contrast to e.g. OCD which is not associated with
disease stage but may have an impact on cost of illness. Consequently, to obtain relevant
relative coefficients for disease stage, it is appropriate to control for OCD, but not scoliosis.

Fifth, when reporting costs for a progressive disease such as DMD, it is essential to stratify
estimates by some measure of disease progression. Otherwise, the mean estimate will be a
direct function of the distribution of disease severity in the sample. This applies to other study
outcomes as well, e.g. HRQoL.

9.2.2 Measuring health-related quality of life

There are several methodological limitations concerning rating-scales used to measure
HRQoL in paediatric and adult populations. These limitations, of which four are discussed
below, have important implications for the interpretation of our results. First, as described in
Section 2.11.3, ordinal rating-scales fail to adhere to the basic principles of sound
measurement. In the case of the PedsQL NMM, for example, a child indicating that he
“always” has problem explaining his disease to other people is attributed the same loss in
HRQoL as a child indicating the he “always” feels tired, although the impact on HRQoL may
be very different (and the difference may also vary across samples). For this reason it is not
meaningful to directly compare scores, or changes in scores, from the PedsQL NMM
between studies.

Second, as noted in Section 2.6.4, value sets for measures such as the EQ-5D-3L and the HUI
are based on preference data estimated many years ago from specific populations. For
example, utilities for the HUI Mark 3, which describe a total of 18,000 health states, are
based on valuation of only 25 health states by 256 randomly selected members of the general
population in Hamilton, Ontario, Canada in 1994 [71]. Thus, when administering the HUI to
an individual, the estimated health state utility represents the average predicted utility of that
particular health state as valued by this sample of men and women more than two decades
ago. Consequently, given that preferences for health states would be expected to be
influenced by cultural and social aspects, among categories of other factors that may vary by
time and geographical setting, the HUI value set may not be fully relevant for all caregiver in
our study population.

Third, in this thesis, the estimated patient HUI-derived utilities were compared with age- and
sex-matched general population reference data for Canada (based on the HUI Mark 3),
because HUI reference utilities does not exist for Germany, Italy, or the UK, and since US
data only comprises ages 18 years, and older. Thus, given that preferences for health states
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may differ across countries, our estimated patient disutilities may be subject to some bias.
Moreover, regarding caregiver utility as measured using the EQ-5D-3L, estimates for our
sample were compared against UK reference data derived using the TTO value set (i.e. the
same value set as we applied in the thesis work), but for comparison and reference, we also
included alternative utility estimates based on country-specific value sets for the EQ-5D-3L.
It should be noted that we chose to compare our utility estimates against a single set of
reference data for the HUI and EQ-5D-3L, respectively, also because it allows for an
assessment of the absolute impact of DMD on HRQoL excluding any country-specific
differences. In other words, instead of estimating country-specific disutilities, which also
capture differences in general population HRQoL, we derived disutility estimates from a
single comparative continuum.

Fourth, regarding the HUI Mark 3, as described in Section 2.6.4, the value set (i.e. mean
predicted utilities for each health state) were derived from a sample comprising individuals
16 years of age, or older. Thus, although the HUI may be appropriate for proxy-
administration in paediatric populations, the accompanying value set does not comprise
preferences of individuals below the age of 16 years. In this sense, the HUI should not be
regarded a measure of HRQoL in children and adolescents.

9.2.3 Measuring caregiver burden

Similarly to HRQoL, caregiver burden is a multidimensional and complex construct, and
although a definition has been proposed, as noted in Section 2.9, there is no consensus how to
quantify the trait. Indeed, different studies focus on different aspects, for example
“subjective” components (e.g. mental health and stress or strain) or “objective” factors (e.g.
number of hours of informal caregiving or household cost burden). In addition, many rating-
scales used to measure aspects of caregiver burden were developed using CTT and their
scores are thus not easily interpreted. The ZBI, for example, map out a continuum ranging
from 0="low burden” to 88="high burden”, but it is not clear what “low”” and “high” means
in this context, or what values in between 0 and 88 represents. For these reasons, it is seldom
straightforward to compare estimates of the caregiver burden across studies. This may also
apply to specific aspects of the burden, e.g. prevalence of depression, due to differences in
diagnostic criteria and data sources used in the analysis (i.e. self-reported versus inpatient
register data).

9.2.4 Measuring progression in DMD

Developing a single scale that measures progression across the entire lifetime of disease in
DMD is challenging due to considerable heterogeneity in the clinical manifestations of the
disease. For example, younger patients usually experience problems with their lower limbs,
whereas more pronounced upper limb weakness generally occurs in later stage of the disease.
Therefore, in our development of the DMDSAT, to capture the full range of manifestations
without including irrelevant questions (e.g. asking a fully ambulant boy if he can raise his
arms above his head), we first created two questions with hierarchical response options
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concerning arm function and mobility. To add further granularity to the measure, we then
included five questions relating to transfers, capturing activities of daily living, and one
question concerning ventilatory support. Evident from the results from the Rasch analysis
presented in paper V, the included questions together marked an extensive range of functional
ability on the estimated continuum, from “Cannot move fingers” followed by “Ventilated
during day and night” to “Walks independently long distances outdoors (more than 1 km)”
and “Can independently go up and down stairs”. Moreover, only five of 23 item thresholds
marked the same position on the continuum in terms of difficulty, and the level of
dependency among questions was very low (—0.007 on average). These data, together with
the high association between model and expert rankings of item thresholds, suggest that the
DMDSAT successfully operationalise functional ability in DMD across the disease
trajectory.

Comparing different measures of disease stage, an important strength with the interval
DMDSAT scale is that it can be included in a regression model as a continuous variable
instead of several dummy variables, which saves degrees of freedom, of particular
importance when modelling rare disease data which often is based on small samples.

9.2.5 Modelling DMD

In paper V, we synthesized our previously published health economic data in three Markov
model frameworks of varying granularity comprising states representing stages of disease,
each attributed a total cost and utility estimate. An alternative approach would have been to
model specific disease-related complications, e.g. scoliosis and cardiomyopathy, and include
the health economic impact of these events separately. However, there are several limitations
which such an approach. First, given the wide variety of disease-related complications
associated with DMD across the progression of the disease, it would have been challenging to
include all relevant manifestations without making models that are very complex. Second,
cost and utility data, as well as risks, for many complications of DMD are unknown, in
particular the combined impact and risk of several concurrent and/or subsequent
manifestations. Third, in a given cycle, patients would only be at risk of a limited number of
complications, and risks for minor complications may as a result compete with risks for more
serious events, a phenomenon sometimes referred to as “competing risks”. Fifth, many
therapeutic strategies currently being explored for DMD aim to slow down the rate of disease
progression (i.e. delay the decline in overall muscle strength and loss of functional ability)
and it may therefore be more relevant to model stages of disease, not distinct complications.

9.2.6 Collecting DMD data

As described in Section 6, paper I to IV in this thesis were based on observational data
collected using a questionnaire (and this data also served as input to paper V). Alternatively,
study data could have been extracted from e.qg. registers or patient charts. However, as noted
in Section 2.5, in the case of DMD, it is generally not possible to utilize registers, claims
databases, or other administrative sources since DMD does not have a unique ICD-9 or ICD-
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10 classification code. Moreover, some of the collected data would usually not be available in
registers nor patient charts, e.g. caregiver work status, information about informal care, and
HRQoL data. Thus, although self-reported data are associated with some limitations
(discussed below), to meet the stated thesis objectives, collecting new data was necessary.

9.2.7 General strengths and limitations

The main strengths of this thesis work include:

e A comparatively large international sample of individuals with DMD, allowing
stratification of result by e.g. stage of disease;

e A detailed cost of illness analysis comprising costs associated with formal healthcare,
informal care, productivity losses, as well as costs carried by affected households;

e Athorough investigation of patient and caregiver HRQoL and burden, comprising
both generic and disease-specific instruments, as well as outcomes in terms of utilities
suitable for economic evaluations;

e A comprehensive psychometric analysis of the DMDSAT using Rasch analysis, a
method deemed superior to traditional psychometric methods; and

e A fully populated model framework for economic evaluation in DMD, as well as
comprehensive sensitivity analysis to help inform HTA and future health economic
programmes of treatments for DMD.

The main limitation of this thesis work concerns external validity. Patients were recruited
through the TREAT-NMD network at a mean response rate of 42% (33% if only counting
complete responses), and as participation in the registries is voluntary and family-initiated,
we cannot rule out a degree of selection bias. Implications of this potential systematic error
on our estimates depend on the characteristics of those who chose to participate compared
with those who did not. For example, under-representation of severely ill patients may imply
that costs were under-estimated and patient HRQoL over-estimated, with unclear impact on
caregiver HRQoL and burden. Over-representation of particularly motivated patients and
caregivers may instead imply that costs were over-estimated and the impact on caregiver
HRQoL and burden over-estimated, with unclear impact on patient HRQoL. The latter may
also be true in the case of an under-representation of financially deprived participants. Due to
lack of data, we were unable to conduct a full analysis of non-response bias, but found that
the distribution of age was similar among responders and non-responders, and that the
collected clinical and epidemiological data were characteristic for the different ambulatory
classes in our sample. In addition, although enrolment via register infrastructure may not be
ideal, it should be noted that currently there are no alternative pathways available to recruit
large number of patients with DMD from different countries to research. It is also worth
pointing out that the response rate among those who actually received a study invitation in the
thesis study would be expected to be higher as a result of e.g. lost invitations due to recent
changes to email addresses and spam filters.
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An additional important limitation concerns information bias, a systematic error which arises
from measurement error [161]. The primary source of information bias in this thesis was
misclassification due to the self-reported nature of our cross-sectional data. Specifically,
although all individuals included in the study had a confirmed diagnosis of DMD, other
important variables (e.g. ambulatory status) may have been misclassified as a result of e.g.
recall bias or incorrect reporting. This would also be true for the study outcomes, e.g. DMD-
related healthcare resource use and the prevalence of anxiety and depression. Moreover, for
some variables, the misclassification may have been differential (i.e. dependent on the values
of other variables), as opposed to non-differential (i.e. not dependent on the values of other
variables), which would also impact comparisons of outcomes across strata, e.g. stages of
disease. We tried to alleviate the problem of recall bias by specifying recall periods for
resources in accordance with standard DMD care and by conducting a pilot study with
detailed feedback questions to further improve the validity of the responses. To minimize
incorrect reporting, we included help texts (explaining e.g. specific resource types and other
terminology) for all questions in the questionnaire, as well as logical tests and skip patterns to
ensure that the collected data was accurate and complete.

A third study limitation concerns confounding. A confounding variable, Z, is a variable that
is: (i) associated with the outcome, Y (as a cause but not as an effect), and (ii) associated with
the exposure, X (as a cause but not as an effect) [161]. Confounding results in “confusion of
effects” [161], since it is not possible to obtain a meaningful measure of the association
between X and Y without controlling for the cofounding variable Z. This limitation primarily
concerns paper 11, in which we modelled the prevalence of anxiety and depression as a
function of patients’ ambulatory status, patients’ health and mental status as perceived by the
caregivers, and two measures of the objective caregiver burden, respectively. Our main
approach to manage confounding was by adjusting the regression models for potential
confounders (e.g. caregiver sex, age, university degree, marital status, and household income
class). However, it is worth pointing out that our findings may still be biased due to
unmeasured confounding. In addition, regarding the interpretation of our fitted regression
models, due to the observational nature of our data, we were unable to draw conclusions
regarding causality.

A fourth limitation concerns the size of our sample. Research of rare diseases generally
involve analysing small samples and is therefore often associated with low precision due to
random error. This is a particular problem for rare progressive diseases, such as DMD, where
outcomes must be stratified by disease stage to allow for a meaningful interpretation. For this
reason, although our pooled sample comprised a total of 770 patient-caregiver pairs (a cohort
referred to as ”laudably large” in a recent commentary [162] on paper I1), precision of some
point estimates for some strata was relatively low due to the small number of patients or
caregivers.
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9.3 ETHICAL CONSIDERATIONS

A study of a rare childhood disease such as DMD involves several important ethical
considerations. For example, if the research comprises patients along the entire disease
trajectory, which was the case in the study reported in paper | to IV, many participants will be
children or adolescents and may thus be too young to fully appreciate benefits and risks
associated with participating in a study. In addition, a considerable proportion of patients with
DMD have some degree of cognitive impairment, and many also suffer from ASD or OCD,
which may further compromise their understanding of the involved study tasks. To ensure
that all participants were adequately informed and to safeguard the confidentiality and
integrity of the study participants, the following components were implemented into the
design of the thesis study in accordance with national IRB regulations.

Patient contact (e.g. identification and recruitment) was managed exclusively by the
national TREAT-NMD partners. Each eligible patient was assigned a unique
identification number which was used to identify the individual throughout the study.
Each patient was also allocated a unique study website log-in.

Patients and caregivers were asked to review Participant Information Sheets (PISSs)
with information about the study, benefits and risks of participating, etc. Patient PISs
were formatted for different age-groups to ensure understandability. In some
jurisdictions, depending on the age of the patient, the legal guardian of the patient had
to certify that his/her child had understood the content of the PIS.

Informed Consent Forms (ICFs) were completed by all participating caregivers and
patients. In some jurisdictions, depending on the age of the patient, the legal guardian
of the patient could provide informed consent on behalf of his/her child.

The encrypted study website was developed and hosted by a third-party vendor
specialising in research data collection infrastructure which conform to relevant
regulatory standards, guidelines, and recommendations.

Once data collection had been completed, the anonymous study data were encrypted
and transferred to a secure database for analysis. Access to the study data was
restricted to staff directly involved in the study.

9.4 SUMMARY OF IMPLICATIONS FOR HEALTH POLICY

The findings from the papers in this thesis may have several implications for health policy,
summarized in the bulleted list below.
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Our portfolio of cost and HRQoL data from paper 1, Il, and 111 should be helpful to
inform HTAs of interventions in DMD and facilitate cost-effectiveness analyses and
other evaluations of new health technologies.

Our estimates of the previously unknown household cost burden in DMD may help
inform support schemes directed towards affected families, of particular importance
given the association between objective measures of the caregiver burden (i.e.



household cost burden and hours of informal care) and caregiver HRQoL as identified
in paper 1.

Our estimates of informal care from paper | highlight the importance of family
caregiving as a complement to and substitute for formal care in a childhood disease
such as DMD.

Our estimates of the subjective caregiver burden in DMD from paper Il suggest that
it may be relevant to screen for depression in caregivers to patients with DMD and
that patients’ health and mental status may be helpful predictors of caregiver distress.
As the first rating-scale designed to measure functional ability across the entire
lifetime of disease in DMD, the DMDSAT should be a helpful complement to
existing tools used to measure efficacy in clinical trials, monitor progression in
clinical practice, and model the disease in economic evaluations.

Our model frameworks from paper V should be helpful to inform HTAs of
interventions in DMD. The results from our model simulations also discern the
impact of different model structures, analysis perspectives, and drug efficacy and cost
data profiles, amongst other factors, on estimated cost-effectiveness and may thereby
help inform the design of health economic programmes of DMD drugs currently in
development.

9.5 SUGGESTIONS FOR FUTURE RESEARCH

Based on this thesis work, the following topics for future research was identified.

Experience-based utilities in DMD to inform HTAs in jurisdictions where these type
of data are preferred (in e.g. Sweden).

Costs associated with end-of-life care in DMD, which may not have been fully
accounted for in this thesis work.

Further validation of the DMDSAT to assess properties such as responsiveness, test-
retest reliability, and minimally important difference thresholds.

Patient preferences for disease complications and treatment benefits and side-effects
(through e.g. a conjoint analysis) to help inform therapeutic decision-making and drug
development.

Survival in DMD for patients who are receiving care in accordance with current
clinical care guidelines.

The relationship between arm and leg function in DMD to further inform validation
of clinical rating-scales measuring functional ability and disease severity.

Modelling the cost-effectiveness of future treatments for DMD.
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10 CONCLUSIONS

In paper I, we show that DMD is associated with a substantial economic burden to society
and affected households. Across countries, the mean per-patient annual direct cost of illness
was found to be 7 to 16 times higher than the mean per-capita health expenditure. Indirect
and informal care costs were substantial, each component constituting between 18% and 43%
of total costs.

In paper 1, we show that HRQoL in DMD, measured through public preferences, is
substantially impaired in relation to general population reference values, strongly negatively
associated with disease progression, and in good agreement with caregivers’ rating of
patients’ current health and mental status. Still, most children and young adults with DMD
were perceived as happy and in good health by their caregivers, indicating that some domains
of HRQoL remain intact through the progression of DMD.

In paper 111, we show that caring for a person with DMD can be associated with a substantial
burden and impaired HRQoL. Our findings also suggest that caregivers to patients with DMD
should be screened for depression and emphasize the need for a holistic approach to family
mental health in the context of chronic childhood disease.

In paper IV, we present a new rating-scale, the DMDSAT, developed to measure functional
ability in patients with DMD. Results from the psychometric analysis show that the
DMDSAT is an instrument fit for purpose to measure progression across the entire disease
trajectory.

In paper V, we found that model structure and perspective of analysis have a substantial
impact on assessments of cost-effectiveness of treatments for DMD. Our results show that the
DMDSAT represents a sensitive and clinically relevant option for modelling DMD across the
entire trajectory of disease in economic evaluations compared with frameworks based on
conventional staging of disease progression.
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