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Abstract

The cost of providing healthcare is increasing due to an ageing population and new technologies,
hence the assessments of value for money are becoming more important. Health Technology
Assessment (HTA) is an approach to estimate the cost-effectiveness of treatment strategies to assist

in decision-making.

However, resource constraints are not usually explicitly considered in HTA. For example, if a patient
requires a new drug, it is assumed that that resource is available immediately, without delay to the
patient. Queues and waiting lists are commonplace in health care; for instance, patients in an
emergency department waiting room or the waiting list for elective surgery. Not incorporating
queuing theory into HTA is likely to be an issue if the consequences of delayed treatment significantly

affect a patient’s morbidity and mortality.

A case-study in end-stage heart failure is utilised to explore the restrictions faced by patients as they
enter the heart transplant (HTx) waiting list due to the shortage of donor organs. Unique to organ
donation is the matching process, whereby patients are matched to a donor heart based on blood
type and weight rather than a simple first-come first-served basis. Additionally, artificial implantable
devices, such as a left ventricular assist device, can buy patients more time on the waiting list or allow

patients to become eligible for a HTx when used as a bridge to candidacy.

This thesis explicitly considers a resource constrained HTA by applying queuing theory using discrete
event simulation (DES). A dynamic simulation modelling method, DES models queues representing the
competition between patients for resources. This study used real-world data from an Australian
transplanting hospital to inform the modelling. The results of a DES model with and without queuing
are compared with a traditional cohort Markov model to explore the impact of the modelling methods

on decision-making.
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1 CHAPTER 1: INTRODUCTION - HEALTH TECHNOLOGY
ASSESSMENT OF COMPLEX INTERVENTIONS WITH RESOURCE
CONSTRAINTS

The cost of delivering health care continues to increase. New and potentially better health
technologies are constantly being developed, providing better treatment options for patients.
However, there is an opportunity cost of funding these technology compared to proven existing
treatments and other health care services. Health Technology Assessment (HTA), which provides an
estimate of the cost-effectiveness or ‘value for money’ of a treatment, is a widely accepted decision-
making tool to inform the efficient allocation of health resources. Economic evaluations conducted as
part of the HTA capture the relevant costs and benefits of alternative or competing interventions or

policies.

A common feature of almost all economic evaluations is the assumption that the supply of the new
health technology is unlimited, and that, as a consequence, the patient is able to access the treatment
immediately if they meet appropriate criteria as set out by the supporting evidence and funding
arrangement. This situation is analogous to the funding of a new pharmaceutical drug, in which the
supply is unconstrained and patients do not compete with each other to access the new drug.
However, for some health technologies it is unrealistic to assume unlimited availability, since in some
cases demand for the new technology may exceed the available supply. A simple example of a supply-
constrained resource is hospital beds. There are more patients than available beds, which leads to a
greater reliance on day procedures, waiting lists for elective surgeries or triaging in emergency

departments.

In health economics, we are concerned by how society allocates resources among alternative uses.
Scarcity of resources provides a foundation of economic theory that focuses on what goods and
services are produced, how we produce these goods and services, and who should receive them.
Supply constraints and scarce resources are common in health care and take many forms. For
example, there are a limited number of surgeons, operating theatres and intensive care beds, which
limits the number of operations that can be performed per year. Similarly, there is a finite number of
technicians and diagnostic medical equipment, which limits the number of patients that can be
screened for early cancer. Access to expensive new drugs may also be limited to contain costs,

restricting the supply of the drug to patients by imposing strict treatment criteria.

In this thesis, | will be focussing on the treatment of end-stage heart failure (ESHF), which is
synonymous with long waiting periods for heart transplants and the restricted supply of suitable donor

organs. As a result of the restricted supply of donors, a suite of treatment options have become
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available to ESHF patient and have altered their life-expectancy and treatment costs. Two such
technologies have the potential to change the heart transplant waiting list. The first is mechanical
support devices, known as left ventricular assist devices (LVADs) or VADs (used interchangeably
throughout the thesis). LVADs support a patient’s cardiac function, enabling them to live at home and
buying the patient more time while they wait for a suitable donor heart to become available. The
second technology is ex vivo organ perfusion, which increases the pool of available donor hearts for
patients. When modelling the treatments for ESHF, these two technologies help patients in different
but similar ways. LVADs allow patients to remain on the waiting list for longer, whereas organ
perfusion increases the supply of donor hearts. Together, they increase the likelihood of finding a
suitable donor/recipient match. As a consequence, the waiting list (or patient queue) plays a pivotal

role in understanding the impact on patient health due to delayed treatment.

When modelling health care interventions, the analyst usually adopts a pragmatic approach by only
modelling the key features of the health problem, and simplifying the model where possible (or in the
absence of data). Common modelling techniques include decision tree analysis and Markov modelling,
which typically estimate the impact of a new intervention on a cohort of patients with common
features. While these modelling approaches dominate the literature, neither explicitly considers the
impact of restricting supply and waiting times, nor are they necessarily the best approaches when
patient level data are available. Discrete event simulation (DES) is an alternative approach that allows
for the use of individual-level data and explicitly incorporates queuing theory into the decision
problem. So, a significant question is whether modelling techniques that explicitly incorporate
complexities such as competition among patients reach a similar or different decision-making
conclusion compared with modelling techniques that do not? This thesis explores the application of
discrete event simulation in HTA using an ESHF case-study to assess the contribution of this technique

in health care decision-making.

1.1 Research Question

The primary aim of this thesis is to estimate the cost-effectiveness of a resource-constrained
intervention. To do this | will use queuing theory as applied in discrete event simulation (DES) and
compare the use of DES with traditional cohort-based Markov modelling. Using a case study in ESHF,
| model the impact of mechanical circulatory support devices on human donor heart replacement,
using the different modelling techniques to evaluate the strengths and weakness of each approach.
This study relies on a rich, linked dataset of individual patient data of costs and outcomes for patients
with ESHF from the leading transplant centre in Australia (St Vincents Hospital Sydney). The case study
was chosen due to the supply-constrained resources and heart transplant waiting list affected by

queuing theory.
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Research objectives:

1. To review guidance on the choice of modelling technique for health technology assessment
with constrained resources and to conduct a review of the empirical comparison of cohort

Markov and Discrete Event Simulation (DES) models .

2. To conduct a systematic review of the modelling methods in cost-effectiveness analyses for
mechanical circulatory support compared to heart transplants (HTx) in end-stage heart failure

(ESHF).

3. To estimate the clinical effectiveness and cost of different interventions to treat ESHF using

hospital individual level patient data (St Vincent’s Hospital Sydney).

4. To build a cohort Markov model to assess the cost-effectiveness of a range of policies to treat

patients with ESHF.
5. To build a DES model to assess the cost-effectiveness of a range of policies to treat ESHF.

6. To compare and contrast the results of the two models, highlighting the strengths and
weaknesses of each technique and to summarise the application of DES in health technology

assessment.

Objectives 2, 3, 4 and 5 will be addressed over four empirical chapters.

1.2 Background

1.2.1 Health care funding

The funding of healthcare is complex and includes health interventions such as pharmaceuticals,
medical devices and public health programs and services. The health care system in Australia is largely
publicly funded by Medicare, a universal public health insurance scheme.(1) Therefore, essential
healthcare is available to all Australians. Medicare is funded by the Australian federal government via
taxation. Pharmaceuticals are reimbursed through the Pharmaceutical Benefits Scheme (PBS) and
medical services are reimbursed through the Medicare Benefits Scheme (MBS). Both schemes are

funded by the Australian Government, with the patient usually contributing directly via a co-payment.

There are inter-governmental agreements for public hospital funding between the Australian
Government and state and territory governments for public hospital treatments. Private health
insurance can cover part of the patient costs in hospitals as a ‘private patient in a private hospital or
private patient in a public hospital’ or non-medical health services such as dental.(1) There are
multiple purchasers in medical device reimbursement, including public hospitals, which are

state/territory government-funded, and private hospitals, which are reimbursed via private health
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insurance and federal government rebates. This has implications for the available services provided in
a public compared to a private hospital setting. For instance, deceased organ transplants occur in

public hospital settings only.

The national budget available for expenditure on health care is finite and takes up a significant
proportion (>9% in 2016) of overall government expenditure.(2) As in most developed countries, the
demand for health care is increasing due to an ageing population and improvements in new (usually
more expensive) treatments. In 2016, Australia ranked 14th amongst OECD countries in terms of
expenditure on health as a proportion of GDP, which is slightly above the OECD average.(2) Given the
increasing cost pressure on the healthcare system, efficient allocation of resources is paramount and

not all new health interventions can be funded.

The delivery and funding of health care in Australia and many other developed countries relies heavily
on government involvement. This is largely because of market failures, such as the unpredictability of
health, adverse selection of health insurance markets, externalities and asymmetric information
between providers and consumers.(3) As a consequence of government involvement, funding
decisions for new interventions are usually based on some notion of value for money (or cost-
effectiveness). Economic evaluation is an evidence-based systematic methodology of applying welfare
economics to identify the best intervention and generate recommendations about whether a
particular state of the world is preferable to another.(4) In other words, it is about formally ranking,
from better to worse, resource allocations and the associated policies from an economic

perspective.(5)

1.2.2 Health Technology Assessment

Decision analysis by decision-making bodies aims to estimate the effectiveness, safety, value for
money and budgetary impact of new health technologies. Specifically, the economic evaluation of
health technologies is part of Health Technology Assessment (HTA). HTA is the systematic evaluation
of properties, effects or other impacts of health technology.(6) The impacts of technologies can
include technical properties, safety, efficacy, economic attributes or social, legal, ethical and/or
political impacts.(6) A HTA process enables countries to evaluate the jurisdiction-specific impact of

new technologies.

Australia was one of the first countries to introduce HTA processes in decision-making about
pharmaceuticals, medical services and other health services interventions to inform adoption
decisions of new technologies.(7) The Pharmaceutical Benefits Advisory Committee (PBAC) reviews
the evidence to support pharmaceuticals being reimbursed on the Pharmaceutical Benefits Scheme.

The implementation of HTA processes depends on the requirements and can be influenced by single-
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payer vs multi-payers health sytems. For instance, Australia, the United Kingdom and Canada have
single-payer health systems and have adopted HTA in decision-making.(8) In countries where there

are multiple-payers, such as the United States, the role of HTA is much more diverse.

The purpose of HTA is to guide local jurisdiction decision-making on health technologies. Therefore,
the evidence collected is usually fit for purpose and relevant to the population affected by the funding
decision. Consequently, results of HTA analysis of a particular intervention are usually not applied to
other jurisdictions due to differing health care systems and resource use implications. In the process
of HTA, data collection may include primary data from randomised controlled trials (RCTs), synthesis
methods such as systematic literature review and meta-analysis of studies. Secondary data sources,
such as administrative data, may also be relied on during assessment of evidence. Other methods
include economic analyses, which may include modelling; also embedded in economic analyses is

budget impact analysis.(6)

1.2.3 Types of economic evaluation

Economic evaluations quantify the opportunity cost of alternative health care interventions or
programmes. The concept of ‘opportunity cost’ is defined as ‘the health benefits (life years saved,
quality-adjusted life years (QALYs) gained) that could have been achieved had the money been spent
on the next best alternative intervention or healthcare programme’.(9) Therefore, decision-makers
are interested in whether an intervention is considered value for money. There is a demand for many
different health technologies, and one dollar spent on any form of health care (e.g. a surgery for heart
failure) means that one dollar is unavailable to spend on another form of health care (e.g medication

for cancer).

Economic evaluation aims to determine the most efficient allocation of resources in the health
system.(10) There are two main types of efficiency, demand-side allocative efficiency and supply-side
technical efficiency. Allocative efficiency has two perspectives; on the output side this is ‘wWhether
limited resources are directed towards producing the correct mix of health care outputs, given the
relative value attached to each’.(10) A payer (e.g. government) aims to see their financial
contributions used to maximise health gain. Alternatively, on the input side this is ‘whether an optimal
mix of inputs is being used to produce its chosen outputs’.(10) If a provider (e.g. device manufacturer)
produces treatments that are low value (i.e. high cost-effectiveness), then these inputs could be better
used producing outputs with higher potential health gain. Allocative inefficiency can occur at all levels
and ‘may arise from inadequate priority-setting, faulty payment mechanisms, lack of clinical

guidelines, incomplete performance reporting or simply inadequate governance of the system’.(10)
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Conversely, technical efficiency is achieved when the number of inputs are minimised to produce a

given level of output.

There are a number of approaches that can be used to determine value for money via the most
efficient allocation of new interventions. Cost-effectiveness analysis (CEA) is the evaluation of the
incremental effectiveness of an intervention versus an alternative use of funds (often current practice)
compared to the incremental cost. In CEA, the unit of measurement of outcomes is a natural unit such
as life years gained. This is distinct from cost-utility analysis (CUA), which explicitly measures
effectiveness using quality-adjusted life years (QALYs), which can be described as taking an extra-
welfarist approach (see below).(11) A QALY is an outcome measure and is a combination of survival
and quality of life (QoL) or utility. QoL is a measure of morbidity and captures a benefit of technologies
distinct from life extension. CUAs are a specific type of CEA that report cost per QALYs gained. Two
other types of anaylsis can also be used. Cost-minimisation analysis (CMA) compares the cost of two
treatments when the effectiveness of both treatments is demonstrated to be equivalent; hence, this
analysis is used to find the lowest-cost alternative. Cost-benefit analysis (CBA) is widely used in
economics but is less popular in health economics because it relies on the health benefit being

explicitly converted to a monetary value.

1.2.3.1 Welfarism and extra-welfarism

To determine the value of improvement in health, welfare economics is based on the desirability of a
particular policy, i.e. whether the policy is socially preferable to another based on some explicitly
stated ethical criteria.(11) Welfare economics is typically divided into ‘classical’ and ‘neo-classical’
forms. These differ in how they are measured, with classical being cardinally measured (added across
individuals and the social optimum reached when the maximum output is reached) and neo-classical
being ordinally measured. Within the neo-classical approach there are two subdivisions, Paretian® and
interpersonal comparisons. The welfarist approach is focussed on maximising utility? for the individual

according to their own preferences.

In health economics, extra-welfarism is the normative basis for assessing social welfare.(12) A

normative basis is distinct from a positive basis as it refers to the value derived from an intervention

1 The Pareto principle is that ‘any increase of utility for one individual that involved no utility loss for another
was an improvement and an optimum was where no reallocation of resources could be made without reducing
at least one person’s utility (there might be many such optima, choice between which is impossible using only
the Pareto criterion)’.(11)

2 The concept of utility is described as ‘a representation of an individual’s preference ordering over bundles of
goods or states of the world and, in welfarist economics, an individual moving to a preferred state of the world
is an equivalent statement to an individual having a higher level of utility’.(11)
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or policy rather than a fact that can be proved.(5) Extra-welfarism refers to health, rather than utility,
as the most relevant outcome for conducting normative analysis in the health sector.(5) The second
argument is the concept of need as opposed to demand, where need is the ability to benefit from

health and demand is based on ability to pay and preferences for the particular service.

The extra-welfarist approach includes welfarism but differs in four distinct ways: (i) it permits the use
of outcomes other than utility; (ii) it permits the use of sources of valuation other than the affected
individuals; (iii) it permits the weighting of outcomes (whether utility or other) according to principles
that need not be preference-based; and (iv) it permits interpersonal comparisons of well-being in a
variety of dimensions, thus enabling movement beyond Paretian economics.(11) Accordingly, extra-
welfarism transcends traditional welfare and includes characteristics such as whether patients are
pain-free or able to choose.(11) In addition to health, other relevant factors include consumer choice,
privacy and speed of service.(12) These intangible attributes may be relevant to the decision problem;
for example, the alternative treatment may be invasive surgery, which may improve life expectancy
but patients may fear the procedure. Therefore, a patient may prefer medication over surgery, despite

the potential for improved health outcomes from the latter.

Taking an extra-welfarist view in health economic evaluation has led to the dominance of CUAs as
QALYs are relied on as the single maximand. Despite this, there are criticisms of the sole use of QALYs
in that the focus may be too narrow due to reliance on health-related quality of life (13, 14) and QALYs
disadvantage those with the least potential to return to full health (such as the elderly and disabled).
Therefore, even within the extra-welfarist view only health is maximised. Although a single maxim is
unlikely to capture complete health maximisation, for the purposes of this thesis QALYs were

measured as this is consistent with many published HTAs.3

1.2.3.2 Threshold value and willingness to pay

In HTA, the incremental cost and incremental benefit of two alternatives are summarised using an
incremental cost-effectiveness ratio (ICER). This can be used to assess whether the intervention
represents value for money, i.e. the ‘extra effect is worth the extra cost’.(17) The ICER is calculated as
the incremental cost of two health care interventions (A vs B) over the incremental benefit of those

interventions. The equation is summarised as follows:

Eql: ICER: (Costa — Costg)/ (Effecta — Effects)

3 In addition to QALYs, outcomes such as disability-adjusted life years (DALYs) (15) and healthy year equivalents
(HYEs) (16) have been used in economic evaluation.
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The resulting cost per QALY allows programmes of different sizes and varying opportunity costs to be
compared on a single statistic.(10) Once an ICER is estimated, a decision is made on whether the
intervention is considered good value for money. This is determined on the basis of a pre-defined
threshold; if the ICER is below this threshold the intervention may be considered cost-effective, if the

ICER exceeds this threshold, it may not be considered cost-effective.

The willingness to pay thresholds (WTP) have been used to inform how much society is willing to forgo
for gains in health. Currently in Australia, there is no explicitly defined WTP threshold. The most recent
estimates of the WTP threshold in Australia across all health care was $28,033 per QALY gained (range
of $20,758 to $37,667 per QALY gained) using an opportunity cost approach based on 2011/2012
government health expenditure.(18) In a previous study, a retrospective analysis of past inferred ICERs
from pharmaceutical reimbursement decisions produced an estimate between $42,000 and $76,000
(1998/1999 Australian dollars).(19) In another retrospective analysis of pharmaceutical
reimbursement decisions from 1994 to 2004, the authors concluded that there was no evidence of a
fixed public WTP threshold, but noted that characteristics of the clinical condition, perceived

confidence in the evidence and total cost to government determined value for money.(20)

It was initially the World Health Organization that proposed the concept of a WTP threshold rather
than one based on Gross Domestic Product so that different countries could have a common threshold
adjusted for country wealth.(21) It is debated whether an explicit WTP threshold should exist, with
proponents desiring a systematic means of decision-making while opponents suggest it could lead to
uncontrolled growth in healthcare expenditure.(22) If set, the threshold value would still differ across

countries, with high-income countries being able to accept higher thresholds.(22)

1.2.4 Why do we need disease models?

Disease models can assist funding decision by providing a framework for estimating the health impact
and resource use of a new technology. A model is a simplified representation of reality that captures
the essential properties and relationships of the alternative choices.(23) Models are developed for
economic evaluation when direct experimentation is impractical or costly.(23) These models aim to
appraise the value of a particular intervention for a disease. The UK National Institute for Health and
Care Excellence (NICE) Guide to the method of technology appraisal (2013)(24) specifies situations
when modelling is likely to be required. These include cases where:

1. all the relevant evidence is not contained in a single trial,

2. trial participants do not represent the typical patients likely to use the intervention within the

specific country,
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3. intermediate outcome measures are used rather than final outcome measures, such as health
related quality of life (HRQOL) and survival,
4. trials do not include relevant comparators or relevant populations,

5. trial design includes crossover (treatment switching) that would not occur in clinical practice, or

o

costs and benefits of the technologies extend beyond the trial follow-up period.(24)

An extension of the typical disease-based intervention models can take a broader health system
perspective and can be used to represent system behaviour. For example, an institution (e.g the UK
National Health Service) may wish to evaluate clinical policy guidelines and a model can be useful in
conceptualising the decision problem. A whole-of-disease life-cycle — through pre-diagnosis,
screening, diagnosis, treatment and follow-up — can be modelled. A hospital may wish to explore
clinically relevant policy changes and a model can be useful in illustrating how the decision may affect

local resource use. This type of analysis will include downstream consequences of a policy change.

1.2.5 Does the economic modelling approach chosen matter in HTA?

There is an abundance of published guidance on which modelling method to use in what situation.(23,
25-28) Some modelling approaches are complex and there is generally a trade-off between simplicity
and clinical validity.(29) The first decision is whether a cohort-level or individual-level model is
necessary for the research question. In cohort-level models, an average patient approach is taken and
patients flow throughout the model in unison. In contrast, in individual-level models, individuals flow
throughout the model one at a time and the characteristics of each individual are unique (see Table
1-1). Individual level models can be useful when there is patient heterogeneity that affects the
outcome of a patient receiving the intervention — for instance, the risk of adverse events from a
procedure is higher as the patient gets older.

The next major attribute that guides model structure choice is whether there are interactions between
patients. Brennan et al. (2006) argue that when interactions between patients are crucial to the
decision problem, then only individual-level models can capture such complexity.(27) Infectious
disease models often include interactions; for example, individuals can transmit disease to others so
that the infected group increases exponentially. Interactions can include competition for resources

resulting in waiting time for a treatment.

Table 1-1: A comparison of cohort-level vs. individual level models

Patient attribute Cohort-level Individual-level

Movement In unison Individual

Characteristic Average population Individual with correlations captured

Interaction between patients Not captured Interact/compete

Outputs Average outputs, may cause statistical bias in  Can cope with a non-linear interaction
estimates of the mean. between the risk and outcome

Source: (23, 27, 28)
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1.2.6 Taxonomy of model structures

There are a number of economic modelling structure taxonomies available in HTA.(23, 27-29) For
example, Brennan et al. (2006)(27) distinguish between two types of economic model structures,
cohort-level (column A and B) and individual-level (column C and D) models(27) (see Table 1-2). The
simplest model structure is a decision tree. This model structure is analysed via expected value for a
cohort of patients with no interactions between patients. It has been acknowledged that ‘decision
trees and Markov cohort models are the most commonly used approaches in economic evaluation’
(29) (rows 1 and 2). When interaction between patients is required to be modelled then system

dynamics and discrete event simulation (DES) can be used (rows 3 and 4).

Table 1-2: A taxonomy of Model Structures for Economic Evaluation of Health Technologies

A B c D
Cohort/aggregate level/counts Individual level
Expected value, Markovian, Markovian, discrete Non-Markovian,
continuous state, discrete state, state, individuals discrete-state,
deterministic stochastic individuals
1 Untimed Decision tree Simulated Individual sampling model: Simulated patient-
No rollback decision tree level decision tree
interaction  Timed Markov model Simulated Individual sampling model: Simulated patients-
2 allowed (evaluated Markov model level Markov model (variations as in quadrant
deterministically) below for patient level models with interaction)
Discrete  System dynamics Discrete time Discrete-time individual Discrete individual
3 time (finite difference Markov chain event history model simulation
Interaction equations) model
allowed Continu System dynamics ~ Continuous time Continuous time Discrete event
4 ous time  (ordinary differential Markov chain individual event history simulation
equations) model model

Source: adapted from Table 1, p.1297, Brennan 2006(27)

1.2.6.1 Decision trees

Decision trees are probably one of the most widely used models in economic evaluation.(8) Decision
trees begin with a decision node that represents the decision problem — typically, which intervention
is more cost-effective (A vs B) (see Figure 1-1). The effects of the alternatives are represented by
possible pathways of branches (‘chance nodes’) with probabilities of particular events determined by
‘branch probabilities’.(8) The criteria for the pathways are mutually exclusive and exhaustive, and each
pathway would have a payoff of benefit or costs. Although widely used, there are two main limitations
of decisions trees. Firstly, time is not explicitly defined in the model and, secondly, models can be

complex when there are recurring events, such as in chronic health conditions.(8)
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Figure 1-1: Example of Decision tree diagram

Well
A. Surgery
Sick
Well

B. No Surgery

Sick

1.2.6.2 Markov models

Markov models are widely used and characterise events as ‘health states’ a patient can occupy at a
point in time (Figure 1-2). Markov models address the limitations of decisions trees as time is explicitly
incorporated into the model via discrete time periods, known as ‘cycles’.(8) Patients transition
between health states and can transition back to the same health state, which addresses the second
decision tree limitation of recurrent health states. The speed at which patients move between health
states is informed by transition probabilities. In a traditional Markov model, patients enter as a single

cohort and expected value of costs and effects are those of the average patient.

Figure 1-2: Example of Markov model diagram

Well Sick

\ 4

Dead

Time dependency can be handled in a Markov model via ‘time-dependent transition probabilities’,
e.g. as a patient ages a higher probability of death is applied. However, there are limits to
incorporating time dependence due to a core property of Markov models being the ‘lack of memory’
(a.k.a memoryless). Memoryless refers to the fact that the probability of moving to a state is
contingent on the current state only, not on previous states or the time spent in the current state.

This lack of memory or ‘Markovian property’ can be disadvantageous when there are conditions
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where a patient’s history will determine what happens next, e.g. relapse from disease based on

previous relapse.*

1.2.6.3 Individual patient microsimulation

‘Individual sampling” models or ‘microsimulation’ models address the limitiations of a cohort Markov
model by estimating the costs and effects of a large number of simulated patients. The use of health
states and discrete cycles from a Markov model is retained in microsimulation models.(8) A limitation
of microsimulation models is that, in order to incorporate greater structural flexibility, individual
patient data are required to inform the transition probabilities. Related to this greater flexibility, the
simulations are computationally demanding. Another issue of microsimulation models is the reduced

transparency, which makes them more challenging for reviewers to assess.

1.2.6.4 Discrete event simulation

A discrete event simulation (DES) model is a specific type of individual patient simulation model and
does not use health states or discrete cycles. Rather, DES simulates the time until the next event for a
particular simulated patient and time-varying event rates are incorporated into DES models for
individual patients.(8) A core difference between microsimulation and DES is the explicit handling of
resources and their resulting queues or competition for those resources; therefore, competition
between patients for resources can be modelled.(30) If the resource is occupied, the patient has to

wait for a resource to become available.(8)

1.2.6.5 Agent Based Modelling

Agent Based Modelling (ABM) is an individual-level dynamic simulation modelling method wherein
agents are objects that are social and interact with each other. Agents are objects that are aware
about their state (e.g. infected with a disease) and follow decision rules on how to communicate and
interact with other agents or their simulated environment.(23) Agents and their environment can
change, develop or evolve over time. The rules governing individual actions allow complex behaviours
and this informs the understanding of the network. Specifically, in HTA ABM models have been used

to model the impact of vaccines on the spread of infection.

1.2.6.6 System Dynamic Modelling

System Dynamics (SD) models traditionally characterise the populations in terms of subpopulations
and how they relate to each other. Therefore, SD models the population in aggregate rather than at

the individual level.(31) The core elements of SD are feedback, accumulation (stocks), rates (flows)

4 However, this can be rectified through the use of tunnel states.
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and time delays.(31) An example of stocks is accumulations of hospital beds, and the flow of patients
in and out of stocks either drains or replenishes capacity. Feedback processes reflect nonlinearity so
that an effect is not proportional to the cause.(31) Examples of the use of SD modelling in HTA are the

spread of infectious diseases (such as HPV 16 infection)(32) and vaccination strategies (33)(34).

1.2.7 Choice of model structure

Barton et al. (2004)(28) present guidance for selecting a modelling approach in a flow-chart (Figure
1-3). The first consideration is whether the decision problem requires interactions between patients;
if so, a SD or DES model may be useful and the choice between the two is based on whether individual-
level modelling is required. If interactions between individuals are not essential, and the patient
pathway cannot be adequately represented by probability trees, then a cohort Markov model is the
preferred structure. However, if the use of a cohort Markov model would lead to excessive number of

health states then an individual sampling model (‘microsimulation’) is the preferred option.

Figure 1-3: Flow-chart for selecting an appropriate model type

Modelling problem

l *No
Interactions? - Y85+ |ndividual-level?
lNO Yes
Probability trees Yes
adequate?
lNo

Markov model
without excessive Y€S
health states?

|No

Note: Individual sampling model also known as microsimulation.
Source: adapted from Barton et al. (2004)(28).

A report by the International Society for Pharmacoeconomics and Outcomes Research and Society for
Medical Decision Making (ISPOR-SMDM) Task Force (35) provided recommendations for the
appropriate application of state-transition models, a.k.a. Markov models. Specifically, ‘[i]f the decision

problem can be represented with a manageable number of health states that incorporate all
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characteristics relevant to the decision problem, including the relevant history, a cohort simulation
should be chosen because of its transparency, efficiency, ease of debugging, and ability to conduct
specific value of information analyses’.(35) This acknowledges additional considerations such as ease
of use and understanding for modellers and reviewers in model choice. The report provided the
recommendation that ‘DES models should be used when the problem under study involves
constrained or limited resources’.(35) Despite this recommendation, constrained environments or

DES modelling are not usually considered in HTA.

1.3 Empirical comparisons of cohort Markov model vs. discrete event
simulation models

There have been a number of empirical comparisons of economic modelling approaches in HTA. For
the remainder of this thesis | have chosen to focus on the comparison of cohort-level Markov model
to individual-level patient models that explicitly incorporate interactions and queuing, i.e. the
comparison of cohort-level Markov models against DES.> There have been few empirical comparisons
of a cohort Markov model and a DES model in HTA (36-41). A previous systematic literature review by
Standfield et al. (2014) searched for empirical comparison of Markov models and DES models (42)
published in electronic databases from inception (1947/1950) to 2012 and identified two empirical
comparisons of pharmaceutical interventions (37, 39). Since then, two studies have compared
screening strategies in breast cancer(40) and abdominal aortic aneurysm(41); another pharmaceutical
intervention(36) and physiotherapy service(38). The six studies that empirically compared the results

of a Markov model to a DES model are presented in Table 1-3.

Karnon et al. (2003) modelled breast cancer therapy using a Markov model and DES. The results of the
Markov model were slightly lower for costs, QALYs and life years than the DES model; however, the
resulting resource allocation decision would not have changed.(37) The authors concluded that
although the DES model provided slightly more accurate results, which may provide the user with
more confidence, there is a cost in that it requires more data and analysis time. DES may provide value
in addition to typical metrics (cost per QALY) desired in HTA such as clinically relevant outputs. For
instance, in a comparison of Markov model and DES in HIV by Simpson et al. (2009), the DES model
had slightly better long-term (5-year) predictive validity compared to the 1-year time horizon, with

the estimated CD4 and viral load count compared to actual clinical data more accurate than the

5 Agent-based models (ABM) can incorporate interactions and are an extension of DES. The difference between
the two is that in ABM the eligible population is defined at the start of the simulation; hence, ABMs are used to
evaluate population-based vaccination programs with herd immunity. For the purposes of the literature search,
DES models were compared to incorporate queuing theory.
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Markov model.(39) Similarly, compared to DES the Markov model was not able to predict certain

clinical attributes.

Neither Karnon et al. (2003)(37) nor Simpson et al. (2009)(39) used an example that modelled a
capacity-constrained setting, where the added value of DES modelling may be greatest. Standfield et
al. (2017)(38) compared a Markov model and DES (with and without dynamic queuing®) in orthopaedic
physiotherapy(38). In this study, the authors modelled a capacity-constrained setting of a new
orthopaedic physiotherapy-led screening clinic (OPSC) compared to usual care, which relied on
medical specialists to assess new patients. It was hypothesised that OPSC would alleviate the waiting
list for orthopaedic specialists compared to usual care. The DES with dynamic queuing model included
patients’ demand for orthopaedic services and the capacity of the clinic to deliver.(38) The DES with
dynamic queuing model showed longer wait times due to the supply of services not being able to meet
demand over the model period, compared to the fixed and shorter waiting time of the Markov model
and DES without dynamic queuing. The DES with dynamic queuing produced an ICER with 95% ClI
above S0 per QALY gained, indicating higher cost and more benefits, whereas the Markov model
produced a 95% Cl that crossed SO per QALY gained, indicating some ICERs were negative (lower cost
and more benefits). Therefore, the DES model with dynamic queuing (52,342 per QALY gained)
produced a higher ICER compared to the Markov model ($495 per QALY gained), meaning the OPSC
was less cost-effective when dynamic queuing was taken into account. Therefore, resource constraints

and queuing theory (wait time for orthopaedic services) was an issue for the decision problem.

The use of a DES may provide different results to a Markov model when multiple alternatives are
compared. Jahn et al. (2016) compared eight personalised medicine screening strategies in breast
cancer using Adjuvant! Online (prognostic decision aid) with and without 21-gene assay (Oncotype DX
(ODX))” (40). The eight strategies were NNN, NNY, NYY, NYN, YNN, YYN, YNY and YYY; a strategy of
NNN meant no patients additionally tested with ODX, while YYY indicated low, intermediate and high
risk score patients from Adjuvant! Online would then be tested with ODX. The authors identified that
small differences in model outcomes of cost or QALYs led to different decision-making conclusions.
For instance, in the Markov model the strategy NNN (patients would not be tested with ODX) is the
baseline comparator, whereas in the DES model it is the dominated stategy and hence not used. In

the Markov model, NYY (patients with Adjuvant! Online intermediate and high risk scores would be

6 Dynamic queuing refers to the waiting time for services changing as the number of patients in the queue
changes, so that demand for services and supply of services interact.

7 The first letter indicates whether patients with low risk according to Adjuvant! Online were tested using ODX
(Y = yes; N =no); the second and thrd for intermediate- and high-risk patients per Adjuvant! Online, respectively
(e.g., NYN = patients with Adjuvant! Online intermediate risk would be tested with ODX).
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tested with ODX) was compared to NNN, whereas NYY was compared to NNY (patients with Adjuvant!

Online high risk scores would be tested with ODX) in the DES because NNN was dominated.

Overall, it appeared that the DES model and Markov model produce similar ICER results. An empirical
comparison of three model structures in cholinesterase inhibitor therapy Alzheimer’s disease in micro-
simulation, Markov model, and Southampton Health Technology Assessment Centre (SHTAC)
prediction model returned similar ICERs.(43) This was expected and the authors noted variability
between models with the micro-simulation model returning the lowest ICERs as it utilised a ‘more
graded approach in estimating disease progression and the associated quality of life weights’.(43)
Gustavsson et al. (2009) demonstrated that the model results were robust to model structure and this

was similar to the studies included in the current purposive review.(43)

The purposive review identified two circumstances where the DES model produced a different
conclusion to the Markov model. Firstly, different resource allocation decision were reported in Jahn
et al. (2016)(40), where the dominated option differed between the model structures when multiple
alternatives were compared, as small differences in model outcomes changed the dominated/non-
dominated status. Secondly, Standfield et al. (2017)(38) considered a scenario of restricted supply of
health services and reported a lower ICER range from the Markov model compared to the DES model
(with dynamic queuing). The conclusion of OPSC being cost-effective did not change as the disutility
associated with increased waiting time was low. This result would suggest that the overall impact on
the QALY gained due to waiting longer for treatment was minimal. However, it is plausible that the
difference between modelling techniques may be significant when comparing treatments that are
restricted in supply with long waiting times and the impact (in terms of QALY loss) of not receiving
timely treatment is high. A case-study in organ transplants and high-cost life-extending mechanical

circulatory support satisfies the above criteria.
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Table 1-3: Characteristics and results of the empirical comparison of MM and DES models

Population Comparison Software Capacity ICER Conclusion
constraint
Karnon (2003)(37)
Early breast Tamoxifen and MM: Excel with No. Costs (year not reported Pounds) All outputs for DES model were higher
cancer, node chemotherapy risk  analysis DES: T+C £9,146; T £7,115. MM: T+C £8,740; T £6,721 than MM.
positive, vs. tamoxifen add-in (‘Crystal QALYs
postmenopausal  alone Ball’) DES: T+C 12.14; T 11.56. MM: T+C 12.00; T 11.40
women aged DES: Simul8® ICER Mean (2.5t and 95t percentile)
under 65. DES: £3,483 (£452, Tamoxifen dominates); MM: £3,365 (£588.
Tamoxifen dominates)
Simpson (2009)(39)
HIV. Anti- Lopinavir + DES: Arena® No. Costs (2007, $US) Both MM and DES models estimated a
retroviral-naive, ritonavir (lop/rit) DES: lop/rit $340,022; atan $352,843. MM: lop/rit $310,194; atan  cost saving from lop/rit vs. atan/rit.
mean baseline vs atanazavir + $318,882
CD4+T-cell count  ritonavir (atan) QALYs
of 175 cells/mm3 DES: lop/rit 12.40; atan 12.11. MM: lop/rit 10.55; atan 10.11
ICER
DES: lop/rit dominant. MM: lop/rit dominant.
Jahn (2016)(40)
Personalised Adjuvant! Online  MM:  TreeAge No. NNN, NNY, NYN, YNN, YYN, YNY, NYY, YYYa Small differences in model outcomes lead
cancer medicine  (prognostic Pro ICER (2012, $CAD) to different CE results. The strategy NNN
in breast cancer ~ decision aid) + DES: Arena® MM (probabilistic): NA, $90, D, $5,365, D, D, D, $30,863 is baseline comparator in the MM but is
21-gene assay MM (microsimulation: NA, $873, D, $4,443, D, D, D, $22,063 dominated in DES. The non-dominated
(Oncotype DX DES: D, NA, D, $6,380, D, D, D, $23,246 NYY and YYY ICERs are relatively
(ODX)). comparable. MM, NYY was compared to
NNN, whereas NYY was compared to
NNY in the DES because NNN was
dominated.
Standfield (2017)(38)
Orthopedic Orthopaedic MM: TreeAge Three DES Costs (2015, $AUD) All 4 models estimated that OPSC would
Physiotherapy physiotherapy Pro 2014 models, DES- MM: UC $1,292; OPSC $1,404. DES-no-DQ: UC $1,461; OPSC, be very cost-effective. DES-DQ resulted in
(knee, shoulder,  screening clinic DES: Simul8© no-DQ, DES- $1,425. DES-CAL: UC $1,296; OPSC $1,403. DES-DQ: UC $1,009; the highest ICER. The article noted that
lumbar spine) (OPSC) vs. CALand DES- OPSC $1,557. patient disutility for waiting was low.
Usual care (UC) DQ. QALYs
- conservative MM: UC 2.4; OPSC 2.6. DES-no-DQ: UC 2.4; OPSC, 2.6. DES-CAL:
management UC 2.4; OPSC 2.6. DES-DQ: UC 2.4; OPSC 2.8.
ICER

40



MM: $495 (-$1,928 to $3,552); DES-no-DQ: -$165 OPSC dominates
(-$3,638 to $3,042); DES-CAL: $482 (-$2,154 to $3,594); DES-DQ:

$2,342 ($13 to $6,729)
Degeling
(2018)(36)
Maintenance CAP-B vs.  MM: TreeAge No. Costs CAP-B vs. observation (2014, € Euros) Cost-effectiveness ~ outcomes  were
treatment in observation DES: AnyLogic DT-STM: 35,536 (Cl: 19,945; 54,629); DES €30,053, (Cl: 17,047; comparable for the DT-STM and DES
metastatic after 6 induction 46,132) model. DES matched the original study
colorectal cancer  cycles of QALYs KM curves slightly better.

(CAPOX-B) DT-STM: 0.21 (CI: 0.015; 0.430); DES: 0.18 (CI: 0.006;0.374)

ICER

DT-STM: €172,443; DES: €168,383
Glover (2018)(41)
Screening for Screeningvs.no  MM: Excel No. Incr Cost: MM and DES results similar. DES was
abdominal aortic  screening DES:R MM: £65.58; DES: £62.86 able to model time-varying surveillance
aneurysm in men Incr QALYs intervals unlike the MM model. DES useful
aged 65 years MM: 0.0017 ; DES: 0.0015 for policy-relevant protocol changes.
and older ICER (cost per LY gained)

MM: £37,700; DES: £42,137

Note: DQ or dynamic queuing. Queuing times were generated dynamically as a function of the demand (e.g., patients requiring orthopaedic assessment) and the capacity of the service (e.g.
availability of orthopaedic specialists).
a. The 1st letter indicates whether patients with low risk according to Adjuvant! Online were tested using ODX (Y = yes; N =no); the 2nd and 3rd for intermediate- and high-risk patients
per Adjuvant! Online, respectively (e.g., NYN = patients with Adjuvant! Online intermediate risk would be tested with ODX).
Abbreviations: CAL, calibrated; CAP-B, capecitabine and bevacizumab; CAPOX-B, capecitabine, oxaliplatin, and bevacizumab; DES, discrete event simulation; DQ, dynamic queuing; KM, Kaplan-
Meier; MM, Markov model; OPSC, Orthopaedic physiotherapy screening clinic.
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1.4 Economic Framework - Queuing Theory and resource allocation

The choice of model structure should not change the decision-making conclusion; that is, a cohort and
and individual-level model should produce an equivalent ICER if the models are specified correctly. A
difference may occur, however, if there is non-linear relationships in the decision problem that is not
captured in the model. Examples of such differences can include interaction between patients due to
competition for limited resources. Queues occur frequently in health care due to excess of demand of
a service and consequent shortage in supply. The competition can be manifested as a physical queue

for a service, resulting in poorer outcomes and higher costs.

Waiting lists are essentially queues, and queuing theory and mathematical analysis are used to predict
a queuing system. A queuing system consists of the population, nature of arrival, service time and
mechanism, queuing behaviour and the queuing discipline.(44) Queuing theory explicitly
acknowledges the resource availability in a given system. A patient waits for a resource, forming a
gueue, so there are delays in the health care provided. A typical type of queue (‘queuing discipline’) is
the first-in-first-out (FIFO). This type of queuing system occurs in GP waiting rooms, where patients
who have an earlier appointment time will see the GP first; if patients have the same appointment
time, the patient who arrived first will see the GP next. Another, more complex queuing discipline is a
prioritisation system, which considers level of medical need. This type of queuing system is often seen
in emergency departments, where patients with the greatest need are treated first and patients with

less urgent needs wait longer.(30)

This thesis is specifically interested in the modelling of complex interventions where resource
constraints manifest as waiting lists and hence are analogous with queuing theory. The method chosen
to model resource constraints is DES, which is a computer simulation technique traditionally used as
an operational research method.(30) DES was first developed by Tocher et al. in the late 1950s for
United Steel Companies (UK) for a simulation model of a steel plant.(45) Other applications of DES
include supply and logistics, scheduling and finance.(30) The application of DES in the healthcare
system, and specifically in HTA, has emerged over the last few decades. The method allows for the
analysis of complex systems via virtual experimentation to assess the impact of interventions on
health services. This method allows for competition between patients and the interaction (matching)

between patients and donor organ characteristics to be modelled.

DES explicitly incorporates queuing theory where resources are limited, including physical spaces such
as emergency rooms. That is, an emergency room will have patients waiting; the treating clinician(s)
can only treat patients one at a time (known as capacity); and once a patient is treated and released

a new patient is treated (known as utilisation). Typical applications of queuing theory in acute
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care/community care health services are to model patient flows for planning purposes.(46) A review
by Palmer et al. (2017) highlights the range of factors that influence patient flow, such as no-shows
from patients, staffing constraints, health of patient arrivals and scheduling policy.(46) For example,
DES was used to compare two organisational models of primary care to estimate the change in time
to medical appointment and medical and nursing consultations.(47) The outcomes of interest in DES
may be through-put or performance measures such as wait times, clinic overtime, staff utilisation
(‘occupied’) and number of surgeries., e.g. acute care health services such as staffing. These outputs
are often important to health care planners and managers at the local level, but are rarely considered

by national level HTA agencies.

1.5 Conclusions

The cost of health care is ever-increasing and new therapies provide benefits to patients, but at a cost.
This section has briefly described the rationale for conducting HTA so as to inform the efficient
allocation of resources. Due to the limitations in collected clinical and economic data, economic
modelling is relied on as part of HTA, and there are a number of economic modelling methods available
for the analyst. When reviewing the results of a HTA, a decision-maker must ensure the appropriate
modelling method is chosen. In a situation where individual patient data are available and a new
technology is affected by limited resources, it may be appropriate to employ more complex modelling

methods than the traditional cohort state-transition model.

Overall, the literature suggests that for a decision problem where a queue for a resource with
restricted supply (e.g. any organ transplantation program) is important, individual-level models may
be useful. Specifically, the waiting list is a type of interaction that should be modelled explicitly, and
the exclusion of relevant interactions may lead to biased estimates. This is particularly true if a longer

wait time has deleterious effects on the patients’ health and/or healthcare system costs.

1.6 Overview of thesis structure

This thesis is divided into seven chapters.

Chapter 2 introduces the case study of end-stage heart failure. A summary of the organ donation
matching process and heart transplant waiting lists trends in Australia is provided. The use of LVADs
in Australia is explored with particular focus on their role as a bridge to transplant (BTT). An overview

of the current funding of the treatment options is provided.

Chapter 3 consists of a systematic literature review of published cost-effectiveness studies of LVADs.
Included in the review are published economic evaluations of the use of LVADs as destination therapy

and as BTT. The chapter provides detailed descriptions of the model structure and whether wait time
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for a heart transplant was incorporated into the model. Finally, a discussion of the ICER threshold for

life-saving technologies within the framework of ‘rule of rescue’ is provided.

Chapter 4 begins with a review of the published RCTs and registries in LVADs and HTx. Limited RCT
data of VADs in BTT results in use of observational data. This chapter includes the analysis of the
individual patient registry data from St Vincent’s Hospital Sydney (SVHS), including assessment of
benefit, costs and time-to-event analyses. The analyses from Chapter 4 are assessed for use as model

inputs and to inform the structure for the economic evaluations in Chapter 5 and 6.

Chapter 5 presents the Markov model comparing the cost-effectiveness of LVADs compared to a range
of alternative policies to treat ESHF. The objective of this economic evaluation was two-fold: 1) to
assess the cost-effectiveness of the current ‘restricted LVAD supply’ ESHF policy against the previous
ESHF without LVADs and 2) to assess the cost-effectiveness of expanded availability of LVADs for

patients with ESHF.

Chapter 6 presents the discrete event simulation model addressing the same decision problem as
Chapter 5. The same data sources are used, with necessary statistical adjustments to implement as a
DES. A description of the additional data sources required is included. In addition to the comparison
against the Markov model (presented in Chapter 5), two DES models are compared, one with queuing

and one without queuing.

Chapter 7 presents the major findings and discussion. A recommendation is provided on the most
appropriate modelling method for this decision problem. The implications of this research on the

broader HTA context and on funding of these technologies are discussed.
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2 CHAPTER 2: CASE STUDY IN END-STAGE HEART FAILURE

2.1 ESHF symptoms and treatments

The incidence of end-stage heart failure (ESHF) is increasing due to the ageing population, increased
prevalence of ischaemic heart disease, obesity and metabolic syndromes, and prolonged survival of
patients with congestive heart failure (CHF).(48) CHF is characterised by the inability of the ventricle
to fill with or eject blood, and patients experience periods of cyclical and progressive decline
culminating in ESHF and hospitalisation.(49) One of the main symptoms of ESHF is dyspnoea
(shortness of breath) and, in severe cases, dyspnoea at rest.(49) Prognosis of CHF can be informed by
severity of symptoms, most commonly described using the New York Heart Association (NYHA)
classification (Table 2-1), among other investigations. A patient with NYHA Class | status is the least
severe, with NYHA Class IV being the most severe. Markers of impending mortality include advanced

age, recurrent hospitalisation, NYHA Class IV symptoms, poor renal function and cardiac cachexia.(49)

Table 2-1: New York Heart Association (NYHA) grading system

Class Description

Class|  No limitations. Ordinary physical activity does not cause undue fatigue, dyspnoea or palpitations (asymptomatic
left ventricle dysfunction).

Class Il Slight limitation of physical activity. Ordinary physical activity results in fatigue, palpitation, dyspnoea or angina
pectoris (mild CHF).

Class Ill  Marked limitation of physical activity. Less than ordinary physical activity leads to symptoms (moderate CHF).

Class IV Unable to carry on any physical activity without discomfort. Symptoms of CHF present at rest (severe CHF)

Abbreviations: CHF, congestive heart failure
Source:(49)

Patients with symptomatic abnormal heart functionwarrant introduction of optimal medical
management (OMM) including beta-blockers, angiotensin-converting enzyme inhibitors or
angiotensin |l receptor blockers, aldosterone antagonists, a neprilysin inhibitor and possibly device
therapy, including automatic implanted cardioverter defibrillator or cardiac resynchronisation therapy
(CRT)(50) in line with Australian guidelines?. In the event that patients continue to have symptoms on
medical therapy, the treatment algorithm is determined by whether the patient has surgically
correctable disease. Surgical treatments such as valve repair aim to address different
pathophysiological mechanisms in HF and can be elective or emergency.(21,43) Patients with NYHA
Class IV symptoms on OMM may require hospitalisation for intensive intravenous therapy including

diuretics and inotropes.

8 The type of pharmacotherapy used will depend on if a patient has heart failure with reduced ejection fraction
(HFREF) or heart failure with preserved ejection fraction (HFPEF).
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2.2 Heart transplant

For patients with ESHF a heart transplant (HTx) may be a viable treatment option. Recipients of a
donor heart can expect to have good quality of life post-transplant and can generally go about their
usual activities. Orthotopic heart transplants (OHT) are the most common type of HTx, where the
recipient’s diseased heart is removed and replaced with the donor heart. Patients are likely to remain
in hospital for a couple of weeks, with regular medical review, with approximately 15-20 visits in the
first 12 months post transplant with the transplant cardiologist. To avoid organ rejection, recipients

are on life-long immunosuppression medication.

Since the first heart transplant performed in 1967 in South Africa, heart transplantation rates have
grown worldwide. In Australia, the first HTx was performed at St Vincent’s Hospital, Sydney (SVHS) in
1968, with the procedure performed more regularly since 1984. Over 1,000 patients have undergone
heart transplantation at SVHS since the programme started. Patients can be offered a HTx if they have
end-stage disease, have exhausted all alternative treatment options and there is an expected survival
benefit, with a reasonable prospect of returning to an active lifestyle.(50) Patients listed for HTx, by
definition, have severely impaired quality of life and have an estimated survival of less than 2 years
without transplantion.(50) Some patients may not qualify for a HTx due to contraindications such as

active malignancy, age greater than 70 years and complicated diabetes.(50)

At SVHS a patient is referred to the the Heart and Lung Clinic and worked-up or screened for eligibility
for the HTx waiting list (Figure 2-1). Once work-up is complete and there is a contraindication for a
transplant, the patient status is changed to ‘unsuitable’; alternatively, the patient can ‘decline’. Once
accepted onto the waiting list, patients who receive a donor organ/left ventricular assist device (LVAD)
or die are ‘removed’ from the waiting list. Occasionally a patient can be placed ‘On-Hold’ due to
improving or deteriorating health. Once eligible again, the patient can be ‘Reactivated’ onto the

waiting list or can be ‘Removed’.
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Figure 2-1: Waiting list status change flow-chart

On Hold —— Reactivated

Work-up —  Activated

Delayed

Source: Developed during the thesis.

2.2.1 Mechanical circulatory support

Mechanical circulatory support (MCS) devices are mechanical organ replacements used to support a
patient’s damaged ventricles. Mechanical support is provided while a patient awaits a HTx (bridge to
transplant, BTT), as a bridge to candidacy (BTC) or an alternative to human organ transplantation

(Destination Therapy, DT). Figure 2-2 illustrates the available potential pathways.

Figure 2-2: Examples of patient events in End-stage heart failure

m VAD HTx Death BTT
m VAD Death BTT intent
m HTx Death HTx only
m Wait list HTx Death BTC
m Wait list Death BTC intent
m Death OMM wait-list
m Death Destination therapy

Abbreviations: BTC, bridge to candidacy, BTT, bridge to transplant; HTx, heart transplant, OMM, optimal medical management; VAD,
ventricular assist device.
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MCS is divided into temporary emergency devices and long-term durable devices. Temporary life-
saving devices such as intra-aortic balloon pumps (IABP) and extracorporeal membrane oxygenation
(ECMO) may be used as a bridge to a more durable device. However, these devices have limited
durability and are used for less than one month, unless there are exceptional circumstances. The IABP
is a temporary acute MCS life-saving intervention aimed at increasing myocardial oxygen perfusion
and cardiac output. The balloon is timed to inflate and deflate along with the cardiac cycle. Similarly,
the use of ECMO is a supportive strategy for patients at high risk of death from respiratory failure and
cardiogenic shock and uses an external blood pump and oxygenator. Percutaneous temporary LVADs

are also used after cardiogenic shock until HTx or receiving a durable implanted MCS.

2.2.1.1 Ventricular assist devices

LVADs are durable mechanical pumps that replace the role of the damaged ventricle and restore
normal blood flow. Patients typically have a VAD implanted in the left ventricle and may occasionally
receive a biventricular assist device (biVAD) to support both the left and right ventricle. The pump
connects the aorta and left ventricle and a driveline (percutaneous lead) connects the pump to the
external system controller and battery pack. Regular check-ups are provided by a multidisciplinary

team of cardiologist, nurses and allied health professionals.

The first-generation devices consisted of a pulsatile flow (PF) pump, while the second and third-
generation devices utilise a continuous-flow (CF) pump. CF devices were introduced in 2004 and are
now the main type of device implanted, superseding PF devices in the USA.(51) Since 2013, centrifugal
CF devices have been used; however, axial CF devices remain more commonly implanted.® The
second-generation devices have an axial pump (e.g. HeartMate 1), while the third-generation devices
have a centrifugal pump (e.g. HeartWare HVAD (52, 53) and HeartMate3,(54)). Acute LVAD
complications include thromboembolism, right ventricle failure and haemorrhage, whilst long-term
complications include infection and device malfunction.(52) Currently in Australia, only HeartMate3

pumps are available for commercial use.

Implantable medical devices such as LVADs are subject to incremental improvements.(55) CF second
generation (axial pump) and third generation (centrifugal pump) devices have superseded first
generation PF VADS.(53) Miniaturisation and change in pump type have resulted in markedly different
survival curves for CF compared to PF devices. Efficacy is dependent on the surgeon as well as care by

the patient e.g. maintenance of device and driveline site. Similarly, the increasing use of LVADs and

° The rotating element in centrifugal-flow pumps are spinning disks with blades that ‘throw’ fluid whilst in
axial-flow pumps the rotating element are propellers in a pipe that ‘push’ fluid.
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reported registry data by Interagency Registry for Mechanically Assisted Circulatory Support
(INTERMACS) have improved patient selection by providing data on risk factors for post-implantation
adverse events and complications.(56) These improvements have resulted in the reduction of adverse

events and device failure, and consequently hospitalisation costs.(57)

As mentioned above, the main indications for LVADs are; 1) bridge to transplant (BTT), 2) destination
therapy (DT) and 3) bridge to candidacy (BTC). DT patients typically have worse prognostic
characteristics due to older age or co-morbidities such as diabetes and prior coronary artery bypass
grafting (CABG) than BTT patients.(58) In Australia, patients are mostly given a LVAD when they are
listed on the transplantation waiting list (BTT). DT is approved, but not currently funded by the Federal
governments. In BTC, LVADs are used in patients who are not eligible for HTx, but are supported with
a LVAD until kidney function or nutritional status improves and they can subsequently be eligible for
a donor organ.(53) LVAD intent strategies have been shown to be arbitrary as a LVAD may be intended
as a BTT but the patient may die before a HTx, or remain for long periods on LVAD, as with DT.(58) In

Australia the use of LVADs is inextricably linked to HTx.

Another form of MCS is the total artificial heart (TAH) which is used as bridge to HTx.(59) These
patients need biventricular support and consequently an LVAD would not be adequate. The TAH
differs from a biVAD (both left and right) in that it replaces both the ventricles and all cardiac valves.
In Australia, the SynCardia TAH (SynCardia Systems, Inc., Tuscon, Arizona) has been implanted at SVHS
since 2010.(53) TAHs are more burdensome than implantable biVADs as they are pneumatically
powered (compressed air), resulting in a larger wound, and tubes connected to an external pneumatic

pump. Survival outcomes are worse than isolated LVADs.

2.3 Organ donation policy

In Australia, donors must opt in to provide consent for their donation on the Organ Donor Register
and the next of kin must also provide consent. Usually, donor hearts are from individuals that have
died from brain death with otherwise healthy organs. Donors cannot be directed to a specific

recipient, and enter into a rigorous and unbiased patient matching scheme.
2.3.1 HTx allocation algorithm

In Australia, the HTx waiting list are not nationally managed but are instead specific to each of the
transplant units (see Table 2-2). There are four adult transplant units and one paediactric transplant
unit in Australia and one adult transplant unit in New Zealand.
Table 2-2: Heart transplant units of donor hospitals

Jurisdiction of donor hospital  Location of heart transplant unit

NSW, ACT NSW; St Vincent's Hospital, Sydney
VIC, TAS VIC; The Alfred Hospital, Melbourne and The Royal Children’s Hospital, Melbourne
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QLb QLD; The Prince Charles Hospital, Brisbane

WA WA, Fiona Stanley Hospital, Perth

NZ NZ; Auckland Public Hospital, Auckland
Source: (50)

The primary matching criterion is blood type compatibility, followed by size and weight compatibility
and negative lymphocytotoxic crossmatch (see Table 2-3). The matching process identifies donors
with the same blood type, a similar body size and weight and peak panel reactive antibodies (PRA).
Guidelines allow recipients to receive a donor heart within 20% plus/minus the body weight, with
undersizing of donor hearts avoided moreso than oversizing of donor hearts. It has been suggested
that increasing the guidelines to 30% plus/minus body weight may increase the HTx donor pool.(60,
61) Currently, body weight is used as a proxy for donor heart size in matching recipients; however, the
literature suggests that a more optimal size match metric may be predicted heart mass (62), and this
has recently been introduced as the criterion in SVHS. The PRA is an immunologic test for the presence
of circulating antibodies to a random panel of donor lymphocytes. These are antibodies to Human
leukocyte Antigen A, B, and DR in the serum. High levels of PRA are associated with worse survival for
patients; a score of 0% means that there are no cross-matched antibodies and therefore better

outcomes.(63)

Table 2-3: Matching criteria for heart donation

1.ABO compatibility* Except paediatric patients aged <12 months.
2.Size and weight Recipient within plus or minus 20% of donor body weight. Greater variability in the donor:
compatibility recipient weight ratio may be acceptable depending on the ages of the donor and

recipient, especially in paediatric cases.
3.Negative lymphocytotoxic ~ Sensitised recipients for whom there are no other options may require transplantation in

crossmatch* the setting of a positive T and B cell cross-match, followed by augmented immune
suppression.
4 Urgent status™ Patients can be listed as ‘urgent’ on the waiting list if ‘candidates are unsuitable for

mechanical support or develop life-threatening complications while on support, and the
patient’s survival is estimated to be days or weeks if they do not receive a
transplant’.(50) If a patient is placed on an urgent list, the Transplant Unit Director must
notify other units in Australia and New Zealand. Re-notification to other units occurs at
two-week intervals.

5.ABO identity

6.Recipient waiting time

7.Logistical considerations**
Notes: * Items 1-2 are absolute requirements for adult patients. ** Logistical considerations include coordination with other donor retrieval
teams, transport of surgical teams and donor organs, type of heart transplant operation (orthotopic, heterotopic, or domino) and number of
transplants to be performed (usually heart and lung transplants are performed simultaneously in separate operating theatres) and the
availability of intensive care unit beds.
Source: (50)

2.3.2 Donation rates in Australia

Organ donation rate is measured via the deceased organ donor per million population (dpmp). In 2017
Australia was ranked 16 globally and had a rate of 20.8 dpmp.(64) This was a dramatic improvement

from 2013, when Australia ranked 20 in the world with 16.9 dpmp. For comparison, in 2017 Spain was
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the leading country with organ donation rate of 47 dpmp (64), more than double the Australian rate.
Spain has 19 transplant units, of which 2 exclusively transplant children, which demonstrates that the
infrastructure in Spain supports transplant activity.(65) In contrast to Australia, Spain has a ‘opt-out’

system for deceased organ donation and the transplant program is nationally managed.

Donor shortage occurs because not all Transplant Unit requests for a donor heart are fulfilled. In 2016,
393 potential donor hearts in Australia were requested of which 94% (n=370) provided consent from
next of kin via a family interview.(66) Of the donor hearts that are available (n=370), only 32% (n=125)
were retrieved (n=124).(66) Decisions to accept donations are performed on an institutional basis.
Between 2010 and 2018 in NSW, the main reason donor organs were refused was medical donor
unsuitability (48%), followed by no suitable recipient (35%, e.g. weight), logistics (5%) and other (12%,

e.g. expected ischaemic duration); see Figure 2-3.(67)

Figure 2-3: NSW Donor Heart Statistics
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Source: SVHS, NSW Donor Heart Statistics(67)

2.3.3 Waiting time

There is variability in an individual’s waiting time for a HTx. In Australia, the average wait time for a
donor heart is around 6 months.(68) The mortality rate for patients on the waiting list increases the
longer a patient has to wait for a donor heart.(69) The average wait time for the 117 heart recipients

in 2017 was 164 days (SD+221; median 78; min 1 to max 1,043).(70) Some patients received a donor

organ a day after they were accepted onto the wait list. Conversely, some patients waited over 4 years.

The average waiting time for a HTx differs by blood group.(70) Blood group is an important matching
characteristic between donor organs and recipients. The wait time is reflective of the blood group; for

instance, while blood group O is common, they are ‘universal donors’ resulting in those donor hearts
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being used across all ABO blood groups. This results in a longer average wait time for O patients of
225 days (1984 to 2018).(70) However, patients with the blood type AB were waiting for a substantially
shorter period of time of 112 days from 1984 to 2018, as they are ‘universal recipients’ and can receive

donor hearts with blood type A, B, AB or 0.(70)
2.3.4 Donation after circulatory death via Organ Care System (OCS)

Traditionally, HTx relied solely on donation after brain death where a patient has complete loss of
brain function. The retrieved heart was stopped (using ‘cardioplegia’) while it was still beating. The
heart was then placed in ice to prolong viability. The duration of time on ice is known as the cold
ischaemic time, and in 2018 the mean cold ischaemic time was 3.7 hours.(70) Very long cold ischaemic
times (more than 6 hours) increases the risk of death after transplantation. However, an alternative
to donation after brain death is donation after circulatory death (DCD). DCD is more common for

kidney, liver and lung transplantation but has recently been performed for HTx.(71)

In Australia, SVHS introduced cardiac transplantation with DCD in 2014 and to date 39 transplants
have been performed.(72) The device used for ex vivo preservation is the transportable Organ Care
System (OCS) (TransMedics; Andover, MA, USA), also known as ‘Heart in a Box’, which is used for both
standard and marginal criteria donor hearts.(71) Based on an Australian case series report (n=3),
outcomes of DCD were positive for patients.(71) A 1:1 RCT of standard donor hearts preserved with
the OCS compared to standard cold storage demonstrated similar short-term outcomes.(73) However,
it is unclear if outcomes for DCD will be the same as with the current donation policy of hearts from

brain death recipients.

Accepting donor hearts after circulatory death and not just brain death increases the rate of recovery
of donor hearts from the existing donor pool.(50) The potential change in policy for hearts from brain-
dead donors and DCD has implications of narrowing the gap between the supply and demand. The
OCS keeps organs viable for longer and allows donor hearts to be transported. Offered donor hearts
can be refused for logistical reasons, and from 2010 to 2018 on average 2.2% (45/2,142) donor hearts
were refused for logistical reasons. The main logistical reason for refusal was ischaemic travel time

being too long (53%), followed by referral timing (13%) (Figure 2-4).

10'Warm ischaemic time refers to the amount of time that an organ remains at body temperature after its blood
supply has been stopped or reduced.
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Figure 2-4: Reasons for donor heart refusal in NSW (2010-2018)

Logistic reasons for donor heart refusal (2010-2018)
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Abbreviations: OCS, physiological support and transportation for marginal donor hearts and lungs utilising a system known as the Organ
Care SystemNote: Staff not available due to concurrent transplants or retrieval; Staff on leave; Transport = no flight available; Recipient
travel = won't delay donor for recipient travel; Ischemic time travel logistics = long travel time; Referral timing = about to cross clamp or
would not delay start time; Poor weather = fog or storms impacting travel.

Source: St Vincent's Hospital Sydney Heart/Lung Clinic(67)

2.3.5 Impact of growth in HTx on health services

Itis apparent that donor activity is increasing over time due to the increasing donation rate per million.
In addition to increased donation rates, innovation in DCD via the Organ Care System has the potential
to grow the retrieved organs from the donor pool. The referral and assessment process for a
transplant is also resource-consuming. At SVHS, it is estimated that for every one patient who
proceeds to transplant, there are an additional 2 patients who are assessed but not progressed to the
transplant waiting list. The median work-up time for hearts is 5.5 months from referral to listing.(64)
In addition, organ retrieval has grown tremendously over the past few years. Retrieval activity is costly

with unsuccessful retrievals or ‘bailouts’ making up around 20% of retrieval activity.

A heart transplant is a resource-intensive procedure including organ procurement and transplant.
Consequently, there is a strain on existing resources including beds, surgeons and clinical staff. Having
these resources being ‘occupied’ by transplant-related activities impacts on the ability to schedule
other major cardiac surgery. Essentially, cardiac surgeries such as CABG are cancelled and later
rescheduled due to transplant activities. For instance, at SVHS there were almost 80 CABG surgeries

cancelled due to a HTx surgery in 2016-2018 [data on file].

2.4 Funding of medical devices and HTx in Australia
The flow of funding within the Australian health care system is complex and includes both government
and non-government sectors.(74) The Australian Government provides funds to the state and territory

governments who, in turn, allocate these funds to health service providers such as public hospitals,
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dental services and public health services. For public hospital care, in addition to the states and
territories and funds from the Australian Government (via the National Health Funding Pool), public

hospitals are also funded by out-of-pocket payments from individuals and private health insurers.

Before a medical device is publicly reimbursed it is evaluated for its clinical effectiveness and cost-
effectiveness. Medical devices include a cost of the medical service in addition to the acquisition of
the device. Through a rigorous HTA process, reimbursement of medical services is determined by the
Medical Services Advisory Committee (MSAC). If recommended for subsidised funding, the procedure,
device or consultation is listed on the the Australian Medical Benefits Schedule (MBS). Having a
procedure listed on the MBS is a prerequisite for coverage by private health insurers for hospital
procedures. The Australian Prosthesis List provides a list of medical procedures and devices that must
be subsidised by private health insurers. A diagram of the sources of funding of LVADs and HTx in

Australia is presented in Figure 2-5.

Figure 2-5: Funding of LVADs and HTx in Australia

Device
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Abbreviations: HTx, Heart Transplant; MBS, Medicate Benefits Schedule; MoH, Ministry of Health; VAD, Ventricular Assist Device.

At present, LVADs are funded for the four heart transplant centres in public hospitals that are state
government-funded. The allocation of devices per hospital is determined on a local basis. For instance,
in the SVHS, the current funding arrangement (with the NSW Ministry of Health) is limited to a
maximum of 25 devices per year. (See 8.1.1 for a peer-reviewed published discussion paper on LVAD
funding in Australia which highlights that widespread use of LVADs is limited due to the high cost,
however, LVADs fulfil many of the eligibility criteria that support the funding of life-extending high-
cost pharmaceuticals).(75) Broadly, the life-saving drugs programme (LSDP) consists of eight criteria
including the disease being 1) rare; 2) identifiable; 3) reducing life-expectancy and that the medicine
4) increases life expectancy; 5) is clinically effective but not cost-effective; 6) is an unreasonable
financial burden and 7) there are no other cost-effective medicines or 8) cost-effective non-drugs

available.(75)
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In Australia, HeartMate Il (no longer used) and HeartWare LVADs are listed on the Prosthesis List.(76)
The minimum benefit for the devices was SAUD95,000 in 2018 (76), representing the most expensive
item on the Prosthesis List. The MBS reimburses the procedure of implanting a left or right (or bi)VAD
contingent on the patient being on the HTx waiting list or being expected to be a suitable
candidate.(77) Therefore, using LVADs for destination therapy is not currently reimbursed in Australia

(53); see (Table 2-4).
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Table 2-4: Reimbursement of VADs in Australia

Reimbursement criteria for insertion of a left and/or right ventricular
assist device, for use ‘as listed on the MBS':

Intent strategy Funding source

(a) a bridge to cardiac transplantation in patients with refractory heart Procedure funded by MBS or
failure who are: BTT (listed) public hospital.
(i) currently on a heart transplant waiting list, or Devices are allocated to

hospitals which are State
Government funded.
Procedures are not performed in
the private sector however,

(i) expected to be suitable candidates for cardiac transplantation BTC
following a period of support on the ventricular assist device; or

(b) acute post cardiotomy support for failure to wean from Complications

cardiopulmonary transplantation; or post heart-lung Tx LVADs have been listed on the
(c) cardio-respiratory support for acute cardiac failure which is likely to BTR prosthesis list

recover with short term support of less than 6 weeks

not being a service associated with the use of a ventricular assist Procedure not funded by MBS
device as destination therapy in the management of patients with heart for DT

failure who are not expected to be suitable candidates for cardiac

transplantation

Abbreviations: BTC, bridge to candidacy; BTR, bridge to recovery; BTT, bridge to transplant; DT, destination therapy; MBS, Medicare
Benefits Schedule; Tx, transplant.
Source: (78) MBS item 38615 and 38618

2.5 LVADs as a bridge to heart transplant

In Australia, LVADs are intended for patients who are candidates or potential candidates for HTx. The
Australian MBS Item Report!! was searched for the LVAD items from 1993 to 2017. There are currently
two items on the MBS that can be reimbursed for the procedure left or right VAD (MBS item 38615)
and bi-VAD (MBS item 38618) for all device types.(77) For left or right VAD, between 1993 and 2017
15% of the 286 services were claimed in paediatric patients (defined as 0-14 years) (Figure 8-1). For
biVADs, 14% of the 232 services over the same time period were claimed in paediatric patients. In
children, the gender distribution was fairly even; however, for adults, three times as many male

patients received VADs.

Most of the VAD implants have occurred in recent years and in 2016-2017 there were 32 VAD
implants. The average number of implants from 2012 to 2017 was 29. In NSW, there are more single
VADs implanted than BiVADs and from June 2013 to June 2018 there were on average 19 VAD
implants. In Australia, Victoria provided the most VAD insertion services via the Alfred Hospital and

The Royal Children’s Hospital, followed by New South Wales via SVHS.

The allocations of LVADs at the four transplant units in Australia were obtained to determine current
funding arrangements within the units. The split between provision of LVADs and HTx within a unit
was also determined. For LVADs and HTx supply, the current allocation of LVAD supply and the

proportion of services in the transplanting units is presented in Table 2-5. In NSW, around 50% of HTx

11 http://medicarestatistics.humanservices.gov.au/statistics/mbs_item.jsp
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candidates who were on the waiting list were supported with a LVAD. In contrast, in Victoria, there
was a significant proportion of patients who were supported with a LVAD who were not on the waiting

list. This situation is synonymous with an increase in use of LVADs policy scenario.

Table 2-5: Allocation of VADs at transplanting units in 2018
LVAD cap (no. per year) HTxnperyear  VAD, n per year Bridged HTx n (%)

NSW <25 55 20 16 VAD out of 30 on waitlist = 53%
Victoria  30-35 35 25 6 VAD out of 11 on waitlist = 55%
19 VAD not on waitlist.
QLD 15-20 10 4 2 VAD out of 7 on waitlist = 29%
WA 10 2016 =11 NR 2016 =3 (27%)
2017=9 2017 =4 (44%)
2018 =10 2018 =5 (50%)

Abbreviations: HTx, heart transplant; NSW, New South Wales; QLD, Queensland; VAD, ventricular assist device; WA, Western Australia;
Source: personal communication with Professor Christopher Hayward, St Vincent's Hospital Sydney.

Internationally, the use of LVADs in HTx eligible patients is similar. The UK Registry maintained by the
National Health Service (NHS) Blood and Transplant reported outcomes of adults implanted with
continuous-flow long-term bridging devices. The Annual Report listed the heart transplant listing
status of adults with LVADs from the 6 centres, and between 2012 and 2016, 46% of LVAD recipients
were already listed on the HTx wait list (BTT) and a further 19% were listed within the first year of
implant (BTC).(79) Of the LVAD recipients, 13% either died or were explanted within a year without
listing and the remaining 23% were alive and not listed within the year.(79) Similarly, the International
Society for Heart and Lung Transplantation (ISHLT) reported the level of pre-transplant support for
HTx recipients from 2009 to June 2015.(80) Half the patients were already hospitalised at the time of
treatment and 38% were bridged with a LVAD, 3% with RVAD and 1% with TAH.(80)

2.6 Modelling ESHF using queuing theory and patient matching

Having discussed the HTx policy in Australia, | now focus on some of the considerations when
modelling treatments for ESHF. As discussed, there are clearly significant resource constraints in the
treatment options for ESHF, in the form of a limited number of donor hearts and the artificial funded
supply cap for LVADs. In this case study, queuing theory is illustrated in ESHF patients listed on the
HTx waiting list, which has a service time with mean wait of 6 months in Australia. While in the queue,
patients’ priority for a heart transplant can change based on the patient need and donor suitability via
a matching process. Some patients can leave the queue altogether (Figure 2-6). The queuing discipline
determines the order of patient treatment and, in this example, it is a combination of priority and
matching (e.g. blood type). In addition to the queue for the donor heart, the use of mechanical pumps
such as LVADs can also alter the waiting list processes of patients which may impact the cost-

effectiveness of these interventions.
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Figure 2-6: Schematic of heart transplant waitlist with VAD
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Abbreviations: VAD, ventricular assist device

Incorporating queuing theory in the economic model can address two research questions.
1) What is the cost-effectiveness of using LVADs as a bridge to transplant compared to HTx only?

2) What is the cost-effectiveness of increasing the supply of donor hearts or LVADs, compared to HTx

only?
2.6.1 Waiting time for a HTx

Patients are placed on a waiting list and compete for the same pool of donor hearts. The proposed
model for ESHF would incorporate the wait time for a heart transplant for eligible patients. The
matching process between the donor heart and the recipient, based on an independent criterion
(blood type), makes it an ideal case study as this is not a typical first-in first-out (FIFO) queue. Changes
to organ allocation policy are particularly interesting in that organs are known to be scarce resources
and costly. Therefore, any changes to organ allocation policies impact the balance between allocative

efficiency and equity.
2.6.2 Impact of organ replacement technology on wait time for HTx

The advent of mechanical organ replacement technologies and the potential impact this might have
on the HTx waiting list has not yet been explored. However, an example in a similar setting can be
found in the assessment of liver transplant allocation using a discrete event simulation model.(17)
LVADs represent an alternative to heart transplant (HTx) and can substitute or delay the use of a HTx.
However, the high cost associated with the implantation and maintenance of LVADs has limited their
use in Australia. LVADs are limited by the number available to be transplanted within a hospital. This
artificial supply cap influences the decision to implant a patient with a LVAD, meaning that that LVADs
effectively become the de facto last treatment of choice. The implication is that patients who receive

an LVAD are often less healthy than they would be without the restricted supply constraint.
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2.6.3 Impact of queuing theory on model structure

In traditional Markov models, the healthcare services are delivered instantly so that the costs and
effects occur at once. No patient has to wait for doctors, hospital beds, medical devices or donor
hearts to become available so that essentially, all treatment options have unlimited availability
(implicit in the transition probabilities). This approach, however, does not reflect reality. The decision
problem for LVADs was applied to a checklist proposed by Brennan et al. (2006)(27) to determine the
appropriate model structure (see Table 8-1). Based on this checklist, it was determined that an
individual-level model — specifically, a DES model — would be a suitable option. The delay in receiving
health care resources is the rationale for choosing a DES model structure when compared to the
Markov model. This was due to the complexity of factors affecting survival, meaning the Markovian
assumption®? would not be ideal. Similarly, DES is the only method that can explicitly account for the

interaction between patients in the form of restricted supply of donor hearts and LVADs.

2.7 Discussion

Due to improvements in the diagnosis and treatment of CHF, incidence of ESHF is increasing with the
ageing population. ESHF continues to have a large impact on an individuals’ and families’ health and
wellbeing. The treatment and management of CHF takes up considerable outpatient and inpatient
health care resources and represents the most expensive disease resulting in medical hospitalisation.
Therefore, the development of interventions that extend life and improve quality of life need to be
prioritised. Given the current waiting list problem in Australia, any assessment of policies of
introducing interventions should be assessed within the context of the HTx waiting list, as well as the

cost constraints in the Australian economy.
2.7.1 HTx waitlist as a queue

There is a shortage of donor organs leading to a long wait time for some ESHF patients. Donor hearts
are a constrained resource and HTx eligible patients are placed on a waiting list until a match becomes
available. The decision problem is thus defined by the fact that patients do not immediately receive
treatment and that there is a delay in the form of a queue. Another characteristic of this queue is that

patients can leave the waiting list due to death, sickness or improvement in health.

Advances in technology in the donor organ procurement space, such as ex vivo preservation of hearts,
will impact on the waiting list. The donor pool will increase as ex vivo presentation increases the

quantity of viable donor hearts to be retrieved and implanted. There is potential that by increasing

12 See footnote 4 above.
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the availability of viable donor hearts, the wait-time for patients could be shortened. Naturally,

another method to increase the donor pool would be to increase the donation rate.
2.7.2 LVADs as an organ replacement technology

LVADs can be a temporary or permanent alternative to a heart transplant and have affected the HTx
waiting list. This is analogous to the use of dialysis in end-stage kidney failure. Patients who would
otherwise die are able to survive until a donor kidney match becomes available. Consequently, the
impact of these organ replacement technologies is that the potential eligible patient pool grows as
patients who in the past would have died remain alive long enough to receive a donor heart. The
funding of LVADs in Australia has also affected how they are used in treating ESHF. Given DT is
unfunded, LVADs are only used as a bridging tool. The potential of LVADs in patients who are ineligible
for a heart transplant has not been explored in Australia. Therefore, LVADs are typically used in the

sickest of patients and are seen as a last resort.

2.7.3 Modelling ESHF

Economic evaluation of health technologies in ESHF when dealing with resource constraints can make
modelling more challenging. There is an interaction between the patients and the potential donors.
The availability of donor organs is driven by a range of factors including donation policy, donation rate
and physical location of potential donor. The chance of a patient receiving a donor organ match is
driven by the patient’s health and the matching characteristics such as blood type, as well as physical
location. These elements of the HTx waiting list are represented neatly in queuing theory. Therefore,

a model that captures queuing theory is likely to realistically represent the waiting list.

Economic evaluation can be a useful tool in assessing the cost-effectiveness of various policy scenarios
rather than typical single technology comparisons. It is apparent that donation policy and/or number
of available donor organs will have a profound impact on a patients’ waiting time, their health and the
costs to society. Changes to the supply of donor organs will affect the waiting list, as will changes to
the the supply of LVADs. Therefore, the modelling component of the thesis will reflect the suite of

interventions available under various supply scenarios.

2.8 Conclusion

The HTx waiting list is subject to supply constraint issues as patients with ESHF are added to an existing
gueue to await a match. There is a supply constraint due to the number of organs being donated with
appropriate consent, from an appropriate geographical location, and that are medically suitable and
a match based on weight and blood type. All these factors affect the waiting time for a patient to

receive a donor organ. The advent of mechanical circulatory supports such as LVADs has changed the
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heart transplant waiting list as it buys ESHF patients time to remain on the waiting list rather than
being removed. In addition, the use of LVADs as BTC can allow ESHF patients who may not have been
eligible for a donor organ to be added to the waiting list. Similarly, the advent of ‘Heart in a Box’ has

the potential to increase the available donor organs (i.e. supply) for patients on the waiting list.

The use of LVADs in Australia is inextricably linked to the HTx waiting list as its use in DT is not funded
in Australia. This means in Australia LVADs are not intended to be long-term solutions and are seen
only as bridging support for HTx. This has implications for the device’s use, which is distinct from

overseas experience. The lack of funding of DT LVADs may be related to the prohibitive cost.

The motivation for this thesis is to explicitly consider resource allocation decisions in HTA using this
case study. The literature has identified that a waiting list would benefit from resource allocation
consideration. An economic evaluation of the impact of LVADs on the HTx waiting list will estimate
the cost-effectiveness of LVADs in Australia as a bridge to HTx. Similarly, assessing policy options such

as the impact of LVADs and availability of donor organs may affect the HTx waiting list.
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3 CHAPTER 3: REVIEW OF MODELLING METHODS USED IN COST-
EFFECTIVENESS LITERATURE OF END-STAGE HEART FAILURE
TREATMENTS

3.1 Introduction

Economic evaluation is the systematic assessment of the costs and benefits of an intervention or
programme. Evaluating the cost-effectiveness of interventions is an important tool to inform decision-
making about the allocative efficiency of funding new treatments. The aim of cost-effectiveness
analysis (CEA) is to rank alternatives with respect to cost-effectiveness in order to determine the
relative value for money. This chapter reviews the cost-effectiveness literature of the two main
treatment options for patients with end-stage heart failure (ESHF). Hence, two systematic literature
reviews were conducted: 1) a review on the cost-effectiveness of left ventricular assist devices

(LVADs), and 2) a review on the cost-effectiveness of heart transplant (HTx).

HTx is the gold standard long-term treatment option for patients with ESHF. First introduced as an
experimental procedure in the late 1960s, HTx has proven patient benefits in terms of survival and
improved quality of life. A previous systematic literature review of solid organ transplantations (heart,
kidneys, lung and liver) included cost-effectiveness studies from 2000 to 2010.(81) This review noted
there were few economic evaluations of solid organ transplantations due to the lack of randomised
controlled trials (RCTs), predominantly due to ethical reasons. Included studies failed to account for
uneven samples in treatment groups or used unrealistic alternative treatment options.(81) The issue
of sample selection is a confounding issue because variations in baseline characteristics between
those who receive a donor organ and those who do not may result in different long-term outcomes.

Furthermore, it can be challenging to determine the counterfactual of a HTx programme.

Developed in the 1990s, LVADs are implantable mechanical circulatory support (MCS) used to treat
patients awaiting HTx. Motivated by the shortage of donor hearts, LVADs were initially developed as
a bridge to transplant (BTT) for those patients eligible for a HTx. As the LVAD technology has improved,
a second indication known as destination therapy (DT) is now available for patients who are ineligible
for a HTx. Most patients receive an LVAD, but occasionally a patient may require a BiVAD (LVAD and
right ventricular assist device (RVAD)). Most of the current literature compares LVADs to non-VAD
strategies, such as optimal medical management (OMM) and HTx without LVAD bridging. The earlier
pulsatile-flow (PF) devices are known as ‘first-generation’ devices and are now rarely implanted.
Continuous-flow (CF) devices have superseded PF devices and are further distinguished by pump type:

axial are ‘second generation’ and centrifugal are ‘third generation’.
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There are several published systematic literature reviews of CEAs of LVADs, which are summarised in
Table 3-1 (52, 82-90). Some of the reviews were conducted as part of national HTA submissions to
assess public funding of LVADs. Published country-specific HTA reviews included the UK (52, 87, 88),
Netherlands (85) and Canada.(84) The majority of the included studies were cost-effectiveness
analyses (CEA or CUA); however some reviews included cost-minimisation analyses and costing
studies.

Table 3-1: Summary of systematic literature reviews of economic evaluations of ventricular assist
devices in end-stage heart failure

Systematic literature review Indication Included studies Search year
Recent reviews

Schmier et al. (2019)(89)1 BTT and DT 12 studies; 1 CEA, 11 CUA 2017

Seco et al. (2017)(82) BTT 5 studies; 1 CEA, 4 CUA 2016

Nunes et al. (2016)(90) BTT and DT 11 studies; 2 CEA, 9 CUA 2014
Hutchinson et al. (2008)(83) BTT and DT 12 studies; 3 cost/cost summation, 6 CMA, 1 2004

CEA, 2 CUA; 6 abstracts?

Reviews as part of national HTA

Canada: Health Quality Ontario etal. DT 3 studies; 3 CUA 2015

(2016)(84)

UK: Sutcliffe et al. (2013)(52) BTT 1 study; 1 CUA 2012

Netherlands: Neyt et al. (2014)(85) DT 6 studies; 4 CUA and 2 health economic 2012

Original report in Dutch(91) models (VOI or payment by results)

UK: Sharples et al. (2006)(88) BTT and LTCS 17 studies; 14 cost/cost summation, 1 CEA, 2 2005

CUA; 7 abstracts?

UK: Clegg et al. (2005)(87) BTT, BTR and 19 studies; 10 CMA; 5 cost/cost summation; 2 2002-2003

LTCS CEA; 2 CUA

Note: Some systematic literature reviews included abstracts, these have been excluded in the current review due to insufficient information
reportable in an abstract.

TPublished during the development of this chapter

Abbreviations: BTR, bridge to recovery; BTT, bridge to transplant; CEA, cost-effectiveness analysis; CMA, cost-minimisation analysis; CUA,
cost-utility analysis; DT, destination therapy; LTCS, long-term chronic support; UK, United Kingdom; VOI, value of information.

The most recent review, published by Schmier et al. (2019)(89), included the same studies as the two
recent reviews published by Seco et al. (2017)(82) and Nunes et al (2016)(90) that were conducted in
2016 and 2014 respectively. Seco et al. (2017) reviewed the use of LVAD as BTT compared to non-
bridged HTx. This study included five cost-effectiveness studies (92-96). The review published by
Nunes et al. (2016), which also identified the same five CEA studies, was broader in scope and included

cost-effectiveness studies of LVAD used for DT.(90)

The systematic literature review in this chapter builds on the existing reviews. The Patient,
Intervention, Comparator and Outcome (PCIO) framework focuses on two groups of adult patients
with ESHF. Those who receive a LVAD (compared to non-bridged HTx, another VAD or OMM) and
those who receive a HTx with no VAD (compared to patients activated on the cardiac transplantation
waiting list that receive OMM). The aim of the review was to inform subsequent chapters, in particular
the structure of an economic evaluation of treatment modalities in ESHF from the Australian

perspective (Chapter 5). In both reviews, published CEAs were analysed to determine the type of
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modelling approach, how wait time was modelled for those listed on the cardiac transplantation

waiting list and how long-term survival was estimated.

3.2 Methods

3.2.1 Search strategy (LVADs)

An updated literature review of economic evaluations was conducted to identify all new
cost-effectiveness studies for LVADs for any indication (BTT and DT), including CUAs and CEAs (that
report LYG). The search terms used were based on the review by Nunes et al. (2016)(90). The most
recent review by Schmier et al. (2019)(89) was published during the development of this chapter. The
databases searched included Ovid MEDLINE/Embase, EBSCO Host (CINAHL and Econlit), PubMed,
Cochrane Library and the Tufts CEA Registry (Table 3-2). The search was restricted to articles published
in English and the search terms are presented in Table 3-3 . The reference lists of the included studies
were searched for other articles that matched the inclusion criteria (‘pearling’). This was conducted

from 2014 to June 2017 and the PubMed search was updated monthly until December 2020.

Table 3-2: Databases searched for economic evaluation literature review of VAD

Database Dates searched Search date Results returned
Ovid MEDLINE 2014 - Current 27/06/2017 47
Ovid Embase 2014 - Current 27/06/2017 166
CINAHL via EBSCO Host 2014/01/01-2017/12/31 27/06/2017 71
EconLit via EBSCO Host 2014/01/01-2017/12/31 27/06/2017

PubMed 2014/01/01 to 2017/06/27 27/06/20172 207
Cochrane Database of Systematic Reviews Jan 2014 - Current 28/06/2017 115
Database of Abstracts of Reviews of Effects Jan 2014 - Current 28/06/2017

Health Technology Assessment Database Jan 2014 - Current 28/06/2017

NHS Economic Evaluation Database Jan 2014 - Current 28/06/2017

Tufts Cost Effectiveness Analysis Registry 2014 onwards 28/06/2017 4

Search updated monthly from June 2017 to December 2020.
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Table 3-3: Search terms for economic literature review for VADs

Type Terms (Medline) Terms (PubMed/EBSCO host) Terms Cochrane Database
Cost- e heart assist device/ e heart assist device e heart assist device
effectiveness e assisted circulation/ e assisted circulation e assisted circulation
of VADs o ((ventric* or biventric* or heart or e ((ventric* or biventric* or heart or e((ventric* or biventric* or heart or
cardiac) adj assist*).mp. cardiac) AND assist*) cardiac) and assist*):ti,ab,kw
o(lvad* or Ivas* or rvad* or e(lvad* orlvas* or rvad* or bivad*) e(lvad* or Ivas* or rvad* or
bivad*).mp. e (vad or vads) and (heart or cardiac) bivad®):ti,abkw
o((vad or vads) and (heart or e(HeartMate or HeartWare) e(vad or vads) and (heart or
cardiac)).mp. cardiac):ti,ab,kw
o (HeartMate or HeartWare).mp. o (HeartMate or

HeartWare):ti,ab,kw
Economic eeconomic evaluation/ or ‘cost e(economic evaluation or ‘cost e(economic evaluation or ‘cost
benefit  analysis/ or ‘cost benefit analysis or  ‘cost benefit analysis or ‘cost
effectiveness analysis’/ or ‘cost effectiveness analysis’ or ‘cost effectiveness analysis’ or ‘cost

utility analysis’/ utility analysis’) utility analysis’)

o(cost adj2 (benefit* or effect* or e(cost AND (benefit* or effect* or (cost and (benefit* or effect* or
utility or analys®)).mp. utility or analys™)) utility or analys®)):ti,ab,kw

e(economic adj (evaluation* or e(economic AND (evaluation* or e(economic and (evaluation® or
analysis or analyses)).mp. analysis or analyses)) analysis or analyses)):ti,ab,kw

o (cost* or economic®).ti. o Tl (cost* or economic*) o (cost* or economic*):ti

Restrictions  eenglish or french or german or eLimiters Published Date: o Online Publication Date from Jan

italian or portuguese or Spanish 20140101-20171231 2014

e human only

Source: adapted from Nunes et al. (2016) and Sutcliffe et al. (2013)

The inclusion criteria were adapted from Nunes et al. (2016) and are presented in Appendix 3:
Economic literature review for LVADs. Briefly, the study publication had to be a full manuscript with
original data in a peer-reviewed journal. The population was the adult ESHF population with an
indication for MCS in the form of an intracorporeal VAD. The comparator groups had to include OMM,
HTx or another type of MCS. Excluded articles included conference abstracts/posters, letters to the
editor, reviews and case studies. Studies of inappropriate indications/populations (e.g. paediatric
patients) were also excluded. Temporary strategies for emergency rather than durable treatment
options, such as extra-corporeal membrane oxygenation (ECMO), were not considered part of this

review.

3.2.2 Search Strategy (HTx not bridged)

The search strategy for HTx-only versus OMM was similar to the strategy described in the previous
section and was adapted from Sutcliffe et al. (2013)(52). The search strategy described by Nunes et al.
(2016) was not used because it excluded economic evaluations for HTx without VAD as an intervention
or comparator. The databases and search terms used from 2012 to October 2017 are presented in

Appendix 4: Economic literature review for heart transplant.

The inclusion criteria of the search included all cost-effectiveness studies on HTx published as a full
manuscript in a peer-reviewed journal and where the population was adults with ESHF. The other arm

had to include medical management (or ‘on wait list’). Only cost-effectiveness analyses or cost-utility
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analyses were included. Conference abstracts, letters to the editor, reviews and case studies were

excluded. Studies of inappropriate indications/populations (e.g. paediactric patients) were excluded.

3.2.3 Analysis

The following information was extracted from the included studies: publication year, device type (if
applicable), comparator, source of clinical evidence, utilities and costs, model structure, health states,
ICER as reported, country of analysis and discounting rate for costs and benefits. Special attention was
focussed on if and how the wait time for HTx was addressed in the model if patients were HTx eligible.
The ICERs from the included studies were inflated to 2018 values using the Australian Institute of
Health and Welfare (AIHW) Health Index (74) and converted to Australian dollars using purchasing

power parity (PPP).(97)

3.3 Results

3.3.1 Search results (LVAD)

The PRISMA Flow Diagram for the systematic literature review on LVADs is presented in Figure 3-1
(see Appendix 8.3.1. for details of the search results for the LVAD search). The current systematic
literature review searched for papers published since 2014 to 2017 and identified five studies (95, 96,
98-100). The systematic literature review by Nunes et al. (2016) included 11 studies published prior to
2014 and the current analysis excluded CETQ (2000)(101) as no economic model was presented so
that seven studies (92-94, 102-105) supplement the current updated review. One study (106) was
taken from the systematic literature review from Health Quality Ontario via pearling. Five studies were
identified after the electronic search conducted on June 2017 (107-111). In total, 18 original studies

for the treatment of ESHF with LVADs met the inclusion criteria.
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Figure 3-1: PRISMA Flow Diagram for economic evaluation of VAD literature review
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Abbreviations: CEA, cost-effectiveness analysis; CUA, cost-utility analysis; SLR, systematic literature review.

Source: (112)

3.3.2 Search results (HTx not bridged)

The search results from the updated systematic literature review of economic evaluations of HTx in

adults are presented in Figure 3-2. The search included economic evaluations comparing HTx with

OMM. Of the 880 screened articles (title and abstract review), 32 were included for a full-text review
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after which 30 were excluded. Reasons for exclusion were: 1) not a full-text article, e.g. letter or
conference abstract (n=3); 2) not an economic evaluation, e.g. cost analysis (n=14); 3) economic
evaluation with appropriate intervention but inappropriate comparator, e.g. BTT vs HTx rather than
HTx vs OMM (wait list) (n=2); 4) economic evaluation with inappropriate intervention, e.g. no HT,

VAD in HTx ineligible (n=4); 5) systematic literature review (n=6), and; 6) paediatric population (n=1).

Figure 3-2: PRISMA Flow Diagram for economic evaluation of HTx literature review
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Source: (112)

An additional review (113) was identified via pearling; this article reviewed the economic evaluations
and costing studies of heart failure therapies including medical (e.g. beta-blocker therapy),

implantable cardioverter defibrillator, CRT, MCS (including VADs) (87, 92, 93, 102) and HTx (113). Four
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studies from Rohde et al. (2013) were excluded from the literature review as they were a cost analysis
(114), in paediatric population (115), a cost-benefit analysis (116) and review article (117). The analysis
of Ouwens et al. (2003)(116) was based on van Hout et al. (1993)(118), which was a Dutch economic

evaluation using heart transplant programme registry data.

3.3.3 Overview of included studies (LVADs)

The 18 economic evaluations of ESHF patients treated with LVADs are presented in Table 3-4. Overall,
10 studies considered LVAD when used as a BTT (92-95, 98, 100, 102, 108, 110, 111), 7 studies
considered LVAD when used as DT (99, 103-107, 109, 110) and one study (96) considered LVAD for
both BTT and DT and HTx compared to OMM. The pearling search from the systematic literature
review also identified an older economic evaluation by van Hout et al. (1993), which was referenced
by Ouwens et al. (2003)(116). The study by van Hout et al. (1993) evaluated the Dutch heart
transplantation programme vs no programme (118). Two studies (98, 108) claimed to have combined
BTT/DT population patients; for the purpose of the current review, as the model structures included

a HTx health state, the corresponding analyses were categorised as BTT.
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Table 3-4: Included economic evaluations - data extraction

Reference Indication Device Comparator Source of Source of  Source of  Economic model Health states ICER as reported Country Discounting
clinical utility costs and modelled
evidence patients (if
applicable)
BTT
Cleggetal. BTT HeartMate oMM Retrospective ~ SG utilities,  Hospitals/man ‘Decision analytic'  Alive, Dead. BTT vs. OMM £65,252 UK Cost 6%;
(2006)(87, LVAD, Jarvik cohorts Moskowitz ~ ufacturers.  Area under the (95% Cl: £34,194 to Benefit 1.5%
102) Heart 2000 and (Aaronson 2002; (1997)(103). curve analysis. 364,564) per QALYG.
MicroMed Massad 1996). Currency: Pounds
Debakey LVAD Aaronson 2004.Time horizon: 5 year.
follow-up to 60
months, no
extrapolation.
Sharples et BTT Heartmate VE, HTx Observational Primary data: Hospital Discrete-time, VAD; HTx; Death VAD vs. inotrope UK Cost 3.5%;
al. Thoratec (inotrope data of UK EuroQoL EQ- costing data. semi-Markov, dependent: inotrope Benefits 3.5%
(2006)(88, dependent  patients with 5D during multistate model. cheaper and greater
92) and VADs, IDMT on  support. Patients in UK survival (VAD is
hypothetical HT wait list and program from dominated); VAD vs. worst
worst-case  received HT. UK 2002-2004. case scenario £49,384
scenario).  Transplant (US$89,790) per QALYG.
registry post 12 Currency: Pound 2004.
months. Time horizon: lifetime (50
year).
Morenoet BTT HeartMate Il OMM Cohortstudy 7 Asin Asin Discrete-time, BTT: VAD, HTx, death. BTT vs. OMM: £258,922 UK Cost 3.5%;
al. years (Russo Sharples Sharples semi-Markov, OMM: OMM, HTx, death. (USD $414,275) per Benefit 3.5%
(2012)(93) 2009), UNOS (2006). (2006). multistate model, QALYG (6 month wait list),
registry data 100 hypothetical £178,829 (USD $286,126)
(Lietz 2007). patients (UNOS per QALYG (12 month wait
Uncontrolled trial 1A/1B), mean age list), £133,860 (USD
(Pagani 50 years. $214,176) per QALYG (18
2009)(119); month wait list). Currency:
(Moskowitz 1997) UK pounds, 2011. Time
Registry of horizon: 7 year.
transplant.
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Reference Indication Device Comparator Source of Source of  Source of  Economic model Health states ICER as reported Country Discounting
clinical utility costs and modelled
evidence patients (if
applicable)
Albaetal. BTT HeartMate II; HTx Systematic N/A Hospital Markov model, HF waiting; HTx; VAD; Death QALYs not estimated. Canada Cost 5%;
(2013)(94) HeartWare; review of cohort costing data.  simulated and secondary model High-risk: BTT vs. HT Benefit 0%.
DuraHeart. studies; large transplant cohort  incorporating 6 states for $84,964 per LYG. Medium-
registries (UNOS, (UNOS). post-HTx and post-VAD risk: BTT vs. HT $99,039
INTERMACS; UK complications (rejection, per LYG. Low-risk: BTT vs.
National cardiac allograft HT $119,574 per LYG.
Database) with vasculopathy, chronic renal ~ Currency: $Canadian
extrapolation. dysfunction, cancer, 2011. Time horizon: 20
infection). year.
Clarke etal. BTTand  HeartMate II; OMM British database Derived from Hospital Discrete-time, Alive (on LVAD or OMM); BTT vs. OMM £53,527 UK Cost 3.5%;
(2014)(95)- ATT. Jarvik Heart (British health states  costing(103)g semi-Markov, alive (after HTx); dead. (US$84,963) per QALYG. Benefit 3.5%
(52) 2000 Flow Cardiothoracic ~ based on data. multistate model, Currency: Pounds 2011.
Maker; MicroMed Transplant Audit NYHA UK NHS BTBD. Time horizon: lifetime (50
DeBakey VAD, Group) with classes.(120) year).
Berlin Heart extrapolation.
INCOR; Terumo
DuraHeart LVAD;
HeartWare
HVAD.
Pulikottil-  BTT HeartWare (HW) VAD British Health states Hospital Discrete-time, LVAD (HM Il or HW); HTx;  BTTHWvs.BTTHMII: UK Cost 3.5%;
Jacob et al. third generation. (HeartMate Cardiothoracic  based on costing data; semi-Markov, Dead. £23,530 per QALYG Benefit 3.5%
(2014)(100) llsecond  Transplant Audit NYHA. Sharples et multistate model. Currency: UK Pounds,
generation). Group. al. 2006. Individual patient 2012. Time horizon: 50
Extrapolation data. year.
post-LVAD (20
months and 34
months) and
post-HTx (7
years).
Longetal. BTT HeartMate Il and OMM and  INTERMACS Asin HeartMate Il Health state- OMM: Alive, death. LVAD BTT vs. HTx: BTT us Cost 3%;
(2014)(96) other. HTx Registry, (Kirklin - Sharples DT trial transition model.  DT: If perioperative survival - dominated by immediate Benefit 3%
2013) and ISHLT (2006) and  (Slaughter  Simulated cohort of Alive, stroke, bleed, driveline HTx; $226,300 per QALYG
(Stehlik 2012).  Rogers 2009); 20,000 patients. infection, pump failure, (5.6 months HT wait list)
Extrapolation for (2012); Post Nationwide death. and $191,400 per QALYG

post-VAD and
post-HTx.

(2001) SLR of Inpatient

utilities after
stroke.

Sample
(Mulloy 2013).

HTx: waitlist, if perioperative
survival (alive, organ
rejection, CAV, renal

(12 months wait list).
Currency $US Dollars,
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Reference Indication Device Comparator Source of Source of  Source of  Economic model Health states ICER as reported Country Discounting
clinical utility costs and modelled
evidence patients (if
applicable)
dysfunction, skin malignancy, 2012. Time horizon:
lymphoma, death). LVAD lifetime.
BTT: If perioperative survival
with LVAD health states from
LVAD, if Alive and
perioperative survival for
HTx, HTx health states.
Baras DT Cost for VAD OMM (non- INTERMACS,  LVAD Grady Medicare-  Decision LVAD: perioperative death or Low-risk patients - DT vs. US Costs 3%;
Shreibati et ambulatory/ implanted 2009- inotrope MedaMACS; (2014); Post  fee-for- Tree/Markov survival, if perioperative OMM $209,400 per Benefits 3%
al. BTT. 2010. dependent) ISHLT (Lund (2001); service of model, survival: HTx, alive (with or ~ QALYG and $597,400 per
(2017)(98) Effectiveness for 2015). Sanders VAD patients Medicare/INTERM  without major stroke) and LYG. High risk patients -
VAD 2016. Extrapolation (2005). (beforeand  ACS/MedaMACS  death. DT vs. OMM $171,000 per
beyond 3 years after registry, mean age  OMM: HTx, Alive (withor ~ QALYG and $167,400 per
(post-VAD). implantation). 61 years. without major stroke), LVAD  LYG. Currency: $US 2016.
and Death. Time horizon: lifetime.
Event model from alive (with
or without stroke) include all-
cause readmission, stroke,
pump replacement, HTx,
alive and death.
Tadmouri et BTT/DT HeartMate I, OMM (no  French hospital  Clarke 2014  PMSI Markov model LVAD: alive, HTx and Dead. LVAD (BTT +DT)vs.no  France  Costs 4%;
al. Thoratec; Jarvik LVAD) discharge and Sharples. PMSI, meanage No LVAD: alive and dead. ~ LVAD (OMM): ICER Benefits 4%
(2017)(108) Heart 2000 Flow database 2006. 57 years. €123,109 per QALYG
Maker and (PMSI). (deterministic). PSA ICER
HeartWare was €125 580 (€105 587-
HVAD. €150 314) per QALYG.
Currency Euro 2017. Time
horizon: Lifetime (20 year).
Silvestry et BTT HeartWare OMM BTT - ADVANCE As before. CMS and Markov model, Alive and Dead $69,768 per QALY gained. US Costs 3%;
al. HVAD and Continued Baras ADVANCE mean Currency $US 2017. Time Benefits 3%
(2020)(110) Access Protocol Shreibati age 53 years horizon: lifetime.
(Slaughter 2013 2017
Aaronson 2016).
OMM - SHFM
Mahretal. BTT HeartWare OMM LATERAL As before and CMS and Markov model, Alive and Dead $64,632 per QALY gained. US Costs 3%;
(2020)(111) HVAD nonrandomised ADVANCE  Baras LATERAL mean Currency $US 2018. Time Benefits 3%
Continued age 53 years horizon: lifetime
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Reference Indication Device Comparator Source of Source of  Source of  Economic model Health states ICER as reported Country Discounting
clinical utility costs and modelled
evidence patients (if
applicable)
trial (McGee Access Shreibati
2019) Protocol 2017
(Slaughter et
al. 2013,
Aaronson et
al. 2016)
DT
TEC DT HeartMate VE~ OMM US registry (Moskowitz ~ Hospitals and pseudo-Markov,  Alive, dead. VAD vs. OMM: $802,674  US Cost 3%;
(2004)(105) CDRH FDA, 1997) with literature (Oz REMATCH patients per QALYG. Currency: US Benefit 3%
2002; (Rose probability of 2003; Gelijns  with extrapolation. 2002. Time horizon: 3
2001(121)). NYHA l/lor  1997). No year.
lI/IV status  indirect costs.
from Thoratec
Registry.
Cleggetal. DT HeartMate OMM RCT (Rose 2001) Mapped Hospitals/man Pseudo-Markov,  Alive, Dead. DT vs OMM £170,616 UK Cost 6%;
(2007)(87, LVAD, Jarvik with extrapolation MLWFQto  ufacturers.  hypothetical cohort (95% CI: £136,597 to Benefit 1.5%
103) 2000; and from 10 months.  utilities. of 100 patients. 190,283) per QALYG.
MicroMed Currency: Pounds 2004.
Debakey LVADs. Time horizon: 5 year.
Rogerset DT HeartMate I OMM 2RCTsof DT  Health states Hospital; Markov model. Alive, Dead. DT vs. OMM: $US198,184 US Costs 3%;
al. (Slaughter 2009; based on Center for Patients from per QALYG. Currency: US Benefits 3%
(2012)(104) Rose 2001). NYHA. TEC  Medicaid and REMATCH and Dollars, 2009. Time
Extrapolation of 2004 (OMM) Medicare HMII DT Trial with horizon: 5 year.
post-VAD from  and Slaughter Services. extrapolation.
24 months to 60 2009 (LVAD).
months.
Neytetal. DT Pulsatile flow OMM 2RCTsof DT ~ Moskowitz ~ Hospital Markov model, Death; Hospitalisation; No DT vs.OMM ICER €94,100 Netherlan Cost 4%;
(2013)(91, from REMATCH (Rose 2002 and  (1997) costing data  hypothetical cohort event. per LYG. DT vs. OMM ds Benefit 1.5%
106) trial) and Slaughter 2009). and national  of 1,000 patients, €107,600 per QALYG.
HeartMate 1. Extrapolation of (Dutch) adjusted Dutch Life Currency: Euro 2011. Time
OMM and VAD databases.  table. horizon: lifetime.
survival.
Longetal. DT HeartMate lland OMM and  INTERMACS Asin HeartMate Il Health state- OMM: Alive, death. LVAD DT vs. OMM: $201,600 per US Cost 3%;
(2014)(96) other. HTx Registry, (Kirklin - Sharples DT trial transition model.  DT: If perioperative survival - QALYG; Currency $US Benefit 3%
2013) and ISHLT (2006)and  (Slaughter ~ Simulated cohort of Alive, stroke, bleed, driveline Dollars, 2012. Time
(Stehlik 2012).  Rogers 2009); 20,000 patients. horizon: lifetime.
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Reference Indication Device Comparator Source of Source of  Source of  Economic model Health states ICER as reported Country Discounting
clinical utility costs and modelled
evidence patients (if
applicable)
Extrapolation for (2012); Post Nationwide infection, pump failure,
post-VADand  (2001) SLR of Inpatient death.
post-HTx. utilities after  Sample HTx: waitlist, if perioperative
stroke. (Mulloy 2013). survival (alive, organ
rejection, CAV, renal
dysfunction, skin malignancy,
lymphoma, death). LVAD
BTT: If perioperative survival
with LVAD health states from
LVAD, if Alive and
perioperative survival for
HTx, HTx health states.
Takuraet DT DuraHeartand ~ Percutaneou 3 Hospitals in 3 Hospitals in  Hospital Markov model VAD, death, adverse events Implantable VAD vs. Japan  Costs 3%;
al. Evaheart s VAD Japan, Survival  Japan, EQ-5D costing data. Extracorporeal VAD Benefits 3%
(2016)(99) Nipro VAD  from $303,104 (12 months) and
literature(122, $102,712 per QALYG (36
123) months). Currency: $US
2016. Time horizon: 1
year.
Chewetal. DT Pulsatile flow OMM 2RCTs of DT INTERMACS Hospital Markov model, Alive, dead. DT-VAD vs. OMM Canada Cost 1.5%;
(2017)(107) from REMATCH (Rose 2002 and  (Kirklin 2011) costing data. simulated cohort of $230,692 per QALYG. Benefits 1.5%
trial; HeartMate Slaughter 2009). DT patients. Currency $Canadian 2015.
Il. HR from DT Time horizon: lifetime (2
applied to years).
PF-LVADs.
Magnetta et DT CF 2012-2014 OMM INTERMACS Gohler Literature for Markov model, DT: Death at implant, implant DT vs. OMM: $179,086 per US Cost 3%;
al Registry (Kirklin ~ (2009)(120)  VAD(125, hypothetical cohort survival, VAD replacement, QALYG. Currency: USD, Benefit 3%
(2018)(109) 2015(56)) and  and Uzark 126) and for other readmission, alive (no  2016. Time horizon: 5
RCT (Rose 2012.(124)  DMD(127) readmission), and death. years.
2001(121)) OMM: readmission, alive (no
readmission) and death.
Silvestry et DT HeartWare oMM DT - As before. CMS and Markov model, Alive and Dead $102,587 per QALY us Costs 3%;
al. HVAD ENDURANCE Shreibati ENDURANCE gained. Currency $US Benefits 3%
(2020)(110) Trial (Rogers 2017 Supplement mean 2017. Time horizon:
2017, Milano age 63 years lifetime.
2018) OMM -
SHFM
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Reference Indication Device Comparator Source of Source of  Source of  Economic model Health states ICER as reported Country Discounting
clinical utility costs and modelled
evidence patients (if
applicable)
HTx only
Van Hout et HTx N/A No Dutch HTx SGin Two Discrete-event ‘Treatment stage’. HTx vs. OMM: NLG 57,650 Netherlan Costs 5%;
al. programme  programme patients. hospitals, simulation, Programme (HTx): first (€26,160) per LYG and ds Benefits 5%.
(1993)(118) (1984-1988) and costing data  ‘Micro-simulation’.  screening, second/third 71,900 (€32,627) per
Eurotransplant. and national screening, waiting-list, post-  QALYG. Currency — Dutch
(Dutch) transplant. No programme  Guilder (Euro). Time
databases. (OMM): first screening, horizon: lifetime.
second/third screening,
waiting-list.
Longetal. HTx N/A oMM INTERMACS Asin Nationwide  Health state- OMM: Alive or death. HTx: ~ HTx vs. OMM: $96,900 per US Costs 3%;
(2014)(96) Registry, (Kirklin  Sharples inpatient transition model.  waitlist, perioperative survival QALYG (5.6 months wait Benefits 3%.
2013) and ISHLT (2006)and  sample Simulated cohort of (alive, organ rejection, CAV, list) and $97,300 per

(Stehlik 20120.  Rogers
Extrapolation for (2012).
post-HTX.

(Mulloy 2013) 20,000 patients.

renal dysfunction, skin
malignancy, lymphoma,
death.

QALYG (12 months wait
list). Currency $US Dollars,
2012. Time horizon:
lifetime.

Abbreviations: ATT, Alternative to transplant; BTDB, British NHS Blood and Transplant Database; BTT, Bridge To Transplant; CAV, cardiac allograft vasculopathy; CDRH, Center for Devices and Radiological Health
CMS, Centers for Medicare and Medicaid Services; DT, Destination Therapy; FDA, US Food and Drug Administration ; HR, hazard ratio; HTx, Heart Transplant; ICER, Incremental Cost-Effectiveness Ratio;
INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support ; ISHLT, International Society for Heart & Lung Transplantation; MLWHFQ, Minnesota Living With Heart Failure Questionnaire; N/A,
Not Applicable ; NLG, Dutch Guilder; NYHA, New York Heart Association; LY, life year; LYG, life year gained; LVAD, left ventricular assist device; OMM, Optimal Medical Management; PF, pulsatile-flow; PMSI,
Program for the Medicalisation of Information Systems; PSA, probabilistic sensitivity analysis; QALY, Quality Adjusted Life Year; QALYG, quality-adjusted life year gained; RCT, randomised controlled trial; SG,
standard gamble; SHFM, Seattle Heart Failure Model; UK, United Kingdom; UNOS, United Network of Organ Sharing ; US, United States; VAD, Ventricular Assist Device.
Note: First generation devices: Thoratec HeartMate VE; Novacor HeartMate LVAD. Second generation devices: Thoratec HeartMate II, Jarvik Heart 2000 Flow Maker, MicroMed DeBakey VAD. Third generation
devices: HeartWare HVAD, Berlin Heart INCOR, Terumo DuraHeart LVAD.

XE Currency Converter from Dutch Guilder to Euro: 0.453780 (accessed 9 October 2018)
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3.3.3.1 Model type, structure and nomenclature

The nomenclature used to describe the model types varied across the studies. The systematic
literature review by Nunes et al. (2014), described the 10 included studies in the current review as
‘Pseudo-Markov’.(90) A few studies (93, 95, 100) described a Markov state-transition model as
‘discrete-time, semi-Markov model’. For the purpose of the current review the nomenclature as
reported in the individual papers is used. Most studies (15/18) presented a cohort state-transition
model or Markov model® Conversely, the BTT study by Clegg et al. (2006) presented a partitioned
survival model and estimated survival via area under the curve analysis.(102) A discrete event

simulation was used in the comparison of VADs to no VADs in van Hout et al. (1993)(118).

Five of the studies that considered LVAD as a BTT (92, 100, 95, 93, 108) utilised a similar 3-health state
model structure (Figure 3-3). All patients started in the ‘LVAD’ health state and either transitioned to
the ‘Heart Transplant’ health state, remained alive with a LVAD or died. From the ‘Heart Transplant’
health state patients either remained alive or died. There were two BTT models that included
additional health states to account for patients waiting for a HTx (94, 96) and corresponding

complications for HTx and VAD (94, 98).

Figure 3-3: Typical BTT model structure: Sharples et al. (2006)

Heart Transplant

Abbreviations: VAD, ventricular assist device.

Notes: Semi-Markov discrete-time multistate model: P11(t), probability of a VAD patient surviving t months after VAD
implant; P12(t), probability a VAD patient receives a HTx t months after VAD implant; P13(t), probability of a VAD patient
dying t months after VAD implant, before HTx; P22(t*), probability of a transplant recipient surviving t* months after HTx;
P23(t*), probability of a transplant recipient dying t* months HTx.

Source: adapted from(92)

13 Here, the term ‘Markov model’ includes semi-Markov models using time-dependent transition probabilities.
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Of the seven studies that considered LVAD for DT, five models comprised two health states of
‘alive/survival post-VAD’ and ‘death’ (103-105, 107, 110) (Figure 3-4). The remaining three studies
included an additional ‘hospitalisation/adverse event’ health state (106, 107, 109) and in addition,

Magnetta et al. (2018)(109) included the health states ‘death at implant’ and ‘VAD replacement’.

Figure 3-4: Typical DT model structure: Rogers et al. (2012) (104) and Neyt et al. (2013)
£ )

Alive/VAD Adverse event

Dead

1-P

One study compared a number of different indications using separate model structures (96) (Table
3-5). Similar to Alba et al. (2014)(94), the authors included a HTx waitlist health state, the difference
being with or without bridging due to the HTx only strategy. The same model structure of two health
states ‘Alive’ and ‘Dead’ with five additional stroke related health states for severity via modified
Rankin Scale was used by Silvestry et al. (2020)(110) and Mahr et al. (2020)(111); notably, heart

transplants were not a distinct health state in the BTT indications for either model.

Table 3-5: Markov models with adverse event and waiting list health states
Long Magnett Silvestry Long Long Alba  Baras Mahr

2014  a2018 2020 2014 2014 2013  Shreibati 2020
2016
Health states DT DT DT and HTx BTT BTT BTT BTT
BTT
Number 6 4 7 8 12 9 7 7
Alive/Perioperative survival v v v v v v v v
Dead/Perioperative death v v v v v v v v
Wait-list v v v
HTx v
All-cause/other readmission v v
Stroke v v (mRS v v' (major v (MRS
0-1t05) and minor)  0-1to 5)
Gl bleed v v
Driveline infection v v v
Pump failure/replacement v v v v
Organ rejection v v v
Cardiac allograft v v v
vasculopathy
Renal dysfunction v v v
Skin malignancy v v
Lymphoma/cancer v v v

Abbreviations: HTx, heart transplant, Gl, gastrointestinal, mRS; modified Rankin Scale.
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The study by van Hout et al. (1993) describes a modelling approach that used an unspecified ‘micro-
simulation programme’. The model included ‘the interactions between the number of patients on the
waiting list, survival probabilities, the number of donor organs and matching-criteria between donors
and recipients’.(118) In their methods, the authors referenced a paper by Davies and Davies
(1987)(128), which was explicitly described as a ‘discrete-event simulation’ conducted to plan services
in kidney transplantation in Europe. Van Hout et al. (1993) do not present a figure of the model
structure, and do not use the term health states but instead refer to ‘treatment stage’. Therefore,

although described as a microsimulation, it is likely the authors conducted a discrete event simulation.

The study by van Hout et al. (1993) included 346 patients referred to 2 centres between 1984 and
1988 and modelled survival of patients who did not receive transplantation (those on the waiting list)
using pre-transplant patient data.(118) The study developed a simulation model using the annual
number of patients referred to the transplant centres; pre-transplant duration distributions; the
annual number of donor hearts; post-transplant survival; and costs. Survival and costs per patient per
treatment stage were extrapolated by the non-parametric sum-limit method. Transplant-related and
non-transplant-related costs were estimated for patients in the first screening (for heart transplant

eligibility) or second or third screening. This reflects patient severity in the life-cycle of heart failure.

3.3.3.2 Comparator

The comparator to LVADs was usually HTx or OMM. Two studies (99, 100) compared the cost-
effectiveness of LVADs to another LVADs. Most studies explored one indication for LVADs, that is,
either BTT or DT. However, Long et al. (2014)(96) compared the cost-effectiveness of BTT and DT in a
single model, with an additional comparison of HTx compared to OMM. Baras Shreibati et al.
(2017)(98) evaluated the cost-effectiveness of VAD in DT within ambulatory patients who could
potentially receive a HTx; therefore, the definition of DT is more in line with alternatives to transplant.
Finally, Silvestry et al. (2020)(110) assumed the comparator was OMM in the separate analyses for

BTT and DT indications, with the former allowing transplants to occur to patients.

The definition of OMM differed between studies. In Sharples et al. (2006)(92), OMM referred to
patients with severe disease who are dependent on inotrope therapy and are hospital-bound.
Conversely, in Baras Shreibati et al. (2017)(110) the comparator was non-inotrope dependent
patients. Naturally, OMM would differ in DT studies compared to BTT studies as the former group is
ineligible for a HTx. In Tadmouri et al. (2017) the comparator group ‘was the same patients assuming
that they will not receive an LVAD (no LVAD group), but only medical management and die probably
in the 3 months’.(108) Consequently, medical management differed in resource use and expected

survival amongst the studies.
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3.3.3.3 Time horizon

Most studies used a lifetime horizon. Guidelines for state-transition modelling noted that common
approaches for applying a lifetime horizon included modelling to 120 years or until 99.9% of the
individuals are dead so that the time horizon ‘should be sufficiently large to capture all health effects
and costs relevant to the decision problem’.(129) The use of a lifetime horizon is therefore based on
available data and extrapolation may be required. Seven of the included studies explicitly noted the
use of a ‘lifetime’ horizon and adhered to best practice. The years in a lifetime horizon differed, e.g 20
years in Tadmouri et al. (2017)(108) and 50 years in Clarke et al. (95), with the former assuming

patients aged 66-68 years and the latter assuming patients aged 42 years.

3.3.3.4 Evidence base for survival estimates

There are three RCTs for VADs as DT. These are the REMATCH trial (121), HeartMate Il Destination
Therapy Trial (130) and MOMENTUM trial (included BTT patients) (54). Recently the ENDURANCE trial
(131) enrolled HTx eligible patients but compared VADs to VADs, rather than HTx or OMM, and was
relied on in the recent DT analysis.(110) The REMATCH (121) and HeartMate Il (130) were used to
inform survival on VAD in the DT economic evaluations (103, 104, 106, 107). RCTs are generally
preferred to observational studies due to improved internal validity of efficacy conclusions. The BTT
CEAs rely on non-RCT sources for effectiveness estimates, including retrospective cohort studies and
national registries (Table 3-6). Two studies (95, 100) relied on the British Cardiothoracic Transplant
Audit Group Registry (BTDB).* Three of the BTT studies (94, 96, 98) and two DT studies (107, 109)
relied on Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)?®® survival

data for LVADs. The earlier studies (102, 92, 93) relied on retrospective cohorts.

14 The United Kingdom (UK) National Health Service Cardiothoracic Transplant Audit began on 1 July, with MCS
data collected from 2002 and from 1 April 2009 to 31 March 2019 including 1,372 patients.

15 The Interagency Registry for Mechanically Assisted Circulatory Support is a database established in 2005 in
North America and as of May 2020 had 25,087 patients enrolled (https://www.uab.edu/medicine/intermacs/).
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Table 3-6: Type of data sources for clinical evidence

Study VAD HTx OMM
BTT
Clegg 2006 Retrospective cohort Aaronson et al. (2002)(132) (VAD n=66, OMM n=38, HTx subset of VAD/OMM)
Sharples 2006 Retrospective cohort UK (n=70) | N/A

Uncontrolled trial Pagani et al. Retrospective cohort Russo et al. (2009)(133) (n=10,668)
Moreno 2012 (2009)(119) (n=281)

Registry INTERMACS(134) (n=1,221) | Registry ISHLT(135) N/A
Alba 2013 (n=22,477)
Clarke 2014 Registry BTDB (VAD n=235, OMM n=307, HTx subset of VAD/OMM)

Registry INTERMACS(134, 136) Registry ISHLT(137) N/A
Long 2014 (n=6885) (n=24,021), 2003- 2010
Pulikottil-Jacob  Registry BTDB (n=207 CF VAD, HW=82, HM 11=125) N/A
2014
Baras Shreibati  Registry INTERMACS(56, 138) Registry ISHLT(139) Registry MedaMACs(140)
2016' (n>2,000) (n=nr) (n=144)

Registry PMSI (n=508) RCT REMATCH(121)
Tadmouri 2017° (OMM=61)

Uncontrolled trial ADVANCE + CAP Registry UNOS(143) Survival calculator SHFM
Silvestry 2020 (n=382)(141, 142) (n=nr) (n=1,125+9,942)(144)

Uncontrolled trial LATERAL Registry ISHLT(146) Survival calculator SHFM

Mahr 2020 (n=144)(145) (n=1,125+9,942)(144)
DT
RCT REMATCH(121) (n=129, N/A RCT REMATCH (n=129,
TEC 2004 VAD=68; OMM=61) VAD=68; OMM=61)
Clegg 2007 As in TEC 2004 N/A As in TEC 2004
RCT REMATCH(147) (n=129, N/A RCT REMATCH, indirect
VAD=68; OMM=61) comparison REMATCH(121)
RCT HeartMate Il (n=200, and HeartMate 11(130), PF-VAD
Rogers 2012 CF-VAD=134, PF-VAD=66) common reference arm
Neyt 2013 As in Rogers et al. (2012) N/A As in Rogers et al. (2012)
As in Long 2014 BTT, however .
assumed 5% lower survival at 1 year '?; 1|)n Rogers etal. (2012)(104,
Long 2014 for DT patients. N/A
Japan Hospital contributing to J- N/A N/A
MACS from Nov 2010 to Oct 2012
(n=37, 30 CF and 7 percutaneous
Takura 2016 VAD)
Chew 2017 RCT as in Rogers et al. (2012) N/A RCT as in Rogers et al. (2012)
INTERMACS CF-VAD in DT N/A RCT REMATCH (OMM=61)
Magnetta 2018 (n=3,243){Kirklin, 2015 #30}
RCT ENDURANCE N/A Survival calculator SHFM

Silvestry 2020 (131)Supplemental(148) (n=465) (n=1,125+0,942)(144)

+LVAD population not split by BTT or DT, use same data for both.

Abbreviations: BTDB, British NHS Blood and Transplant Database; BTT, Bridge To Transplant; CAP, continued access program; CF,
continuous-flow; DT, Destination Therapy; HTx, Heart Transplant; INTERMACS, Interagency Registry for Mechanically Assisted Circulatory
Support ; ISHLT, International Society for Heart & Lung Transplantation; MedaMACS; Medical Arm of Mechanically Assisted Circulatory
Support; N/A, Not Applicable; OMM, Optimal Medical Management; PF, pulsatile-flow; PMSI, Program for the Medicalisation of Information
Systems; RCT, randomised controlled trial; VAD, Ventricular Assist Device.

In ESHF, the highly regimented treatment modalities MCS and HTx are provided in the hospital setting.
This results in useful registry data available such as INTERMACSs and national hospital databases, e.g.
the British database (British Cardiothoracic Transplant Audit Group) or French Programme de
Médicalisation des Systemes d'Information (PMSI). The advantages of using registry data over RCT

data include real-world applicability, larger cohort size and longer follow-up. Another benefit of the
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registry data, such as the US United Network for Organ Sharing (UNOS), was the ability to draw out

waiting list mortality and transplant probability, as done by Alba et al. (2013)(94).

One of the challenges of using registry data was highlighted in Tadmouri et al. (2017)(108), who
struggled to obtain the intent strategy of LVAD implants (BTT vs DT) from the PMSI registry in France
and instead included all LVAD recipients in the analysis. This is significant as many studies that estimate
the cost-effectiveness of LVADs focus on either BTT or DT models separately. Similarly, Baras Shreibati
et al. (2016) combined populations of BTT and DT for LVADs rather than have them as separate arms
of the economic evaluation as done in Long et al. (2014)(96). Given the prognostic differences
between those eligible for a HTx and those who are not, combining these patients into the same

analysis may over- or under-estimate the health outcomes and costs for patients.

3.3.3.5 Extrapolation of survival

Beyond the follow-up study period in the registries or trials, the authors extrapolated the mortality
rates to project future survival post-HTx, post-VAD or OMM. The Markov models used time-
dependent transition probabilities obtained via Kaplan-Meier (KM) survival curves. For BTT studies the
issue of cross-over for patients who receive a LVAD but then receive a HTx was not explicitly addressed
in any model. Once a patient received a transplant (regardless of bridging), their transition
probabilities were taken from a post-HTx Kaplan Meier curve. Therefore, it is assumed that patients
have the same rate of survival once transplanted regardless of whether they were bridged with a LVAD

or not.(94, 100).

The follow-up period of LVAD survival and the period of extrapolation to the time horizon was
presented in Figure 3-5 and Figure 3-6. Three studies did not explicitly report the time horizon in years.
The extrapolation methods applied were an exponential distribution (93, 94, 96, 100, 104, 109),
Weibull distribution (110, 111), constant hazard (92, 95, 98, 103) or linear interpolation (105, 106).
The longer time horizons were associated with the BTT indications, as patients could potentially

receive a HTx and hence expected survival was longer.
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Figure 3-5: Extrapolation of LVAD and post-HTx survival for BTT analyses

Mahr 2020 BTT

Silvestry 2020 BTT
Tadmouri 2017 BTT/DT
Baras Shreibati 2016 BTT/DT
Pulikottil-Jacob 2014 BTT
Long 2014 BTT

Clarke 2014 BTT

Alba 2013 BTT

Moreno 2012 BTT

Sharples 2006 BTT

Clegg 2006 BTT

Extrapolation of LVAD and HTx survival for BTT analyses

m Time horizon

m post-HTx survival data available (years)

VAD survival data available (years)

Time horizon (year)

Abbreviations: BTT, Bridge To Transplant; DT, Destination Therapy; VAD, Ventricular Assist Device.

Note: Silvestry et al. (2020), Long et al. (2014) Baras Shreibati et al. (2016) and Mahr et al. (2020) reported lifetime horizons.

Figure 3-6: Extrapolation of LVAD survival for DT analyses

Extrapolation of LVAD survival for DT analyses

M Time horizon

Time horizon (year)

VAD survival data available (years)

Abbreviations: BTT, Bridge To Transplant; DT, Destination Therapy; VAD, Ventricular Assist Device.

Note: Silvestry et al. (2020), Long et al. (2014) and Neyt et al. (2013) reported lifetime horizons.
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3.3.4 Cost-effectiveness results

The ICERs of the included studies demonstrated that VADs were not cost-effective at $50,000 per
QALY gained?® (Figure 3-7). The reported base case ICERs from included studies were inflated and
converted (if applicable) to Australian dollars ($2018) and were plotted against the reported year of
currency. The general trend of the included studies were high ICERs (98, 107-109), but two recent
studies (110, 111) reported BTT ICERs below US$100,000 per QALY gained. In one instance, Sharples
et al. (2006) reported a base case ICER that was dominated (VAD vs inotrope medical management) —
that is, the use of VADs was more costly and less effective than the alternative. There were two VAD
vs VAD comparisons, second and third generation VADs in BTT with ICER of AUDS58,162 (£23,530 per
QALY gained in 2012)(100) and implantable CF vs extracorporeal in DT with an ICER of AUD$461,203
(US $303,104 per QALY gained in 2016). Tadmouri et al. (2017) presented an ICER of LVAD (BTT+DT)
vs. OMM of €123,109 [SAUD 255,062] per QALY gained (108) and conclude that ‘[t]he ICER exceeds
the minimal WTP threshold adopted in France (€50 000/QALY), but is significantly lower than that
adopted for some rare conditions or oncology drugs (€300 000/QALY)’.(108)

Figure 3-7: Plot of ICER by currency year reported for all included studies — LVAD
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Note: Reported base case ICERs from included studies inflated and converted (if applicable) to Australian Dollars ($2018). Sharples et al.
(2006) reported a base case ICER that was dominated (VADs vs. inotrope dependent patients). Long et al. (2014) and Silvestry et al. (2020)
reported two indications of VADs (BTT and DT) separately. Alba et al. (2013) presented cost per life year gained ($111,600 per LY gained).

16 No explicit threshold exists in Australia, but $50,000 per QALY gained may be considered an unofficial
threshold for the purpose of this thesis.
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For the HTx ICERs, van Hout et al. (1993) reported costs (in Dutch guilders which have been converted
to Euros) of €26,160 (AUS 55,176) and €32,627 (AUS 68,816) per LY gained and per QALY gained
respectively.(118) This was based on an average waiting time of 141 days (0.4 years) and mean survival
after 1 year post-transplant was 10.98 years. In Long et al. (2014), HTx vs OMM was $96,900
(AUS166,705) per QALY gained for 5.6 months on the waiting list. Therefore, the HTx non bridged vs

OMM scenarios generally produced lower ICERs than the LVAD comparisons.

3.3.4.1 Wait time for HTx and impact on ICER

For the BTT models, some studies attempted to address the issue of the HTx wait list with a health
state. Long et al. 2014 estimated the median wait list time of 5.6 months from the US Scientific Registry
of Transplant Recipients (SRTR) as the base case.(96) Alternative scenarios were ‘immediate’ HTx and
‘wait-list 12 months’. The model included a waitlist health state in the HTx strategy; patients remained
in the waitlist health state for the required time and then moved to a ‘perioperative survival’ or
‘perioperative death’ health state. An assumption of a constant hazard rate was applied so that 77%
of these patients received a heart within one year. The base case ICER was $96,900 per QALY gained
(SUSD 2012) with a wait time for HTx of 5.6 months and the ICER reduced when wait time for HTx

increased to 12 months.

Alba et al. (2013) also explicitly incorporated a health state for the wait list: ‘VAD’, ‘HF waiting’, ‘HTx’
or ‘Death’.(94) Their model applied a lower probability of transitioning to the health state ‘HTx’ from
‘HF waiting’ as time passed, i.e. between 0 to 3 months the transition probability from ‘HF waiting’ to
‘HTx’ was 0.56 and from 1 year onwards a reduced annual probability of 0.06 was applied.(94) This
assumption takes into account a reduced probability of HTx the longer a patient waits. One of the
reasons why the waiting time for a HTx may differ is blood type. In blood groups A or O, primarily in
high-risk patients, BTT-VAD represents a more cost-effective therapy. However, in blood group AB or

B patients (with waiting time median 2.5 months) BTT-VAD was less cost-effective.(94)

Moreno et al. (2012) utilised scenario analyses and incorporated different wait times referred to as
‘bridging intervals’ with 6 months (base case), 12 months and 18 months.(93) The longer the wait time
for a HTx (18 months vs. 6 months), the more cost-effective the BTT strategy. Another method to
reflect changes in capacity was reducing the monthly transplant rates, to reflect increase in referrals
to the HTx wait list.(88) Sharples et al. (2006) reduced transplant probabilities in inotrope-dependent
(OMM) patients from 58% to 30% in month 1 and from 15% to 10% in month 2.(92) The resulting
median ICER was at £145,900 (Currency Year 2004) per QALY gained for VAD compared to
inotrope-dependent patients. This contrasts with the base case of VAD compared to inotrope-

dependent where VAD was dominated. In fact, of the six different sensitivity analyses reported, the
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reduction in transplant rate was the only assumption that returned a positive ICER, i.e. in all other

analyses VAD was dominated by the inotrope-dependent comparator.

The health states in Long et al. (2014) for the HTx only to OMM comparison included a ‘waitlist’ health
state, and the longer the wait time for a HTx the worse the survival, with ICERs increasing compared
to patients on OMM. In the comparison of HTx vsOMM, when the wait time for a HTx increased from
5.6 months to 12 months, QALYs reduced from 4.70 to 3.41 (8.48 to 6.18 LY). If a patient received a
HTx immediately, i.e. no wait time, then that patient had 7.67 QALYs (13.76 LY) over the lifetime
horizon. This is similar to the median survival of 14 years in HTx recipients aged 50-59 years in
Australia.(149) Conversely, van Hout et al. (1993) calculated that 55% of all referred patients were
placed on the waiting list, and that of these patients 52% (29% of the referred population) were
transplanted. The average waiting time was estimated at 151 days and average survival on the waiting
list was 141 days. The model takes into account the annual number of patients referred to the
transplant centres; pre-transplant duration distributions; and the annual number of donor hearts,

which influences the wait time.

3.4 Discussion

The updated review of the literature reporting CEA of LVAD or unbridged HTx focussed on the
modelling approaches employed in the CEAs which concluded that cohort-state transition models
were most commonly used and in one DES model of heart organ transplantation.(118) Recently,
another systematic literature review included 12 LVAD papers published between 2006 and 2017; it
identified the same papers with the exception of four papers published prior to (102, 103, 105, 109)
or since (89) the search.The systematic literature review by Schmier et al. (2019) identified that the
ICERs in the included studies for the seven BTT and five DT VADs were similar and not cost-
effective.(89) It should be noted that the purpose of the current review was to examine the differences

in modelling approaches.

In terms of the use of LVADs as BTT, there were nine studies identified in the current review (92-96,
98, 100, 102, 108, 110, 111) and these highlighted that LVADs continue to be a costly treatment for
patients awaiting a donor heart or ineligible for a HTx. The publications reviewed by Seco et al. (2017)
reported ICER values (in USD, currency year as reported in papers) between $84,963 to $414,275 per
QALY gained.(82) The authors had determined that an ICER value below $100,000 per QALY gained
was considered ‘cost-effective’ and considered that two studies presented ICERs below this
threshold.(95, 150) Similarly, two recent BTT analyses reported ICERs below US$100,000 per QALY
gained.(110, 111)

Due to the high ICERS produced, a common theme discussed in the studies was the threshold for cost-

effectiveness. The concept of a WTP threshold has been, and continues to be, an area of much debate.
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It has been suggested that thresholds for ICERs are in the range of $25,000 to $100,000 per QALY
gained (USD) depending on the country.(151) In Australia, recent estimates suggest an ICER threshold
of $28,033 (range $20,758-537,667 per QALY gained).(18) A limitation of the review relates to the
analysis of the cost-effectiveness results in light of the thresholds used in different jurisdictions. In
addition, comparisons of cost-effectiveness in economic evaluations across jurisdictions is challenging
due to differences in health systems and type of care provided. Similarly, there are differences in the

costs of medical services, medical devices and pharmaceuticals across jurisdictions.

Another area of interest was the available data to inform the survival of patients. The broader
challenges in the assessment of cost-effectiveness of implantable medical devices such as LVADs have
been noted in the literature.(152, 153) There are no RCTs of BTT compared to non-bridged HTx due to
ethical considerations.(154) In clinical practice, the patients who receive non-bridged HTx compared
to those who receive a LVAD, may not have comparable disease severity. This has implications for the
availability of comparative effectiveness estimates between patients bridged with a LVAD and
unbridged HTx. Consequently, there is the potential for bias in registry data due to patient selection.
As there are no RCTs in HTx vs OMM, registry data for survival estimates are relied on, specifically
ISHLT for HTx and UNOS for OMM.(96) However, given the regimented nature of ESHF care in

hospitals, registry data can provide a rich source of information regarding costs and outcomes.

Donated hearts are from deceased persons who have previously provided consent (confirmed by next
of kin) and are therefore limited in supply. Availability of donor hearts is also constrained by the
matching process between the donor and the recipient. In practice, this shortage of donor hearts
translates into waiting time for a HTx once a patient is added to the waiting list. In the current review
of the 11 BTT analyses, eight did not include a ‘waiting list’ health state or address waiting time in a
scenario analysis. It is apparent that many existing BTT economic evaluations do not account for this

in their structure, representing a limitation of the literature.

Adjustment of the waiting list period was demonstrated to be an important factor in three studies (96,
93, 94). Two studies (96, 94) explicitly included a ‘waiting list’ health state, and increasing the waiting
time for HTx once a VAD was implanted (BTT) improved the cost-effectiveness ratio compared to HTx
alone. This was illustrated by Long et al. (2014), where in the comparison of BTT vs HTX, a longer wait
time from 5.6 months to 12 months for HTx improved the ICER for the BTT strategy by 15%.(96)
Therefore, economic evaluations should take into account the wait time for a HTx and the quality of

life impact and mortality risks incurred.

When a patient is considered for a HTx, the process may require multiple assessments for eligibility
for the waiting list. This is known as screening. Waiting list processes were modelled by van Hout et

al. (1993)(118); patients were referred to the centre and this was either an initial screening with a
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decision to add onto the ‘waiting list’, ‘temporarily not indicated for HTx’, ‘definitely not indicated for
HTx’ and ‘death’. The study was able to address these interactions by utilising discrete event
simulation, which used real data on the time a patient was screened for implant and noted if this was
the first or subsequent screening. The number or patients and their time on the waiting list, the
number of donor organs, the matching-criteria between donor and recipients and survival after

implant were incorporated into the model.

End-of-life treatments are usually associated with higher cost-effectiveness thresholds. This is because
newer treatments are generally expensive and for patients who are in need of life-saving treatment,
the relative improvement can be quite small. Decision-makers tend to accept higher ICERs and
implicitly use a higher threshold for life-saving therapies. It can be argued that LVADs are an ‘end-of-
life treatment’ and that ICERs should be evaluated in this light.(75) This is similar to renal replacement

therapy with dialysis, where kidney transplant is the only alternative.(155)

A strength of the current review is that it included VADs as both BTT and DT as well as unbridged HTx.
The focus of the review and analysis was on the model structure and data sources used. No economic
evaluations have been conducted from the Australian perspective. This is significant as the usefulness
of a HTA is often dependent on its applicability to the local jurisdiction. An Australian decision-maker
would be interested in an HTA set in Australia as the population, clinical practice and costs vary

between Australia and other countries.

3.5 Conclusion

It is apparent that the use of VADs in ESHF patients will continue despite high ICERs. Therefore, it may
be more appropriate to focus on how to better utilise VADs in clinical practice. There is a need to
compare a range of treatment strategies (96) given these treatment modalities are not provided in
silos. Given that organ transplants are considered the gold standard, it is unlikely that new economic
evaluations will be conducted comparing transplantation to a ‘do nothing’ strategy. The current
review illustrated the importance of taking into account wait times for HTx in a BTT comparison. This
was only addressed in a handful of studies and is a major limitation of the current literature, as the

longer the wait time for a HTx, the more cost-effective the BTT strategy.

Economic evaluations of HTx could consider the use of discrete event simulation as conducted in van
Hout et al. (1993)(118) and consider patients dying while waiting for a HTx, potential wastage of a
donor heart if no match is found, and average wait time for a HTx. This can be used to inform policy
planning; for instance, van Hout et al. (1993) concluded that 2 transplant centres were required in The
Netherlands and that the number of transplants would stabilise at 80 hearts.(118) There have been

no studies that considered the HTx waiting list in the current Australian context. Consequently, an
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evaluation of the potential impact of changes with respect to the availability of ESHF treatment

modalities and when to provide these treatments in Australia is needed.
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4 CHAPTER 4: ASSESSMENT OF PATIENT DATA OF END-STAGE HEART
FAILURE TREATMENTS

4.1 Introduction
This chapter summarises the available data from the literature including published RCT and registry

data and Australian individual patient registry data for heart transplants (HTx) or left ventricular assist
devices (LVADs) to inform the economic evaluations in Chapters 5 and 6. Information was collated on
the costs, quality-of-life impacts and time-to-event such as death and transplant. A key component of
this chapter is the review and analysis of individual-level patient data from St Vincent’s Hospital

Sydney (SVHS), the largest transplant centre in Australia.

RCTs underpin the strongest level of evidence of the efficacy of interventions because the design is
intended to eliminate bias.(156) The National Health and Medical Research Council (NHMRC) in
Australia determined the highest level of evidence was RCTs, followed by evidence obtained from
comparative studies with concurrent controls (cohort studies), e.g. case-control studies; then
evidence obtained from comparative studies with historical control (e.g. two or more single-arm
studies); and, finally, evidence obtained from case series.(156) The study design will influence the

internal and external validity?’ of the data.(156, 157)

4.2 Methods
The following section described the methods of two types of data analysis 1) the extraction of

published RCT and registry data; and 2) analysis of SVHS individual patient data, see Figure 4-1.

17 Internal validity refers to the extent to which the results of a study are likely to approximate to the 'truth'. It

is a prerequisite for external validity. External validity also known as applicability or generalisability refers to the

degree to which the effects observed in a study are applicable outside of the study in routine clinical practice.
89



Figure 4-1: Summary of data source for data extraction and analysis

Published registry data

RCT ISHLT
2009-2015 INTERMACS
MOMENTUM M= 2006-2016
2018 LE n=22,866
n=366 n=? TTE
NYHA ANZCOTR
1984-2018
n=2,974 IMACS
NYHA, TTE 2013-2017/18
T . n=14,062
SVHS individual patient data —
CardioPulmonary
Registry Mechanical el
Circulatory Support 2009-2012
2016-2017 ;-7 n=25
1994-2017 n=100
n=236
n=204 Costs, TTE, NYHA
TTE
TTE

Abbreviations: NYHA, New York Heart Association; RCT, randomised controlled trial; SVHS, St Vincents Hospital Sydney; TTE, time-to-
event.

4.2.1 Part A: Data extraction of published sources: RCTs and registry data

4.2.1.1 Review of published clinical evidence

A review of the literature conducted as part of this thesis identified a number of RCTs and
observational registry datasets that can be used to evaluate the effectiveness of LVADs and HTx in
patients. Details of the search strategy are presented in the Appendices (section 8.5.1). The search
identified no RCTs comparing outcomes of patients receiving a LVAD as a bridge to HTx versus HTx
only. If a patient is implanted with a LVAD while on the HTx waiting list, this is known as a bridge to
transplant (BTT). If a patient receives a LVAD before being added to the HTx waiting list, this is known
as bridge to candidacy (BTC). If there is no intention to transplant, this is known as destination therapy

(DT).

There were four RCTs (REMATCH (121), HeartMate Il DT (130), ENDURANCE DT (131) and
MOMENTUM 3 (54)) of LVADs compared to OMM or an alternative LVAD (Table 4-1). Three RCTs (130,
121, 131) were in HTx ineligible populations and were not included. The MOMENTUM 3 trial enrolled
HTx eligible patients (40%, 149/366) and was included for data extraction.¥(54)

18 The MOMENTUM 3 trial compared two HeartMate LVADs, these LVADs are not used at St Vincent’s Hospital
Sydney; rather, HeartWare devices are used. Therefore, an indirect comparison between ENDURANCE and
MOMENTUM 3 trial used HeartMate Il as the common comparator was relied on to compare HeartWare and
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Table 4-1: Description of randomised controlled trials in LVADs

Trial REMATCH(30) HeartMate Il DT(12") ENDURANCE("3) MOMENTUM 3(54. 158, 159)

Trial ID NCT00000607 NCT00121485 NCT01166347 NCT02224755

Year 2001 2009 2017 2018

Int PF HeartMate Il CF HeartWare CF HeartMate 3 CF

Comp OMM HeartMate XVE PF HeartMate Il CF HeartMate Il CF

N (Total; Int: Comp) 129;68:61  200; 134 : 66 445; 297 : 148 366; 190 : 176

Age, year, (Int: Comp) 66 : 68 62:63 64 : 66 61:959

Males (%) (Int: Comp) 78 : 82 81:92 76 : 82 79 : 81

NYHA v B or IV B or IV B or IV

Indication DT DT DT BTT (n=91), BTC (n=58), DT (n=217)

Trial type Superiority Superiority Non-inferiority Non-inferiority

Primary outcome (ITT) Death Survival at 2 years free from disabling stroke or reoperation to repair or replace
the device

Abbreviations: BTC, Bridge To Candidacy; BTT, Bridge To Transplant; CF, continuous flow; Comp, comparator; DT, Destination Therapy;
Int, intervention; ITT, intention-to-treat; NYHA, New York Heart Association; OMM, Optimal Medical Management; PF, pulsatile-flow.

The included observational studies for the outcomes of LVADs and HTx are presented in Table 4-2
(study descriptions are provided in the Appendices, sections 8.5.2, 8.5.3, 8.5.4 and 8.5.5). Briefly, the
Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) enrolled patients
with MCS from the USA since 2006. The International Society for Heart and Lung Transplantation
(ISHLT) Mechanically Assisted Circulatory Support (IMACS) Registry includes hospitals outside the USA
that have a mechanical circulatory support device program since 2013. The Australia and New Zealand
Cardiothoracic Organ Transplant Registry (ANZCOTR) is a registry of Australian and New Zealand
patients with heart and/or lung transplant data collected since February 1984. The International
Society for Heart and Lung Transplantation (ISHLT) reports heart and lung transplants from around the

world since 2009.

Table 4-2: Included studies in purposive literature review

Country N Period Age, mean (years) Gender (male) VAD support Ref.

Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)

u.s 22,866 2006-2016 NR NR 100% (51, 56)

The International Society for Heart and Lung Transplantation Mechanically Assisted Circulatory Support (IMACS)

35 countries 14,062 2013-2017/8 45% 60-79; 42% 40-59 78% 100% (160,
161)

Australia and New Zealand Cardiothoracic Organ Transplant Registry (ANZCOTR)

AU, NZ 2,974+ 1984-2018 48 67% 39% (70, 162)

The International Society for Heart and Lung Transplantation (ISHLT)

Wordwide 24,474 2009-2015 54 to 55 75% 43% (80)-(163)

T All Hearts (heart kidney, domino, retransplants, heterotopic, DCD) from 1984 to 2018(70)

4.2.1.2 Data extraction of published registry data
Extracted data included time to death, time to transplant and New York Heart Association (NYHA) level

(Table 4-3). Quality-of-life (QoL) measures were not useable for the economic evaluation due to the

HeartMate lll. Given that the non-inferiority primary outcome was met in both MOMENTUM 3 and ENDURANCE,
it was assumed that the results from MOMENTUM 3 were applicable to the use of HeartWare devices at SVHS.
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reporting of separate domains only or a visual analogue scale score, which is not preference based
(see Appendix 8.6.1 for a description of available data). For the time-to-event curves the methodology
of digitising the curves and calculation of the transition probabilities assuming constant hazard are

presented in Chapter 5.

Table 4-3: Extracted data for the economic evaluation

Demographics Survival NYHA
VAD
MOMENTUM  Age, gender Competing outcomes of HTx or Death. NYHA
INTERMACS NR KM of death. -
IMACS NR KM of death. -
HTx
ANZCOTRt  Age, pre-transplant support. C-E (actuarial) curves, by age group. NYHA
ISHLT Age, gender; pre-transplant support. KM by pre-transplant MCS use. -

t. Data on waiting list activity and days on waiting list was extracted.
Abbreviations: C-E, Cutler-Ederer; KM, Kaplan Meier; NR, not reported, NYHA, New York Heart Association, OS, overall survival.

4.2.2 Part B: Data analysis of SVHS individual patient data

4.2.2.1 StVincents Hospital Individual Patient Data

Three individual patient datasets from St Vincent’s Hospital Sydney (SVHS) were analysed (Figure 4-2).
The ‘Advanced Heart Failure management and mechanical circulatory assist therapy study’ (‘Add
Value study’) is a retrospective, activity-based costing study established to collect patient level costs
associated with LVAD therapy. The study was approved by the New South Wales Populations Services
Human Research and Ethics committee (HREC LNR/13/SVH/169). Patients were consecutively added
to the orthotopic HTx waiting list at SVHS between July 2009 and June 2012 and data were linked to

Admitted Patient Data Collection (APDC) and Emergency Department Data Collection (EDDC).

The Mechanical Circulatory Support (‘MCS’) Registry is a prospective registry that collected data from
consecutively implanted patients between 1994 to March 2017. The purpose was to report to the
global registry, IMACS. The CardioPulmonary Registry (‘CPR’) data is a prospective registry of patients
on the heart and lung transplant wait list from 1991 to June 2017. The registry reports to the Australia
and New Zealand Organ Donation (ANZOD) Registry. There was an overlap of the VAD patients in the
Add Value and MCS datasest. The patients from the Add Value dataset would have been captured in

an earlier data-cut of the CPR registry. However, these datasets were not linked.
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Figure 4-2: Datasets in the individual patient data analysis

CardioPulmonary Add Value
2016-2017 2009-2012
n=236 n=100
Mechanical

Circulatory Support
1994-2017
n=204

4.2.2.1.1 Analysis plan of SVHS individual patient data
All statistical analyses were conducted using STATA® Version 15 (Statcorp, College Station, TX, USA).
4.2.2.1.1.1 Descriptive statistics

Tests of significance on baseline data between those who received an LVAD and those who did not
were undertaken (164, 165). Continuous data were assessed for normality via plotting a histogram
and Q-Q plots to observe major departures from a normal distribution(166). Normally distributed data
were tested using the parametric test student t-tests and reported as mean * standard deviation,
while non-normally distributed data were tested using non-parametric tests using Wilcoxon rank sum
tests and presented as median.(166) Categorical data were compared using chi-square tests for equal
proportions or Fisher's exact tests where numbers were small, and were reported as percentages. A

two-sided p-value of 0.05 was considered to be statistically significant.
4.2.2.1.1.2 Time-to-event analysis

The descriptive statistics, median survival time and 10% remaining at risk, log rank test for statistical
significance (166) were reported. KM survival analyses were conducted to estimate the transition
probabilities for patients to adjust for non-informative censoring. Non-informative censoring occurs
when the observation is incomplete due to random loss of follow-up by the study end. There were
three main outcomes of interest for LVAD recipients: alive on LVAD, heart transplanted or died on
LVAD. The study end dates for the three datasets were: 1) Add Value of 30 June 2014; 2) MCS of 31
March 2017 and 3) CPR of 9 July 2018.

To address selection bias in observational studies there were adjustments for potential confounding;
interaction variables were included in the Cox Proportional Hazard (CPH) model (see 8.7.1 for

discussion of CPH) and the survival curves were stratified based on applicable groups (e.g. HTx). If the
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CPH regression had ties for time to death these were adjusted for using the Breslow method.'® The
CPH assumes the groups are balanced, as in a RCT; this is not the case in a retrospective cohort, where
group differences are due to prognostic factors (such as NYHA) rather than treatment. Competing risks
is a type of informative censoring and occurs when one or more events alters the probability of
occurence of the first.(167) Time to death after VAD has a competing risk for HTx. The KM curve treats
competing events as censored and removal of censored observations results in upwards bias
(overestimation).?® The cumulative incidence of events is the complement of the KM function. The
naive KM curves and the cumulative incidence function (corrected for competing risks) were reported
using the method described by Putter et al. (2006).(168) For competing risk analysis, the Fine and

Gray’s subhazard model was used in lieu of the CPH.(169)
4.2.2.1.1.3 Patient cost analysis

Costs are reported in 2016 Australian dollars unless specified otherwise and costs were inflated using
the Health Inflator (74) (Chapter 5 and 6 inflated costs to $2019). The reference cost weight (AR-DRG
Version 8) for admissions in 2015/2016 was $5,198.70 (170) and the average cost of an ED
presentation was $404.52 (171)(inflated from $396 in 2009-2010). Cost data tend to have highly
skewed distribution with long, heavy right tails with a mean higher than the median(172). The statistics

reported include mean, standard deviation, median, 95% Cl and standard error.

Censored cost data occurs when death is not observed in every patient so that lifetime medical cost
is subject to censoring. Naive methods for handling censoring include complete case analysis and full
sample analysis.(172) There are two classes of statistical methods to address censored cost data: 1)
time-restricted medical cost, and 2) joint distribution with survival time.(173, 174) Imposing a time-
restriction, e.g. cost of one year post intervention, was not used as the survival (death or cross-over)
at one year was statistically different between the groups. Instead, the Zhao and Tian (ZT) estimator
using the KM estimator and the inverse probability weighting methods with cost history was
conducted via hcost in STATA.(175) A regression analysis accounting for SO months indicated most

patients had same-day admissions (check-ups) so that there were few months without admissions.
4.2.2.1.2 ‘Add Value’ dataset description

Overall, 100 patients were on the HTx waiting list between July 2009 and June 2012 at SVHS.(165)

There were 23 exclusions, resulting in 77 patients (Figure 4-3). The data were collected one year prior

1% The proportional hazards model assumes the hazard function is continuous and there are no tied survival
times. Tied events do occur due to how time is recorded. Therefore, the partial likelihood must be modified. The
Breslow method uses the largest risk pool for each tied failure event as the order of events is unknown.

20 https://www.stata-journal.com/sjpdf.html?articlenum=st0059
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to LVAD implantation or, if no LVAD, then one month prior to activation on the wait list until 20 June
2012.(165, 176) APDC and EDDC were obtained at least a year prior to a patient receiving a VAD or
being waitlisted. Admissions were reported by the diagnosis (ARDRG?! code). Presentations to an ED

were coded by urgency related and urgency disposition groups.?

Figure 4-3: Add Value study cohort and exclusion criteria

Patient activated onto wait-list July 2009 to June 2012 (n=100)

Excluded patients (n=23):

- TAH, BiVAD or C-Pulse (n=7)
-complex congenital (n=2)
-prior transplant (n=2)

- Resident outside NSW/ACT (n=5)
- VAD implant overseas (n=1)

- Age < 18 years (n=2)

-no consent for data linkage (n=4)

Included patients (n=77)

Abbreviations: BiVAD, bi-ventricular assist device; TAH, total artificial heart

4.2.2.1.3 Analyses for APDC/EDDC dataset
4.2.2.1.3.1 Demographic and prognostic variables

The descriptive statistics of demographic, prognostic and pre-operative support variables at baseline
were reported. The variables were reported for the total sample, by LVAD receipt and the four
subgroups BTT, VAD with no HTx, HTx only and OMM only. Three events (two deaths and one HTx)

after the censored date were removed.

21 Australian Refined Diagnosis Related Groups (ARDRGs) is an Australian admitted patient classification system
which provides a clinically meaningful way of relating the number and type of patients treated in a hospital
(hospital casemix) to the resources required by the hospital. Each ARDRG represents a class of patients with
similar clinical conditions requiring similar hospital services.

22 Classification of presentation to emergency services are known as urgency disposition group (UDG) and
presentations to emergency departments are known as urgency related groups (URG). Both classifications group
presentations on the basis of type of visit, episode end status and triage. The difference is that URGs include
diagnosis by major diagnostic block.
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4.2.2.1.3.2 Functional status NYHA and INTERMACS

NYHA and INTERMACS? status was measured at baseline of HTx wait list activation or pre-VAD. Due
to small sample size, the INTERMACS score was not used to determine the change in functional status.
The follow-up data was collected a year post VAD implant, where possible, or just prior to censorship
at HTx or death.(165) The usefulness of this data is limited due to the varied timing. The change in

NYHA status at baseline and at follow-up were assessed using cross-tabulations.
4.2.2.1.3.3 Time-to-event analyses

The time-to-event analyses are reported in Table 4-4. The analyses of LVAD recipients were divided
into BTT and BTC indications with different start dates, waiting list addition versus LVAD implant,
respectively. This was to ensure that waiting time for BTT patients were not underestimated as BTC
patients were added to the waiting list upon date of LVAD implant. The LVAD to HTx analysis was
adjusted for competing risk of death. The KM curves of study entry to death ignored ‘Alive post-HTx’

and “Alive post-VAD’ and so were not included. Similary, the KM curves of study entry to HTx ignored

the “Alive post-VAD’ and were not included.

Table 4-4: Survival analyses for Add Value dataset

Analysis Failure (event) Censored Study-start Study-end
Study entry to VAD ~ VAD Alive at study-end, death WL or VAD VAD, HTX, death, study-end
VAD receiptto HTx ~ HTx, Death Alive at study-end VAD HTx, death, study-end

Note: STATA excluded events that happen before or on the same date that the person entered the waitlist. Therefore, BTC were excluded.
Therefore, 0.1 days was added to the date of the event to prevent exclusion [pg. 74 in Juul Svend STATA book](166).
Abbreviations: HTx, heart transplant, N/A, not applicable; WL, waiting list; VAD, ventricular assist device.

4.2.2.1.3.4 Costof ESHF from APDC and EDDC

Admitted Patient Data Collection

All variables are presented in Table 8-19 of the Appendix. Of the 77 patients, there were 1,983 hospital
admissions. AR-DRG information included episode start and end date, cost weight (a)** and major
diagnostic code.(178) Clinical expert review was used to determine if admissions needed to be
excluded. A summary of admissions by major diagnostic code was presented for the subgroups. The
date of VAD or HTx was used to categorise admissions within each subgroup (Table 8-20). The method

to estimate the cost per admission is presented in the Appendices (section 8.9.3); briefly, the cost

23 The INTERMACS score subdivides NYHA Class Il and IV into 7 levels with a score of 1 being the most
severe.(177)

24 Cost weights are available from a to f. Cost weight a includes the most items such as emergency department,
intensive care unit and overheads etc.
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weight for each observation of the ARDRG codes were multiplied by a reference cost weight (value =

1) of $5,189.70 (2016 AUD).

Emergency Department Data Collection

Excluding patients who had not provided consent for linking resulted in 705 (94%) observations. ED
costs were calculated using the cost weights by urgency and disposition group (171)(see Table 8-23).
The urgency and disposition group were estimated using triage category, visit type and mode of

separation (admitted or not)(179) (Figure 8-6).

Combined APDC and EDDC

Overall, 77 patients had 2,688 observations including admissions (n=1,983) and presentations (n=705).
To avoid double-counting the ED presentations, those that were admitted were excluded as these
would be captured in APDC ED cost component. There were 25 deaths with death admission captured
for some patients; see Figure 8-7 for cost of last month observed. The timing of observations for each
patient were grouped and linked to a health state (Table 4-5). The health states were ‘waiting list’,
‘alive with VAD’ and ‘alive with HTx’. The index admission length of stay (LOS) spanned several days
for HTx admission (Group 6) and VAD admission (Group 2). In post-HTx (Group 7), the days since index
hospitalisation end date were calculated and categorised into monthly intervals for one year, then 12
months inclusive. This procedure was repeated for observations subsequent to LVAD admission
(Groups 3 and 4). The date of activation onto waitlist was the starting point for Groups 1, 5 and 8 for

pre-VAD (no HTx), pre-HTx and no VAD or HTx (OMM) respectively.

Table 4-5: Groups of episodes of care

Group Group Health State Use in model

1 pre-VAD Wait list Per cycle

2 intervention-VAD Alive with VAD Once off as enter health state
3 post-VAD and no HTx Alive with VAD Per cycle

4 post-VAD and pre-HTx Alive with VAD Per cycle

5 pre-HTx no VAD Wait list Per cycle

6 intervention HTx Alive with HTx Once off as enter health state
7 post-HTx Alive with HTx Per cycle

8 OMM Wait list/ Not eligible Per cycle

Abbreviations: HTx, heart transplant; OMM, optimal medical management; VAD, ventricular assist device

Costs in each health state

The average total cost per patient per health state was calculated (see section 4.2.2.1.1.3 for the

methods). The costs were averaged across the patients in each month to explore the spread of costs.
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4.2.2.2 ‘Mechanical Circulatory Support’ dataset description
Overall, 204 patients were implanted with MCS between June 1994 and 31 March 2017 at SVHS. This

analysis consisted of 137 patients with CF devices®® with 67 exclusions (Figure 4-4). Demographic,
prognostic and implant details are presented in Table 8-26. There are three mutually exclusive

outcomes of interest; 1) Alive with LVAD in place; 2) Transplant and 3) Death before transplantation.

Figure 4-4: Mechanical Circulatory Support Registry and exclusion criteria

Patient implanted with MCS June 1994 to March 2017 (n=204)

Excluded patients (n=67):
- BiVAD (n=14)
- TAH, C-Pulse, BVS5000, HMIP, HM VE or HM XVE (n=43)
- CAFAT (n=6)
- Age < 18 years (n=4)

Included patients (n=137)

Abbreviations: Caisse de Protection Sociale de Nouvelle-Calédonie Medivac program transporting critically-ill heart patients from Noumea.

4.2.2.2.1 Analyses for Mechanical Circulatory Support data
4.2.2.2.1.1 Demographic and prognostic variables

The demographic variables were age and gender at baseline (Table 8-26). The prognostic/pre-
operative variables were INTERMACs class and whether any of the patients had the following
therapies: IABP, ECMO or ventilation. Details of the type of MCS included type of flow, device,

configuration and indication, surgical details and interoperative outcomes.
4.2.2.2.1.2 Time-to-event analyses

The time-to-event analyses of LVAD implant to death were adjusted for competing risks of HTx (Table
4-6). The dataset did not continue follow-up after a patient was transplanted and so death was treated
as a censored observation and was not appropriate for the economic model.

Table 4-6: Summary of time-to-event analyses

Analysis Failure Censored Study-start Study-end
VAD receipt to death Death Alive at study-end, HTx Implant date HTx, death or study-end

4.2.2.3 ‘CardioPulmonary Registry’ dataset description
The CPR included patients referred to SVHS for assessment onto the heart and lung transplant waiting

list from 1 July 2016 to 30 June 2017. The date of a status change or operation was recorded. Of the

25 VentrAssist by Ventracor and HVAD™ and Miniaturized Ventricular Assist Device (MVAD®) by HeartWare.
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236 patients, 134 were excluded (Figure 4-5). Age and gender were not recorded. In a 12 month
period, patients could be activated on the waitlist multiple times due to retransplant, re-activation or
new activation.? Dates of initial activation,?” VAD or HTx were extracted and could be prior to 1 July
2016. The last ‘On Hold’ date was extracted for total time waiting. Patients were coded as alive on

waitlist if ‘On-Hold’ or ‘Active’ by 9th of July 2018.
Figure 4-5: Excluded patients from CPR dataset analysis
Patients with any status change between July 2016 to June 2017

(n=236)

Excluded patients (n=134):
- Other States/Countries (n=11)
- Received a lung Tx and no heart Tx or VAD (n=77)
- Never activated on the waitlist during time period (n= 12)
- Listed for LTx (n=28)
- Inconsistent dates (n=6)

Included patients (n=102)

4.2.2.3.1 Analysis for CardioPulmonary Registry data

4.2.2.3.1.1 Time-to-event analyses

The time-to-event analyses from date on waiting list or VAD receipt are presented in Table 4-7. Most

VADs were received before waitlist activation or during a previous activation on the waitlist.

Table 4-7: Summary of time-to-event analyses

Analysis Failure Censored Study-start Study-end

Waitlist to HTx, competing risk HTx Alive, death Waitlist HTx,death or study-end
Waitlist to Not eligible Removal from waitlist Wait-list

VAD to HTx HTx or death VAD

VAD to not eligible Removal from waitlist ~ Alive, HTx, Death VAD

Note: Removal from waitlist due to reasons ‘Too sick’, ‘Too well’, ‘Patient reason’ and ‘Patient declined’.

26 Re-transplant refers to a subsequent heart transplantion after successful initial transplant. Re-activation on
the waiting list refers to candidates who were previously placed ‘On hold’ and activated again. New activation
can be the first activation on the waiting list or subsequent activation for another organ, e.g. heart and kidney.
27 First during the study period or the date of activation preceding the study start date.
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4.3 Results

4.3.1 Pre-modelling studies for the economic evaluation

The pre-modelling studies from the published and individual datasets are summarised in Table 4-8.
The Add Value dataset informed the cost. The term time-to-event analysis is used for describe time to
both death and non-death outcomes (e.g. HTx or VAD). The economic model (Chapter 5) includes the
following health states: ‘waiting list’, ‘removed’, ‘death’, ‘Alive post-VAD’, ‘Alive post-HTx' and

‘ineligible’.

Table 4-8: Pre-modelling substudies for the economic evaluation

Study Data/Variables Purpose in the economic evaluation

MOMENTUM 3

NYHA NYHA Distribution of NYHA Class at baseline and
post-intervention to estimate QALY.

TTE: VAD to HTx Competing outcomes of HTx or Death. Transition probabilities ‘VAD’to ‘HTx'.

ANZCOTR

NYHA Pre-transplant status. Distribution of NYHA Class pre-transplant.

TTE: HTx to death Cutler-Ederer survival curves Transition probabilities ‘HTx’to ‘Death’.

Waiting list activity Annual snapshot of waitlist removals from Transition probabilities ‘waiting list’ to ‘HTx’.

ineligibility, transplant and death. Transition probabilities ‘waiting list’ to ‘removed’.

Transition probabilities ‘waiting list’ to ‘Death’.

ISHLT

TTE: HTx to death KM survival curves Transition probabilities ‘HTx’to ‘Death’.

INTERMACS

TTE: VAD to HTx Competing outcomes of HTx or Death. Transition probabilities ‘VAD’to ‘HTx..

TTE: VAD to death KM survival curves of BTT Listed Transition probabilities ‘VAD’ to ‘Death’.

IMACS

TTE: VAD to HTx Competing outcomes of HTx or Death. Transition probabilities ‘VAD’to ‘HTx’.

TTE: VAD to death KM survival curves of BTT Listed Transition probabilities ‘VAD’to ‘Death’.

Add Value

Demographics Age, Gender, prognostic data Description of patient demographics.

NYHA NYHA Proportion in NYHA Class at baseline and post-
intervention to estimate QALY.

APDC Costs Cost of admissions by AR-DRG. Hospital cost, pre- and post- intervention

EDDC Costs Cost of presentations by UDG.

TTE: wait list to VAD  Study Entry. Event is VAD. Transition probabilities ‘waiting list’ to ‘VAD'.

TTE: VAD to HTx Date of VAD. Event is HTx or Death. Transition probabilities ‘VAD’to ‘HTx'.

Mechanical Circulatory Support

Demographics Age; Gender Description of patient demographics.

TTE: VAD to death Date of VAD. Event is Death or HTx Transition probabilities ‘VAD’ to ‘Death’.

CardioPulmonary Registry

TTE: wait listto HTx  Date of activation. Event is HTx Transition probabilities ‘waiting list’to ‘HTx'.

TTE: wait list to Date of activation. Event is Removal - ‘Hospital ~ Transition probabilities ‘waiting list’ to

Removed reason’, ‘too well’, ‘too sick’, ‘Patient reason’ and ‘Removed’.

‘Patient declined’
TTE: VAD to HTx Date of VAD. Event is HTx. Transition probabilities ‘VAD’to ‘HTx".
TTE: VAD to Removed Date of VAD. Event is removal. Transition probabilities ‘VAD’ to ‘Removed’.

Abbreviations: APDC, Admitted Patient Data Collection; AR-DRG, Australian Refined-Diagnosis Related Group; EDDC, Emergency
Department Data Collection; HTx, Heart Transplant; NYHA, New York Heart Association; TTE, time-to-event; QALY, quality-adjusted life
year; UDG, Urgency and Disposition Group; VAD, Ventricular Assist Device.
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4.3.2 Part A: Data extraction of published data sources

4.3.2.1 MOMENTUM 3

Based on the competing risks analysis, just over 20% of the patients were transplanted at 2 years.
NYHA status were measured from baseline to 24 months. There were no significant differences
between the groups; with most in NYHA class IV at baseline(180), the baseline results represent

‘waiting list’ NYHA status in the model (Table 4-9).

Table 4-9: NYHA Class over time in MOMENTUM 3 trial

Centrifugal flow pump Axial-Flow pump

N NYHA I/11 NYHA LNV mn v N NYHA I/11 NYHA IV 1l v
Baseline 189 0% 100% 5% 95% 172 0% 100% 3% 97%
3month 170 68% 32% - - 148 75% 25% - -
6 month 161 78% 22% - - 136 80% 20%
12 month 139 81% 19% - - 115 89% 1%
18 month 119 85% 15% - - 92 7% 23% -
24 month 113 79% 21% - - 83 81% 19% -

Note: Each treatment arm over time had p<0.0001. No statistically significant difference between treatment arms over time (p=0.30).
Source: adapted from Mehra et al. (2018)(54) and Cowger et al. (2018)(180).

4.3.2.2 INTERMACS
In the first year post-VAD for those on the waiting list, 53% remain alive on LVAD, 34% are
transplanted, 12% died and 1% recovered*’. The KM curves indicate that survival for DT patients was

lower than for BTT patients in 2013-2016 (p<0.001).%”

4.3.2.3 IMACS

In the IMACS report, of the devices implanted 93% were LVADs and for all devices, 40% were
implanted as DT, followed by 30% BTC and 29% BTT (153) (Table 8-6). The competing outcomes
analysis for CF-LVAD devices (censoring at transplant or recovery) of 3,642 BTT patients demonstrated
that at the end of 12 months, 58% were alive with device, 28% transplanted, 13% died and <1% were
recovered.(153) The 2013-2014 KM survival curve from CF-VAD by indication (BTT vs BTC vs DT) to
death (censored at transplant or recovery) indicated a survival rate at 12 month for BTT 85%, BTC 82%
and DT 77% with median survival not reached.(153) This highlights the lower survival between BTT
and BTC.

4.3.2.4 ANZCOTR

In 2018, the mean age of 141 paediatric and adult HTx recipients (all types, not just OHT) was 48 years
(min 1 year and max 70 years)(181)(see Appendix 8.5.4). The Cutler-Ederer survival curves from 1964-
2018 by HTx type and recipient age were obtained.(149) The majority of patients had a NYHA status
IV or Il pre-transplant, with 61% in 2015 increasing to 93% in 2018 (Table 8-8). In recent years, around

40% of HTx recipients had been supported by a VAD before receiving HTx. In a given year, patients
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start as ‘active’ and some ‘on hold’ from the previous year may be re-activated in the current year
(Table 4-10). Caveats to the wait list dynamics reporting include that those removed from the waiting
list are subsequently relisted and are not unique patients. For urgent transplant, patients may be
placed on the waiting list and removed quickly, and annual census numbers do not represent this type

of activity.(182)

Table 4-10: Waiting list activity, n

2015 2016 2017 2018

‘Active’ at start of year (1st January) 68 59 53 72
New Additions during year 117 140 109 173
‘On hold’ to ‘Active’ from previous year 17 11 10 9

Removals from Waiting List (Permanent)

W1 - Transplant Performed 106 129 117 141
W2 - Patients condition Improved 1 4 3 2
W3 - Too ill, e.g. new development of contraindications 8 13 9 11
W4 - Patient declined 2 0 2 4
W5 - Transferred to an interstate list 0 0 0 1
W6 - Died waiting 5 6 8 9
W7 - Removed - unspecified 2 0 2 2
Total at Year end - (Active) 59 55 55 80
Total at month end inactive (On Hold) NR NR 9 4

Abbreviations: NR, not reported
Source:(149, 181)(70)

4.3.2.5 ISHLT

In 2002-2008, the KM survival curve after adult transplant indicated a median survival of 11.9
years.(80) In recent years there is no difference in survival between patients bridged with CF VADs
and not bridged (no inotropes/no LVADs).(80) However, those who received ECMO prior to transplant

were more likely to die post-transplant.(80)

4.3.2.6 Published data extraction for the economic evaluation
Data sources that provided an estimate for the same transition probabilities were collated and used
as the base case or sensitivity analysis and were determined in Chapter 5 (Table 4-11). Chapter 5

includes a discussion of applicability of these estimates to the population of interest.
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Table 4-11: Data extraction for the economic evaluation

Substudy

Results

Use in the economic evaluation

HTx

ANZCOTR
NYHA

Waiting List
activity per
calendar
year

Survival with
HTx

Pre-transplant status for all ages. Average from 2012
to 2016 was 40% in NYHA | and II, 51% in NYHA Il
and 9% in NYHA IV.

Annual Probability from 2015-2016: Waiting list to
waiting list = 32% (67/207); Waiting list to removed =
8% (16/207); Waiting list to transplanted = 57%
(118/207); Waiting list to death = 3% (6/207). VAD
transitions not reported.

Cutler-Ederer curves by age group for all HTx types.
Recipients aged 50-59 years had median % alive of 14
years.

The 5-year average of NYHA class on ‘Wait-list.
Utility values were attached to NYHA class. It
includes paediatrics and may not be representative.
Converted the proportions per group per year into
rates per year and then annual transition
probabilities. Constant probabilities were assumed.
See caveats in the reporting of waitlist dynamics.

Transition probability of ‘HTx' to ‘Death’. Does not
take into account censoring. See Chapter 5.

ISHLT
Survival with
HTx

KM with median survival (2002-2008) 11.9 years for
adult HTx. Median survival for 2009-2014 not reached.
KM curve from 2005-2015 by pre-transplant status.

Transition probability of ‘HTx’ to ‘Death’. Survival on
HTx is the same between bridged and non-bridged
individuals.

VAD

MOMENTUM 3 (CF vs. CF)

TTE: VAD to
HTx

NYHA

Around 20% of the patients were transplanted at 2
years

At baseline 0% in NYHA class | or Il for both groups
and at 12 months, 81% and 89% at 12 months for the
study device and control device, respectively.

Transition probability from ‘Alive post-VAD’ to ‘HTx’
using the competing outcomes analysis (death) up to
24 months. See Chapter 5.

The proportion of NYHA at baseline and 1 year.
Distribution linked to utility value in ‘waiting list’ and
‘alive post-VAD’ health state. Assumed split between
NYHA | and IIl/ NYHA Ill and IV is 50%.

INTERMACS
Survival

Time to
event

Competing outcomes (HTx, death and recovery) for
BTT CF-LVAD 2015-2016 at 12 months: 53% alive,
34% transplanted, 12% died and 1% recovered.

KM for CF-VAD (BTT vs. DT) to death 2013-2016 with
survival rate at 24 month at 77% for BTT and median
survival not reached. KM for BTT in 2008-2012,
survival rate at 24 months 76% with follow-up to 72
months with median survival reached.

Transition probabilities from ‘alive post-VAD’to ‘HTx’
up to 24 months. See Chapter 5.

Transition probability from ‘Alive post-VAD’ to
‘Death’. For BTT, the 2008-2012 curve was used with
data on 1,922 (484 deaths) patients until 72 months.
See Chapter 5.

IMACS
Survival

Time to
event

Competing outcomes (HTx, death and recovery) for
BTT CF-LVAD implants 2013-2014 at 12 months: 58%
alive, 28% transplanted, 13% dead and <1% recovery.
KM for CF-VAD (BTT vs. BTC vs. DT) to death from
2013-2014 with survival at 12 months: 85% for BTT,
82% for BTC, and 77% for DT. Median survival not
reached.

Transition probability from ‘Alive post-VAD' to ‘HTX'
using competing outcomes analysis up to 48 months.
See Chapter 5.

Transition probability from ‘Alive post-VAD’to ‘Death’
health states. See above for method.

Abbreviations: ANZCOTR, Australia and New Zealand Organ Transplant Registry; BTC, Bridge To Candidacy; BTT, Bridge To Transplant;
CF, continuous-flow; DT, Destination Therapy; HTx, Heart Transplant; KM, Kaplan-Meier; LVAD, left ventricular assist device; NYHA, New
York Heart Association; OMM, Optimal Medical Management; PF, pulsatile-flow; SD, Standard deviation; VAD, Ventricular Assist Device;

4.3.3

4.3.3.1 Add Value cohort

Part B: Data analysis of SVHS individual patient data

The 77 patients waitlisted from July 2009 to June 2012 were classified into two groups: LVAD (n=25)

and no LVAD (n=52) (Figure 8-2). By the end of the study period, there were 25 deaths: LVAD (n=11)

and no LVAD (n=14). The patients received a LVAD and later a HTx (n=20), received a LVAD only (n=5),

received a HTx only (n=42) or received neither LVAD or HTx (n=10).
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4.3.3.2 Demographics and baseline clinical characteristics

The baseline demographics of all patients, with or without LVAD, are presented in Table 4-12.
Compared to non-LVAD patients, LVAD patients had worse NYHA Class IV at baseline (p<0.001) and
albumin (p<0.01) and were more likely to receive IABP (p<0.001) and IV inotropes (p<0.001). A
summary by subgroup is presented in Table 8-10. Tests of significance were conducted for the
subgroups and results are consistent with the LVAD vs no LVAD comparison, although albumin levels
were higher in the no LVAD group (p<0.05). The subgroups have small sample size, so caution should

be used when drawing comparisons.

Table 4-12: Demographics and clinical indicators at baseline in Add Value cohort

Characteristics Sub-category Total (n=77) LVAD (n=25) No LVAD (n=52) p-valuef
Sex Male n (%) 53 (69) 18 (72) 35 (67) ns
Female n (%) 24 (3) 7(28) 17 (33)
Age (year) Mean (SD) 49.35(11.33)  47.37 (13.70) 50.30 (10.02) ns
Median 50.17 48.67 51.75
Min-Max 20.74-71.83  20.74 - 68.61 27.52-71.83
In (%) 0(0) 0(0) 0(0) p<0.001
NYHA class at baseline II'n (%) 11 (24) 0(0) 11 (24)
i n (%) 26 (57) 0(0) 26 (57)
IV n (%) 34 (48) 25 (100) 9 (20)
Missing 6 0 6
IMACs at baseline 1n (%) 8(19) 8 (32) 0(0) p<0.001
2n (%) 16 (38) 16 (64) 0(0)
3n (%) 2(5) 1(4) 1(6)
4n (%) 2(5) 0(0) 2(12)
5n (%) 0(0) 0(0) 0(0)
6n (%) 4(10) 0(0) 4 (24)
7n (%) 8 (19) 0(0) 8 (47)
NA n (%) 2(5) 0(0) 2(12)
Missing 35 0 35
LVEF (%) Mean (SD) 25.71(13.03)  21.04 (7.66) 27.87 (14.43) ns
Median 22.00 20.00 25.00
Min - Max 10.00-70.00 10.00-35.00 10.00-70.00
Missing 1 1 0
Albumin (g/L) Mean (SD) 41.00 (7.21) 37.38 (6.08) 42.67 (7.12) p<0.01
Median 42.00 37.00 44.00
Min -Max 23.00-55.00 25.00-47.00 23.00-55.00
Missing 1 1 0
Ischaemic Heart Disease No n (%) 63 (83) 18 (72) 45 (88) ns
Yes n (%) 13 (17) 7(28) 6(12)
Missing 1 0 1
Biventricular pacing at No n (%) 47 (64) 18 (72) 29 (59) ns
baseline
Yes n (%) 27 (36) 7(28) 20 (41)
Missing 3 0 3
ICD at baseline No n (%) 13 (17) 7(28) 6 (12) ns
Yes n (%) 62 (83) 18 (72) 44 (88)
Missing 2 0 2
IABP at baseline No n (%) 61(81) 12 (48) 49 (98) p<0.001
Yes n (%) 14 (19) 13 (52) 1(2)
Missing 2 0 2
IV inotropic medicine at No n (%) 31(55) 0(0) 31(79) p<0.001
baseline Yes n (%) 25 (45) 17 (100) 8 (21)
Missing 21 8 13

Note: percentages may not add up to 100% due to rounding errors. tComparison between LVAD and non-LVAD patients.
Abbreviations: IABP, intra-aortic balloon pump; ICD, Implantable Cardioverter Defibrillator; LVEF, left ventricular ejection fraction (%); min,
minimum; max, maximum; n, number of observations; N, Number of sample; SD, standard deviation.
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4.3.3.3 Change in functional NYHA status
4.3.3.3.1 Change between baseline and follow-up

There were 66 patients with observations at baseline and follow-up with missing data (n=5) (Table
8-11). At baseline there were no NYHA Class | patients; however, at follow-up there were 6. Cross-
tabulations of NYHA status in the subgroups are presented in Appendix 8.8.3. NYHA and INTERMACS

status measured at baseline and follow-up is presented in Figure 4-6.

Figure 4-6: NYHA and INTERMACS at baseline and follow-up
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4.3.3.3.2 VAD or HTx at follow-up

The follow-up NYHA for the LVAD and HTx subgroups is presented in Table 4-13. Only 6 patients

received a LVAD without a HTx; therefore, no comparisons can be made between the groups.

Table 4-13: NYHA at follow-up, all interventions

All intervention All VAD no transplant All HTx regardless of LVAD
NYHA | (%) 6 (10) 0(0) 6(12)
NYHA I (%) 13 (22) 1(17) 12 (23)
NYHA 11T (%) 23 (40) 1(17) 22 (42)
NYHA V(%) 16 (28) 4 (67) 12 (23)
Total observations (%) 58 (100) 6 (100) 52 (100)
Missing 9 0 9

Note: tab nyha_2 if lvad==1 | htx_excl==1; tab nyha_2 if lvad==1 & htx_excl==2; tab nyha_2 if htx_excl==1

4.3.3.4 Time-to-event analysis

4.3.3.4.1 Time to event - study entry to LVAD

Of the 25 LVAD recipients, 18 patients were implanted before the date of activation on the waiting
list; hence, this analysis underestimates the waiting time for an LVAD (Table 4-14). The median time

to LVAD was not reached. No log-rank test was conducted as there were no subgroups of interest.

Table 4-14: Summary statistics for days on wait list to LVAD

waitdayVADfromWL Total

Subjects, n 77

Failures, n 25

Survival time: 25%; 50%; 75% 22.01; NE; NE

10% remaining at risk; SE (95% CI) 0.0097; - (0.0097, 0.0097)t

Note: T Recorded as 0 and recoded as 0.01 days so the observations were not excluded.
Abbreviations: NE=not evaluable
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The KM plot of time to LVAD from waitlist activation, which was 0 for BTC patients, is presented in
Figure 4-7. Neither age at activation nor gender were statistically significant variables associated with

time to LVAD once listed on the waiting list (Table 8-16).

Figure 4-7: Kaplan-Meier plots for time-to-LVAD receipt from wait list activation, all patients

Time to VAD
waitlist activation or LVAD receipt
censor HTx, death or study end

100%
1

75%
L

Proportion without VAD
50%
1

25%
L

0%
L

T T T T T
0 500 1000 1500 2000
Time (days)
Number at risk
77 9 3 2 0
Based on Add Value SVHS data

4.3.3.4.1.1 Time to event - VAD to WL (BT(C)

For the 18 patients who received a VAD and were then activated on the waitlist, the median time from

VAD receipt to eligibility onto the waitlist was 110 days (Table 4-15).

Table 4-15: Summary statistics for VAD to wait list for BTC patients

Days from VAD to WL (BTC) Total
Subjects, n 77

Failures, n 18

Survival time: 25%; 50%; 75% 14; 110; 196
10% remaining at risk; SE (95% CI) 7; NE (6, 14)

The KM plots for time from VAD to waitlist activation in all 18 patients are presented in Figure 4-8.
The KM plots by gender and HTx receipt are presented in Figure 8-4. Based on the log-rank test, neither
variable was statistically significant. Based on the CPH model, age at activation, gender and HTx receipt

were all statistically insignificant variables associated with time from VAD to waitlist (Table 8-17).
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Figure 4-8: KM plots for time from VAD to waitlist activation in BTC patients
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4.3.3.4.1.2 Time to event -WL to VAD (BTT)

The summary statistics for time from waitlist to VAD for the 7 BTT patients are presented in Table

4-16. The median time to VAD was 77 days (2.6 months).

Table 4-16: Summary statistics — Time from waitlist to VAD -BTT patients

Days from WL to VAD (BTT) Total
Subjects, n 77

Failures, n 7

Survival time: 25%; 50%; 75% 22;77;102
10% remaining at risk; SE (95% CI) 7;NE (7, 34)

The KM plot for time from waitlist to VAD is presented in Figure 4-9. There was no statistically
significant difference in wait time for gender or HTx (see Figure 8-5 for the KM plots). Based on the
CPH model, age at activation, gender and HTx receipt were statistically insignificant variables

associated with time from waitlist to VAD (Table 8-18).

Figure 4-9: KM plots for time from waitlist activation to VAD for BTT
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4.3.3.4.2 Time to event - LVAD to death

Of the 25 LVAD recipients, 76% (19/25) were transplanted with the last transplant at 1,329 days (45
months) (Table 4-17). Median survival time was reached at 482 days. The competing event of interest

was death equating to 16% (4/25) of the LVAD recipients so that 2 LVAD recipients remained alive at
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study end date. Whether a patient received their LVAD as a BTC or BTT had no impact on their time to

HTx or time to death, although these are small sample sizes.

Table 4-17: Summary statistics for variable days until HTx from VAD receipt

Vadhtxday Total VAD HTx Death Censor
Subjects, n 25 19 4 2
Failures, n 19 19 4 2
Survival time: 25%; 50%; 75% 236, 482, 816 227,401, 592

10% atrisk; SE (95% Cl) 206, 56.5 (165,236) 165, - (165, 227) - -
Log rank test (BTC vs. BTT)  BTC: 18; BTT: 7 BTC: 15; BTT: 4; p=0.64 BTC: 3; BTT:1; p=0.91
One-year survival % (95% CI) 63.91 (40.59, 80.07) 57.89 (33.21, 76.26)

Abbreviations: BTC, bridge to candidacy; BTT, bridge to transplant; HTx, heart transplant; SE, standard error; VAD, ventricular assist device.

The cumulative incidence for competing risks is plotted in Figure 4-10. In the competing event
regression, the event of interest is death and the competing event was HTx. Neither age at activation

nor gender were statistically significant.
Figure 4-10: Competing risks cumulative incidence of time to HTx, competing event death
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4.3.3.5 Admitted Patient Data Collection (APDC)

The 77 patients had 1,983 admissions with range of 2 to 82 observations per patient. All variables are
presented in section 8.9.1 of the Appendix. The APDC included 19 deaths captured in the admissions out
of the 25 deaths.”® The most common Major Diagnostic Category?® (MDC) for each subgroup was
‘Circulatory System’ (39%), followed by ‘Factors Influencing Health Status’® (24%) (Table 4-18). Two
MDCs (‘Burns’ and ‘Newborns’) had no admissions. Two admissions within the MDC ‘Pregnancy’ were

due to peripartum cardiomyopathy. Therefore, no admissions were excluded from the analysis.

28 Of the 25 deaths, 19 were captured in APDC, 3 occurred in ED and 3 occurred outside of NSW.

2% Major diagnostic categories (MDCs) are 23 mutually exclusive categories for all principal diagnoses (AR-DRGs).
The diagnoses correspond to a single body system or aetiology, reflecting the speciality providing care. This
preliminary partitioning into categories occurs before a diagnosis related group is assigned.

30 Major Diagnostic Code includes the AR-DRG Z64B ‘Other Factors Influencing Health Status, Sameday’.
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Table 4-18: Number of admissions in each Major Diagnostic Category by treatment subgroups

Major Diagnostic Category pre- int post-VAD, post-VAD, pre- int post-  not Total %
VAD  VAD noHTx pre-HTx HTx HTx HTx eligible
Pre-MDC 3 25 0 0 2 61 3 3 97 5%
MDC 01 Diseases and disorders of the nervous system 5 0 2 8 5 0 29 1 50 3%
MDC 02 Diseases and disorders of the eye 2 0 1 1 0 0 11 3 18 1%
MDC 03 Diseases and disorders of the ear, nose, mouth and throat 2 0 0 0 4 0 8 2 16 1%
MDC 04 Diseases and disorders of the respiratory system 10 0 5 3 48 0 39 9 14 6%
MDC 05 Diseases and disorders of the circulatory system 128 1 13 35 25% 0 259 82 774 39%
MDC 06 Diseases and disorders of the digestive system 1" 0 2 4 19 0 53 5 94 5%
MDC 07 Diseases and disorders of the hepatobiliary system and pancreas 0 0 0 0 4 0 4 4 12 1%
MDC 08 Diseases and disorders of the musculoskeletal system and connective tissue 2 0 0 0 2 0 8 2 14 1%
MDC 09 Diseases and disorders of the skin, subcutaneous tissue and breast 2 0 6 0 3 0 12 3 26 1%
MDC 10 Endocrine, nutritional and metabolic diseases and disorders 0 0 1 1 7 0 6 3 18 1%
MDC 11 Diseases and disorders of the kidney and urinary tract 1 0 2 0 14 0 144 5 166 8%
MDC 12 Diseases and disorders of the male reproductive system 0 0 0 0 1 0 0 1 2 0%
MDC 13 Diseases and disorders of the female reproductive system 0 0 1 0 1 0 1 1 4 0%
MDC 14 Pregnancy, childbirth and the puerperium 2 0 0 0 0 0 0 0 2 0%
MDC 15 Newborns and other neonates 0 0 0 0 0 0 0 0 0 0%
MDC 16 Diseases and disorders of the blood, blood forming organs, immunological disorders 2 0 1 3 6 0 1 4 17 1%
MDC 17 Neoplastic disorders (haematological and solid neoplasms) 6 0 0 0 0 0 7 0 13 1%
MDC 18 Infectious and parasitic diseases 0 0 0 0 0 0 0 0 0 0%
MDC 18 Infectious and parasitic diseases 4 0 7 7 2 0 22 4 46 2%
MDC 19 Mental diseases and disorders 0 0 2 0 1 0 0 3 6 0%
MDC 20 Alcohol/drug use and alcohol/drug induced organic mental disorders 0 0 0 1 0 0 0 0 1 0%
MDC 21 Injuries, poisoning and toxic effects of drugs 0 0 0 0 0 0 0 1 1 0%
MDC 21 Injuries, poisoning and toxic effects of drugs 1 0 0 3 6 0 6 2 18 1%
MDC 22 Burns 0 0 0 0 0 0 0 0 0 0%
MDC 23 Factors influencing health status and other contacts with health services 3 0 7 42 11 0 406 3 472 24%
Unrelated OR DRGs 0 0 1 0 1 0 0 0 2 0%
Error DRGs 0 0 0 0 0 0 0 0 0 0%
Sum of different types of AR-DRG in each group 68 2 31 43 102 1 128 64 493
No. of APDC episodes of care 184 26 51 108 393 61 1019 141 1,983 100
No. of patientst 24 25 4 18 42 61 56 10 77

Abbreviations: APDC, Admitted Patient Data Collection; DRG, Diagnosis Related Group; HTx, Heart Transplant; int, intervention; MDC, major diagnostic category; OR, operating room; VAD, ventricular assist device.
Note: The interventions VAD and HTx interventions are coded as pre-MDC category for resource intensive admission and hence not included in MDC 5.
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4.3.3.5.1 Costof admitted patient episodes of care

The average costs for all admissions, VAD or HTx are presented in Table 4-19. VAD admissions were
on average $260,654 (SD $39,552), and twice as expensive as HTx admissions. As expected, the mean

cost of both interventions is higher than the median, indicating the distribution is left-skewed.

Table 4-19: Total costs of all admitted patient episodes of care

Obs. Mean SD Median Min Max
Total 1983 $15,465 $40,551 $3,160 $416 $377,020
VAD admission 25 $260,654 $39,552 $245119 $220,185  $377,020
HTx admission 61 $126,333 $54,928 $103,080 $96,379 $355,440

Note: cost weight for VAD is 50.14 and HTx is 24.30.

4.3.3.6 Emergency Department Data Collection (EDDC)

There were 705 included observations and a summary of the EDDC variables is presented in Table
8-22. Three out of the 25 deaths occurred in ED: Died in ED (n=2) and dead on arrival (n=1). The
average cost of an ED visit is presented in Table 8-25. Patients who presented to the ED and were
subsequently admitted were more costly than those who only presented to the ED. ED presentations

that were subsequently admitted (n=395) would be captured in the APDC dataset.

4.3.3.7 Combined APDC and EDDC

Of the 2,688 observations some occurred on the same date, leading to 2,163 unique observations.
There were 245 ED presentations that did not result in an admission (705 for all ED presentations)
(Table 8-22Table 8-22). If mode of separation was 4, 5, 6, 7, 8 or 9, these were included in the analysis.
Therefore, the included sample of 2,228 consisted of 1,983 admissions and 245 ED presentations. Of
the 77 patients and the 2,228 observations, the least costly and most costly patient over the follow-

up period available were $19,054 and $1,098,542 respectively.
4.3.3.7.1 Grouping observations — admissions and ED presentations

The number of observations (N=2,228) in each subgroup are presented in Table 8-25. Each subgroup
was linked to a health state. Most observations occurred in the post-HTx period, which corresponded
with the longest follow-up. The average length of stay for VAD insertion and HTx was 54 days (range
18-116 days) and 34 days (range 3-137 days) respectively (Table 4-20). One patient received a VAD
and had no subsequent hospitalisation until a HTx admission. Therefore, the post-VAD group consisted
of 18 patients (Group 4) who subsequently crossed over to HTx and four Group 3 patients who did not
receive a HTx. Observations occurring before activation on the wait list or VAD were not included. In
the post-HTx group, the last observation began at 1,568 days (4.3 years), although 50% of observations
occurred within the first 168 days post-HTx.
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Table 4-20: Days since starting event in each group

Group Start point Patient, N Obs. mean SD  Median Min Max
pre-VAD Date activated on wait list 4 21 191 112 206 13 336
intervention-VAD Admission start date 25 25 54 25 47 18 116
post-VAD and no HTx Index VAD end date 4 56 384 239 336 44 718
post-VAD and pre-HTx Index VAD end date 18 128 280 192 2% 32 1285
Group 3 or 4 combined  Index VAD end date 22 205 256 214 234 0 1211
pre-HTx no VAD Date activated on wait list 83 237 209 173 3 785
intervention HTx Admission start date 61 61 34 28 25 3 137
post-HTx Index HTx end date 56 1,097 289 301 168 9 1568
omm Date activated on wait list 10 86 538 389 492 9 1462

Abbreviations: HTx, heart transplant; Max, maximum; Min, minimum; Obs, observation; omm, optimal medical management; VAD,
ventricular assist device; SD, standard deviation.

4.3.3.7.2 Costs of episodes of care for each subgroup

The cost of the 2,228 observations ranged from $73 to $377,020 with an average of $13,805 (Table
4-21). The most costly admission was the LVAD with an average of $250,683, followed by HTx
(5124,302). Some patients died during the index admission (operation): 8% (2/25) of VAD patients and

8% (5/61) of HTx patients. Therefore, the sample size is smaller for the post-intervention groups.

Table 4-21: Cost of the episodes of care in each group

Group Patient, N Obs, N Mean SD Median Min Max

1: pre-VAD 24 217 $12,011.42  $2,196.42 $7,647.29 $202.26 $143,094.20
pre-VAD BTC 17 153 $10,739.62  $21,869.55 $4,647.64 $202.26 $143,094.20
pre-VAD BTT 7 64 $15,051.83  $22,053.46 $8,632.44 $327.66 $130,986.40
2: intervention-VAD 25 26* $250,683.30 $63,887.02 $245,118.70 $1,668.78 $377,020.20
3: post-VAD and no HTx 4 56 $11,232.35  $8,961.77  $10,218.05 $202.26 $42,343.41
4: post-VAD and pre-HTx 18t 128 $7,346.92 $10,904.80 $3,062.03 $202.26  $64,760.21
5: pre-HTx no VAD 42 489 $11,320.46  $25413.80 $4,242.14  $72.81 $234,753.50
6: intervention HTx 61 62* $124,302.30 $56,773.43 $103,079.80 $436.88  $355,440.30
7: post-HTx 56 1,097 $4,564.94 $12,430.24 $1,299.68 $72.81 $255,791.60
8:omm 10 153 $11,856.27  $23,273.74 $7,226.19  $72.81 $147,707.50
Total 77 2,228 $13,805.26  $38,546.18 $1,871.53 $72.81 $377,020.20

1. 1 patient received a VAD and soon received a HTx so that there were no admissions. *1 observation included the ED visit
Abbreviations: HTx, heart transplant; Max, maximum; Min, minimum; Obs, observation; omm, optimal medical management; VAD,
ventricular assist device; SD, standard deviation.

4.3.3.8 Total cost per patient per group

The total hospital costs in each patient over the entire follow-up period ranged from $19,054 to
$1,098,542. uses the total cost per month with appropriate zero cost months per patient. The OMM
group consisted of 10 patients whose costs were included in the waitlist/OMM group (n=35).
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Table 4-22: Total cost per patient in first year, no adjustment for censoring or explantatory variables

n N Costs SE Cl lower Cl upper
post HTx 56 648 $51,021 $6,588 $37,819 $64,224
post VAD 23 268 $56,301 $10,662 $34,188 $78,413
wait listt OMM 35 280 $40,923 $12,784 $14,943 $66,903
OMM 10 105 $47,368 $24,848 -$8,841 $103,578
pre VAD (BTC) 17 204 $71,007 $12,728 $44,024 $97,989
pre VAD (BTT) 7 84 $116,220 $28,551 $46,359 $186,082

Abbreviations: BTC, bridge to candidacy; BTT, bridge to transplant; Cl = confidence interval; HTx, Heart Transplant; NYHA, New York Heart Association;
OMM, optimal medical management; SE, standard error; VAD, ventricular assist device.

4.3.3.8.1 Regression analysis

The linear regression model for the group costs is presented in Table 4-23. None of the explanatory

variables were statistically significant. The mean cost per patient in the post-HTx group was $52,198

after adjusting for age, gender and NYHA status at baseline. This was similar to the mean post-VAD

costs of $56,060. All patients had NYHA status IV at baseline so NYHA status was omitted from the

regression due to collinearity. When accounting for age, gender and baseline NYHA status, the not

eligible group (n=8 due to missing data) had higher costs of $58,780 compared to the ‘waitlist’ group

at $46,488. For the first year pre-VAD BTC costs (representing the ‘Ineligible’ health state), at least a

full year of hospitalisation costs were collected so that no censoring was assumed.
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Table 4-23: Linear regression for mean cost per patient

Alive post-HTx Alive post-VAD Wait-list/not eligible  OMM Pre-VAD BTC Pre-VAD BTT
n=56 n=22 n=33 n=10 n=17 n=7

Age (mean years) 49.52 48.79 50.32 54.37 45.95 50.81

Sex (Female %) 29% 27% 24% 30% 29% 14%

NYHA (Class 2 %) 15% 0% 17% 25% 0% 0%

NYHA (Class 3 %) 35% 0% 57% 63% 0% 0

NYHA (Class 4 %) 50% 100% 27% 13% 100% 100%
Coefficients (robust SE)  Coefficients (robust SE)  Coefficients (robust SE) Coefficients (robust SE)  Coefficients (robust SE)  Coefficients (robust SE)

_cons $92,126.88 $66,282.77 -$81,553.45 -$94,891.35 $32,195.79 -$76,611.11
($49,324.) ($50,285.36) ($80,884.08) ($89,482.68) ($31,767.96) ($246,210.5)

age -$731.08 -$317.90 $1,579.95 $1,962.36 $1,112.00 $3,859.39
($942.86) ($983.73) ($1,579.95) ($5,137.45) ($5,137.45) ($4,535.61)

_lsexrecode_1 $18,542.15 $19,388.65 -$35,283.26 -$70,005.22 -$41,771.98* -$22,888.08
($16,698.28) ($19,699.6) ($18,889.16) ($89,482.68) ($18,858.55) ($59,752.17)

_Inyha_1_3 -$21,338.13 0 $6,369.77 $86,685.83 0 0
($21,428.17) (omitted) ($26,403.3) ($51,493.79) (omitted) (omitted)

_Inyha_1_4 -$3,274.86 0 $39,497.39 $110,407.60 0 0
($22,631.) (omitted) ($41,543.98) ($97,273.56) (omitted) (omitted)

Observations 600 268 245 81 204 84

F 0.92 0.48 1.5 4.85

Prob > F 0.4601 0.6224 0.2265 . 0.0225 .

df 4 2 4 4 2 1

clusters 52 23 31 8 17 7

RA2 0.0852 0.0465 0.2248 0.4312 0.297 0.2021

Mean cost per patient per year  $52,197.94 $56,060.03 $46,488.42 $58,780.08 $71,006.50 $116,214.87

Note: Adjusted for cluster by patient id. Six patients had missing NYHA status at baseline. *p=<0.05
Abbreviations: BTC, bridge to candidacy; BTT, bridge to transplant; d.f, degree of freedom; HTx, Heart Transplant; NYHA, New York Heart Association; OMM, optimal medical management; SE, standard error; VAD,

ventricular assist device
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4.3.3.8.2 Adjustment for censoring

Adjustment for censoring using the ZT estimator (cost history) method (175) per patient in Year 1 is
presented in Table 4-24. The waiting list group was most subject to censoring with a mean waiting
time of 241 days. For the health states ‘Post-HTx’, ‘Post-VAD’ and ‘Waiting list’, the values adjusted
for censoring were used; however, none were adjusted for covariates because the hcost method in
STATA did not allow for it. However, since none of the explanatory variables (age, sex, NYHA) were
statistically significant based on the regression results for those three health states in Table 4-23, it is
unlikely to significantly bias the results. Similarly, for the pre-VAD BTc costs, although sex is statistically
significant at p<0.05, the linear regression and adjustment for censoring results were similar and
hence the adjustment for censoring results was used in the model. Another benefit of the hcost

method is that the SE are reported for use in sensitivity analyses in Chapter 5.

Table 4-24: Total costs per year adjustment for censoring

n N Costs SE Cllower Clupper Day SE Cllower Clupper
s

Corrected for censoring, cost history method (ZT estimator)
post HTx 56 648  $55,063 $7,516  $40,333 $69,793 351 8 336 366
post VAD 23 268  $54,484 $10,369 $34,162 $74,807 290 22 247 333
waiting list/ OMM 35 280  $33,751 $9,193  $15734 $51,769 241 19 203 279
OMM 10 105  $40,721 $19,652 $2204  $79,237 312 29 256 369
pre VAD BTC 17 204 $71,007 $12,348 $46,804 $95209 365 . . .
pre VAD BTT 7 84 $116,220  $26,433 $64,413 §168,028 365 .

Abbreviations: BTC, bridge to candidacy; BTT, bridge to transplant; Cl, confidence interval; HTx, heart transplant; SE, standard error; VAD,
ventricular assist device; ZT, Zhao and Tian.

4.3.3.9 MCS cohort

The first MCS implant occurred on 3 June 1994 and most recent on 21 December 2016, with the first
CF implant on 26 October 2004. A comparison of the demographic and prognostic variables of the full
sample and those that received a CF device and non-CF devices is presented in Table 8-27. The
youngest recipient was 12 years old. In the comparison of CF patients to non-CF patients, CF patients
were older (p<0.01) and more likely to have received an IABP at baseline (p<0.01). Tests of significance
were conducted for baseline variables between the included and excluded cohort (Table 4-25). The

mean age of the excluded cohort was lower than the included cohort (p<0.001).
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Table 4-25: Demographic and prognostic variables in MCS — included patients

Characteristics Sub-category  All (n=204) Incl. (n=137) Not Incl. (n=67) p-valuet

Sex Male n (%) 162 (79) 109 (80) 53 (79) ns
Female n (%) 42 (21) 28 (20) 14 (21)

Age (year) Mean (SD) 50.40 (14.58) 53.69 (12.93) 43.69 (15.49) p<0.001
Median 53.67 57.21 49.59
Min-Max 12.34-75.70 18.53 - 75.70 12.34-64.80

IMACs at baseline 1n (%) 68 (33) 38 (28) 30 (45) p<0.05
2n (%) 113 (56) 79 (58) 34 (51)
3n (%) 23 (11) 20 (15) 3(5)

IABP at baseline No n (%) 150 (74) 74 (66) 60 (90) p<0.001
Yes n (%) 54 (26) 47 (34) 7(10)

ECMO at baseline No n (%) 180 (88) 120 (88) 60 (90) ns
Yes n (%) 24 (12) 17 (12) 7(10)

Ventilation at baseline No n (%) 174 (85) 122 (89) 52 (78) P<0.05
Yes n (%) 30 (15) 15 (11) 11 (23)

Abbreviations: ECMO, extra-corporeal membrane oxygenation; IABP, intra-aortic balloon pump; IMACS, International Society for Heart and
Lung Transplantation Registry for Mechanically Assisted Circulatory Support; SD, Standard deviation.
tComparison between included and not included patients.

4.3.3.10 Implant details and surgery

Details of the CF implants in the 137 patients are presented in Table 8-28. There were three types of
CF devices implanted, with the most common type being the HVAD (76%). Of the indications, most
were BTT (93%), with 6% for DT and 1% for BTC. At study end around 50% of patients had been

transplanted.

4.3.3.11 Time-to-event analyses

4.3.3.11.1 Time to event - VAD to death

The summary statistics for days alive on pump are presented in Table 4-26. The start date was date of
implant and event of interest was death, and patients were censored if they were alive at study end
or transplanted. Of the 137 patients, 41 patients died while supported by a VAD. The median survival
time was 1,069 days for all 137 patients. There were no statistically significant differences in the

number of deaths between males and females.

Table 4-26: Summary statistics for alive on pump

Died on pump Total Male Female

Subjects, n 137 109 28

Failures (death), n 41 33 8

Survival time: 25%, 50%; 75% 456; 1,069; NE 481; 1069; NE 306; 836; NE

10% remaining at risk; SE (95% Cl) 126; 34.34 (59, 199) 126; 52.93 (23, 269) 116; 39.45 (59, 163)
Log-rank test p=0.39

Abbreviations: NE=not evaluable; SE=standard error

The KM plots for time to VAD are presented in Figure 4-11. There were no statistically significant
differences in prognostic variables such as gender, pre-ECMO or INTERMACS (Figure 8-10). The CPH
regression model results indicated that, gender, age of implant and INTERMACS at baseline were

statistically insignificant predictors of death (Table 8-29).
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Figure 4-11: Kaplan-Meier plots of survival for days alive on pump, event death
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4.3.3.11.1.1 Time to death from VAD with competing event HTx

HTx is a competing risk to death for those alive with a VAD. Figure 4-12 illustrates the probability of
death or transplant adjusted for competing events. Of the 137 included patients, 77 received a HTx

and 41 had died, with the remaining 19 alive on pump at the end of the study period.

Figure 4-12: Alive on pump with competing risk of HTx
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Based on the Fine and Gray model for competing risks, when taking into account competing risks the
older patients were statistically significantly more likely to die (p=0.022) (Table 4-27). After adjusting
for gender, ECMO and INTERMACS ast baseline, age was still statistically significant, with older

patients more likely to die.
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Table 4-27: Fine and Gray model for subhazards time to death, competing event HTx

Variable Univariate Multivariate

Age SHR: 1.03; p=0.022  SHR: 1.03; p=0.021 SHR: 1.04; p=0.018 SHR: 1.03; SHR: 1.04; p=0.017
p=0.016

gender SHR: 1.04; p=0.093  SHR: 1.49; p=0.374 SHR: 1.51; p=0.33

ECMO SHR: 0.49; p=0.084 SHR: 0.41; p=0.046 SHR: 0.42; p=0.075

INTERMACS SHR: 0.87; p=0.56 SHR: 0.74; p=0.23 SHR: 0.96; p=0.89

4.3.3.12 CPR cohort

Of the 102 included patients, 57 heart transplants were conducted and 4 patients were bridged with
a VAD. Of the patients who were active on the waitlist during the study period, 28 had received a VAD
during the study period or beforehand. Of the VADs, 18 (64%) were BTT and 10 (36%) were BTC.

4.3.3.13 Time-to-event analyses

4.3.3.13.1 Time to event- waitlist to HTx

The summary statistics for the survival dataset days waiting for the event HTx or Death are presented
in Table 4-28. The median time to HTx once listed was 293 days (9.6 months). Of the 57 HTx recipients,
4 were supported with a VAD, with bridged patients waiting longer for a VAD (p<0.001). However,

once they were transplanted the risk of death was not different.

Table 4-28: Summary statistics for time on waitlist

Time waiting HTx Death

Subjects, n 102 102

Failures, n 57 4

Survival time: 25%, 50%; 75% 89; 293; NE NE; NE; NE

10% remaining at risk; SE (95% CI) 6; 2.98 (0.001, 19) 22; NE (22,115)

Log rank test (no VAD vs. VAD) No VAD: 53, VAD: 4, p=0.000 No VAD: 1, VAD: 3, p=0.058

The KM plots for waitlist days with events HTx or death by VAD receipt are presented in Figure 4-13.
The CPH model indicated that receiving a VAD led to a longer time to HTx (HR: 0.14, p<0.001), but

receipt of VAD did not impact on time to death (Table 8-30).
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Figure 4-13: Kaplan-Meier plots of survival for days on waitlist, event HTx (left) or death (right)
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Due to the small number of deaths, the rate of HTx corrected for deaths was very similar to the
uncorrected curve (Figure 4-14). The Fine and Gray model indicated that the subhazard ratio of time
to HTx with competing event of death for those who received a VAD was statistically significantly

longer than those who did not [SHR: 0.14, 95% Cl: 0.05-0.39, p=0.000].

Figure 4-14: Waiting for HTx with competing risk of death
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4.3.3.13.2 Time to event — Waitlist to Removal

Of the 102 waiting patients, 35 were removed due to condition improvement or deterioration or

‘other’ (Table 4-29). The median time to ‘Removed’ health state was 502 days (1.4 years).

Table 4-29: Summary statistics for days on wait list until removal

Time to Removal Total

Subjects, n 102

Failures, n 35

Survival time: 25%, 50%; 75% 310; 502; 1366

10% remaining at risk; SE (95% CI) 42; 46.68 (1, 145)

Log rank test (no VAD vs. VAD) no VAD:16 vs. VAD:19, p=0.0043

The Kaplan-Meier plot of time on waitlist until removal is presented in Figure 4-15. The CPH model

indicated that receiving a LVAD meant a shorter time until removal (HR: 2.64; p=0.0058).

Figure 4-15: KM plots of survival for days waiting until removal, all (left) and by VAD (right)

Time to removal from waitlist Time to removal from waitlist

100%
|
100%
L

75%
I

50%
|

25% 50% 75%
I

‘

0 5(50 10b0 15b0 ZdOO 25‘00

25%
L
0
|

time (days)
° Number at risk
S ; : : ‘ ‘ VAD=0 74 13 6 2 1 1
0 500 1000 1500 2000 2500 VAD=1 28 4 1 1 1 0
time (days) - -
Number at risk VAD =0 VAD =1
102 17 7 3 2 1 Based on SVHS data, p<0.01

4.3.3.13.3 Time to event - VAD to HTx

Of the 28 VAD recipients, 4 were transplanted and 3 died, with median time to event not reached for
either outcome (Table 8-31). The Kaplan-Meier plot of time to HTx or death from VAD is presented in
Figure 8-10. Due to the small number of events for both HTx and death, the competing risk analysis

was based on small event numbers (Figure 8-11).
4.3.3.13.4 Time to event - VAD to Removal

Of the 28 VAD recipients, 19 were removed from the waitlist, with a median time of 449 days (1.2
years) (Table 4-30).

Table 4-30:Summary statistics of alive on pump to removal

Time to Not eligible Not eligible
Subjects, n 28

Failures, n 19

Survival time: 25%, 50%; 75% 329; 449; 811
10% remaining at risk; SE (95% CI) 94; NE (59, 265)
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The Kaplan-Meier plot of time on waitlist until removal is presented in Figure 4-16.

Figure 4-16: Kaplan-Meier plots of survival for alive on pump until removal from waitlist
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4.3.4 Pre-modelling studies and use in the economic evaluation
The pre-modelling studies in the economic model are summarised in Table 4-31.

Table 4-31: Pre-modelling substudies for the economic evaluation

Substudy Results Use in the economic evaluation

Add Value

Demographics Mean age 49.4 years with 67% male. Age and gender distribution used for model

population.

NYHA status At baseline on the waiting list and Post- Cross-sectional proportion in each Class at follow-up
intervention after LVAD or HTx. for those who received VAD and/or HTx.

APDC Resource use split into 8 mutually exclusive Intervention index admissions for VAD and HTx. For
groups by LVAD or HTx receipt. Calculated cost health states post-VAD, post-HTx, waitlist and not
per month over time. eligible, admissions combined with ED only visits.

EDDC As above. Excluded ED visits that had a mode of Estimated average per person in first 12 months
separation as an admission. accounting for censoring.

TTE: waitlistto  Of the 25 VADs,18 received prior to being Transition probability from ‘Waitlist’ to ‘Alive post-

VAD waitlisted (BTC). When BTC set to 0.01 wait VAD'. Combined BTC and BTT so that wait time might

days so not excluded from survival analysis, be underestimated. The BTC analysis used for
median survival NE. When BTC (n=18) median transition probability ‘Alive-post-VAD' to ‘Waitlist for
survival to ‘waitlist’ was 110 days, when BTT those ineligible for HTXx.
(n=7) median survival to ‘VAD’ was 77 days.
TTE: VAD to death Median survival was 482 days to receive HTx if Transition probability from ‘Alive post-VAD’ to ‘HTx’
with competing ~ patient received a VAD. Cumulative incidence after adjusting for competing risk of death.
event HTx plotted.
Mechanical Circulatory Support
Demographics The included patients had a mean age of 54 Assess applicability to Add Value study.
years with 80% males.
TTE: VAD to death Median survival was 1,069 days to death (not Used for the transition probability of ‘Alive post-VAD’
with competing accounting for competing risks). The one year to ‘Death’ after competing risk adjustment. The
event HTx probability of survival was 80% (naive) and probabilities were converted into transition
81.7% (corrected for competing event HTx). probabilities assuming constant hazards.
CardioPulmonary Registry
TTE: waitlist to Median survival to receive HTx was 293 days in Transition probability ‘Waitlist’ to ‘HTx’ (non-bridged,

HTx the 57 patients. Adjusted for deaths (n=4), death n=53). Despite a small number of transplanted
median survival NE. Of the 57 HTx, 4 were patients were supported with VAD (7%, 4/57), there is
bridged. bias from cross-over. The time to HTx was statistically

significantly longer for those supported with VAD. VAD
is a health state in the model.
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Substudy Results Use in the economic evaluation
TTE: waitlist to Median survival to removal due to ineligibility or Transition probability of ‘Waitlist’ to ‘Removed’

removed VAD was 502 days in 35 patients.
TTE: VAD to HTx Median survival NE, there were 4 bridged and 3 Not used due to small event numbers.
deaths.
TTE: VAD to Median survival to removal was 449 days in the Transition probability of ‘Alive post-VAD’ to ‘Removed’.
removed 28 patients.

Abbreviations: HTx, heart transplant; NE, not evaluable; NYHA, New York Heart Association; TTE, time-to-event; VAD, ventricular assist
device.

4.4 Discussion

4.4.1 Bias in clinical evidence due to study design

Due to the lack of data from RCTs comparing LVAD bridged to non-bridged HTx, observational studies
were analysed to inform the economic evaluations in Chapter 5 and 6. Registry data can be useful in
assessing the effectiveness of devices.(183). The main findings from the Add Value and the linked
hospital admissions dataset were the differences between health status and costs across bridged and
non-bridged patients. It was confirmed that the NYHA health status of LVAD recipients was worse than
those unbridged. Further, the cost of LVAD implant was twice the cost of HTx transplant; however, in
the year following the intervention the costs between the two groups were similar, even after

accounting for censoring.

A key finding from the CPR dataset was the status changes on the HTx waiting list including reason for
removal from waiting list and the time from listing to ‘Removed’ or ‘HTx’. The datasets from SVHS
illustrated events surrounding the HTx waiting list, and indicated it was appropriate to have a ‘waiting
list’ health state. The Add Value data indicated that the use of LVAD can extend the time that a patient
waits for a HTx, thus allowing more time for a suitable donor to be found. In the time-to-event analysis
of study entry to HTx, those who received an LVAD remained on the waiting list longer than those that

did not, even after controlling for age and gender (p=0.02) [Data on file].

The published registry datasets were non-comparative retrospective cohort studies.(156, 157) A
retrospective cohort is subject to a number of biases. One such bias is selection bias, leading to the
differences in baseline charateristics between those patients who received an LVAD and those who
did not. Since there is no randomisation, the baseline characteristics of patients are not balanced
across the arms. This may cause confounding, which is defined as a bias that distorts the exposure-
disease or exposure-outcome relationship.(184) These issues are relevant to the SVHS individual

patient datasets.

There are methods to assess the comparative effectiveness in retrospective observational databases

to adjust for bias, including propensity scoring, instrumental variable and inverse probability weighting
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methods.(184-187) In a published review of cost-effectiveness analysis studies (n=81) that used
observational data, 51% used regressions, 25% matched on individual covariates and 22% matched on
propensity score (187). This chapter adjusted costs for censoring and the regression results indicated
no statistically significant differences in age, gender or NYHA. However, the time-to-event analyses
assumed that the groups are balanced as in an RCT. This may not be the case in a retrospective cohort.
Therefore, caution should be used when interpreting these results. When available, KM curves were

adjusted for age, gender and NYHA.

The SVHS dataset demonstrated the use of LVADs in clinical practice as BTT (7/25) and BTC (18/25)
and highlighted that LVADs increase the pool of patients who would become eligible for a heart
transplant. There is likely to be confounding by indication in the BTC and BTT patients. BTC patients
may have worse baseline characteristics than BTT patients and have worse survival (censoring at
transplant or recovery).(161) Consequently, the effect of LVAD may be underestimated in BTC patients
when compared to BTT patients, if no appropriate matching or correction for baseline characteristics
is undertaken. Consequently, a true comparative effectiveness of bridged HTx and non-bridged HTx

cannot be conducted.

4.4.2 Applicability of clinical evidence to Australian ESHF

This chapter included an analysis of international and Australian data. The current analysis included
CF devices, which is consistent with the INTERMACS and IMACS analysis in Chapter 2. It also reflects
the focus of the more recent cost-effectiveness literature described in Chapter 3. The analysis
excluded BiVADs, which formed 9% (14/151) of the MCS sample; however, results were consistent
despite BiVAD patients being more likely to be on ECMO at baseline. BiVADs are more costly than a
single LVAD and associated with worse outcomes than LVADs.(160) Excluding BiVADs from the analysis
may lead to underestimating the cost of VADs and overestimating the outcomes. Right ventricle failure

is commonly seen in patients during implant of LVAD, resulting in the need for a BiVAD.(188)

The linked administrative hospitalisations were used to estimate the cost of each health state.
However, there are some challenges in conducting costing studies comparing VAD to HTx. An
Australian study identified that ‘in supporting a group of patients to a transplant outcome who would
surely have died prior to that end point without the mechanical support... it seems evident that the
VAD group were sicker than the transplant group overall, thus contributing more to costs of care’.(164)
This highlights the challenge in directly comparing the two interventions in a single dataset due to
bias. The subsequent hospitalisation cost post-LVAD depends on whether the patient is discharged to
go home or to another facility (e.g. rehabilition or acute care), and this depends on pre-implant status

such as INTERMACS level and use of ECMO.(189)

122



4.4.3 Strengths and limitations of costing analysis

In the Add Value analysis, diseases of the circulatory system were the most common diagnostic
category at 30% and 25% for post-VAD and post-HTx respectively. In the post-HTx group, there were
40% same-day visits and 14% kidney dialysis. In the post-VAD (pre-HTx or no HTx) group, there were
31% same-day visists and 9% infectious diseases diagnostic category. This is consistent with a French
study indicating prominence of monitoring heart transplant DRGs and kidney dialysis in those post-
HTx (bridged with a VAD).(108) In our sample, no admissions were excluded because all were deemed
to be at least partially related to ESHF. An Australian costing analysis excluded 5% (20/405) of

admissions, including elective orthopaedic procedures, trauma and one minor burn.(164)

The costing analysis was subject to administrative censoring, i.e. rolling admission with a fixed
stopping date. Other published VAD vs HTx cost analyses limited costs to the first year, with some
studies only including patients who were alive for at least one year (164, 190, 191). This method can
potentially introduce bias, as limiting data to those who lived for at least 12 months ignores patients
who had died or were lost to follow-up pre 12 months. Other analyses included patients who may
have died within the first year(192), or to 1, 3, 5 and 7 years, with available cost data depending on
whether patients were alive.(193) One paper considered the cost of the index admission and not
subsequent admissions (194), which would bias against VADs. A strength of this analysis is the
adjustment for censoring using the ZT method, accounting for cost history.(175) This is one of
numerous reweighted estimators to use for censored data. A recent review of options to deal with
censored data concluded that there was no definitive option, however, a weighted estimator
approach was preferred{Wijeysundera, 2012 #616}. However, the hcost program [ZT method] used in
STATA does not allow for adjustment by covariates. In this analysis, not adjusting by covariates is
unlikely to be problematic as the explanatory variables (age, gender and NYHA status) were not
statistically significant in the regression analysis. It is acknowledged that based on a small sample size

in the subgroups, the likelihood of obtaining a statistically significant result would be small.

4.4.4 Strengths and limitations of time-to-event analysis

The ANZCOTR Annual Report presented actuarial survival curves using the Cutler-Ederer method and
statistical significance was calculated using Log Rank testing.(149) Cutler-Ederer analysis assumes that
withdrawals occur randomly, and for large samples on average halfway between each interval, and
the probability of survival at one interval, although conditional on surviving previous intervals, is
independent of the probability of survival at the prior interval(s).(195) Consequently, Cutler-Ederer
curves do not take into account censoring, unlike KM curves. This is unlikely to be an issue if follow-

up is relatively complete and, given that it is a national database, it should not be strongly biased.

123



The time-to-event analysis of time to HTx was subject to competing event of death. In the MCS
dataset, once patients were transplanted they were no longer followed up, meaning survival post-HTx
is unknown. Only the time-to-event analysis activation onto waitlist to VAD implant was used in the
economic evaluation, and that was not subject to competing risks. Despite conducting competing risks
adjustments for VAD to death, the time-to-event analyses were based on small sample sizes compared

to INTERMACS and IMACS, which may have implications for the robustness of the estimates.

4.4.5 Limitations of missing data

A limitation of the Add Value dataset related to the missing data on clinical covariates at baseline and
at follow up (timing was close to time of death, transplant or 1-year post VAD implant). The date of
follow-up differed between patients after the intervention. This was particularly important for NYHA
at follow-up and it is unclear how this may translate to the longer-term benefit of VAD or HTx. There
were only 6 patients with an LVAD that did not ‘cross-over’ to a HTx with follow-up data. None of the
datasets included patient-reported outcomes such as quality of life. Therefore it was not possible to
link quality-of-life outcomes to survival in this data. The NYHA classification was used to estimate the
symptoms. Therefore, simplifying assumptions may need to be made to incorporate NYHA and utility
change in the economic evaluation. A limitation of the CPR dataset was the lack of age or gender
reported. However, given paediactric transplants are not conducted at SVHS it is likely these patients

would be similar to the Add Value patient dataset.

4.5 Conclusion

There is a lack of RCTs comparing the effectiveness and costs of bridged vs non-bridged HTx. Despite
this, there is a rich literature of observational studies of the outcomes of VADs as a bridge and DT, and
of the outcomes for HTx. Although registries may lack internal validity, they tend to have high external
validity, making them valuable sources of data. Observational datasets can be relied on to estimate
the cost-effectiveness of health technologies. However, statistical adjustments may be required to

adjust for the selection bias in these study designs.

In this thesis, the observational data from SVHS with linked administrative data informed the time-to-
event analyses, quality-of-life impact and costs in the models for Chapter 5 and Chapter 6. The time-
to-event analyses relied on in the models inform the waitlist transition health states and provided a
more fulsome picture of the activities on the HTx waitlist and how LVADs are used in Australian clinical
practice, namely as a BTT and sometimes BTC. The models also rely on the published national and
international registries of HTx and VAD time-to-event analyses due to the larger sample sizes. This

way, the best available data was selected for use in the economic evaluations.
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5 CHAPTER 5: MARKOV MODEL FOR REAL-WORLD RESTRICTIONS IN
TREATMENT POLICIES IN ESHF

5.1 Introduction

The aim of this chapter is to assess the cost-effectiveness of current policy and hypothetical policies
for the treatment of end-stage heart failure (ESHF). The gold standard treatment for ESHF is heart
transplantation (HTx); however, the shortage of suitable donors means that demand outstrips supply.
Once added to the transplant waiting list (i.e. deemed eligible for a transplant), some patients are well
enough to return home, while others may require mechanical ventilation in hospital. If a patient’s
condition worsens significantly, they may be removed from the waiting list or die from heart failure.
Occasionally, durable mechanical circulatory support (MCS) in the form of a left ventricular assist
device (LVAD) can be used as a bridge to transplant (BTT) or bridge to candidacy (BTC), the main
difference being that BTT patients are eligible for the transplant waitlist while BTC patients are

potential candidates for the waitlist.

The intrinsic value of a LVAD is that it buys the patient time while a suitable donor heart is found (BTT)
or the patient becomes eligble for the transplant waitlist (BTC). Hence, LVADs are regarded as a life-
saving therapy. This assertion is supported by the findings of Chapter 4, which demonstrated that the
use of MCS can extend the time that a patient waits for a HTx, hence allowing more time for a suitable
donor to be found. Chapter 2 demonstrated that the waiting list dynamics in St Vincents Hospital
Sydney (SVHS) differ to other transplant Units in Australia, which in part is due to LVADs increasing
the pool of patients who later become eligible for a HTx via BTC, as shown in Chapter 4. Therefore,
when considering the cost-effectiveness of policies for ESHF it is important to consider the impact of
LVADs on the transplant waiting list and the supply of donor hearts. Given the potential impact of
LVADs on the waiting list, it was surprising that only a handful of published economic evaluations (94,

96) considered the waiting list as a health state in ESHF models (Chapter 3).

In general, patients who are eligible for a HTx are healthier or younger than those who are ineligible.
Consequently, patients who are supported by LVAD prior to receiving a HTx are generally sicker than
those without. This was reinforced in the analysis of the SVHS Add Value registry data when comparing

the prior treatments at baseline (e.g. intra-aortic balloon pump)(165) in Chapter 4.

Four policy alternatives are compared: the previous ESHF policy, with no LVAD bridging support
(Policy A); the current ESHF policy, which includes supply restricted LVAD support (Policy B); a
hypothetical ESHF policy with an increased supply of LVADs (Policy C); and a hypothetical ESHF policy
with anincreased supply of donor hearts, holding the current level of LVAD support constant (Policy D)

(see Figure 5-1). Policy A and Policy B were chosen as these policies represent the current restrictions
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compared to the world without the use of LVAD support. The two hypothetical supply alternatives of
Policy C and Policy D represent expanded availability scenarios from Policy A and Policy D. Policy Cis
consistent with increasing the supply cap of LVADs by 20% (n ~ 30, rather than 25; see Table 2-5).
Policy D is based on increasing the supply of donor hearts, which could be possible through a media
campaign to boost the donation rate and the use of ex vivo preservation of donor hearts using the

Organ Care System® ‘Heart in a box’ (196) for half of total HTx.

Figure 5-1: Schematic of ESHF Policies for economic evaluation
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The aim of this chapter is twofold. The first aim is to estimate the real-world cost-effectiveness of the

of LVADs

current policy (restricted supply of LVADs and HTx) to treat patients with ESHF in Australia. This
represents an ex-post estimation of the cost-effectiveness. The second aim is to examine alternative
policies, such as increasing the supply of donor hearts (without LVADs) or increasing the supply of
LVADs (without increasing the supply of donor hearts). These hypothetical policies seek to determine
how restricted supply impacts the overall cost-effectiveness of therapies to treat ESHF. The total

budget impact of each policy is also considered.
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5.2 Methods

5.2.1 Model overview

A cost utility analysis (CUA) was developed, based on a state transition cohort Markov model using
TreeAge® Pro 2018 software (TreeAge Software, Inc, Williamstown, Massachusetts, USA). The model
time horizon was 20 years based on data available from ANZCOTR and patients entered the model
aged 50 years. Costs and benefits were discounted by 5% per annum.(197) The model utilised a
healthcare system perspective. All costs are presented in 2019 Australian dollars unless specified
otherwise. Costs were inflated using the Health Inflation Index (198) to 2017 using the average 2003-
2017 index to estimate 2019. Costs from overseas were converted to Australian dollars using
purchasing power parity (PPP).(97) Annual cycles were used. A half-cycle correction®! was applied
which assumed that half of the initial and final costs and quality-adjusted life years (QALYs) are

accrued.

5.2.2 Health states and model structure

A Markov model was chosen as this is in line with the cost-effectiveness literature for ESHF (199) (see
Chapter 3). As demonstrated in Chapter 4, a significant proportion of LVAD recipients are implanted
prior to addition onto the HTx waiting list. A Markov model was constructed with seven health states:
1) ‘Ineligible’ for HTx; 2) ‘Waiting list’; 3) ‘Removed’ from the waiting list; 4) ‘Alive post-VAD’ implant;
5) “Alive post-HTx’; 6) ‘Death’ due to heart failure; and 7) ‘Death (other causes)’ based on age-related
non-cardiac mortality (Figure 5-2). The current model included more health states than the typical
three-health-state BTT CEAs identified in Chapter 3; this was possible due to the data available in
Chapter 4. The ‘Ineligible’ health state accounts for patients who are not eligible for HTx due to renal
failure but who may be supported by a BTC VAD (and hence could transition to ‘Alive post-VAD’ and
would be eligible for HTx). A patient on the ‘Waiting list’ could receive a VAD or HTX, die, or be
removed from the waitlist due to health reasons. Patients who enter the ‘Alive post-VAD’ stage are

able to transition to ‘Alive post-HTx’ or die.

31n traditional Markov models, a patient accumulates the full cycle's state reward at the beginning of each cycle
with transitions occurring at the end of each cycle. This assumption is not reasonable, as a portion of the cohort
will leave the state during the cycle.

127



Figure 5-2: Markov model structure
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5.2.2.1 Model Assumptions

The model was underpinned by the following assumptions.

No health state for perioperative survival or complications after LVAD or HTx.

The same transition probabilities from ‘Waiting list’, ‘Removed’ and ‘Ineligible’ health states
to either of the death health states. Multiplication factors of 1.5 and 1.6 were applied for the
higher chance of death from the ‘Removed’ patients and ‘Ineligible’ patients respectively. It
was assumed a higher factor would apply for those who were never eligible compared to those
who were removed from waiting list.

The proportion in each NYHA Class in the health states ‘Ineligible’, ‘Waiting List’, ‘Removed’,
‘Alive Post-VAD’ and ‘Alive Post-HTx’ remained constant over time.

Patients in the ‘Removed’ health state would have the same average NYHA Class as those on
the ‘Waiting list’, hence quality of life in those health states is the same. This is justified as
medical reasons for removal may be deterioriation of kidney function, which would not affect

heart failure symptoms.

The tree diagram with the policies is presented in Figure 5-3. The comparison of Policy A (the previous

ESHF policy) and Policy B (the current ESHF policy) would capture the differences with and without

VADs. Policy C and Policy D would capture the differences in the proportions of patients beginning in

the “Alive post-VAD’ or ‘Alive post-HTx’ health states rather than ‘Waiting list’.
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Figure 5-3: Tree Diagram showing treatment options of expanded supply of VAD or donor hearts
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5.2.3 Model data

5.2.3.1 Patient population and setting

The model population is based on Add Value (n=77, median 50 years old and 69% males) (see Table
4-12 in Chapter 4). Of the 77 patients, 25 received a LVAD (18 as BTC and 7 as BTT) and were New York
Heart Association (NYHA) Class IV. In total, 61 patients received a HTx. Of these, 19 were bridged with
a LVAD, meaning 6 patients died or remained alive on LVAD by study end. Patients in the LVAD group
were more likely to have an intra-aortic balloon pump (IABP) (p<0.001) and be on inotropic IV

medication at baseline than the non-LVAD group (p<0.001).

5.2.3.2 Initial probabilities

The initial probability for each health state for all policies are presented in Table 5-1. Under all policies,
10% of the population are ineligible for a HTx and begin in the ‘Ineligible’ health state. Under Policy A
and Policy B, the remaining 90% of patients begin in the ‘Waiting list’ health state. Under Policy B,
some patients transition to the VAD health state from the ‘Ineligible’ health state as BTC or ‘Waiting
list” health state as BTT. Under Policy C, a proportion (20%) immediately receive a VAD, avoiding the
‘Waiting list’ health state. Finally, under Policy D a proportion (20%) immediately receive a HTx,
avoiding the ‘Waiting list’ health state. In a sensitivity analysis, the ‘waiting list’ health state was
removed so that patients either began in the ‘Ineligible’, ‘Alive post-VAD’ and ‘“Alive post-HTx’ health

state.

Table 5-1: Initial probability of starting in each health state in each strategy

Ineligible Wait List VAD HTx
Base case
Policy A 10% 90% 0% 0%
Policy B 10% 90% 0% 0%
Policy C 10% 70% 20% 0%
Policy D 10% 70% 0% 20%
No ‘Ineligible’ health state
Policy A 0% 100% 0% 0%
Policy B 0% 100% 0% 0%
Policy C 0% 80% 20% 0%
Policy D 0% 80% 0% 20%
No ‘Waiting list’ health statet
Policy A 10% 0% 0% 90%
Policy B 10% 0% 36% 54%
Policy C 10% 0% 56% 34%
Policy D 10% 0% 0% 90%

Note: tThe remaining cohort (90%) is split as 40% bridged (90% * 40% = 36%). Policy C was assumed to have additional 20% beginning
in VAD health state. Policy A = Previous policy no LVAD, Policy B = Current policy with LVAD, Policy C = Policy B with increase LVAD,
Policy D = Policy A with increase HTx.

Assumptions based on personal communication with Professor Christopher Hayward, St Vincent's Hospital Sydney.
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5.24 Pre-modelling studies

Pre-modelling studies were conducted to assess the applicability and translation of evidence into the
economic model. A summary of the included pre-modelling studies is presented in Table 5-2. The
methods to estimate the transition probabilities from time-to-event analyses of the published data
and SVHS datasets are presented in Chapter 4. Extrapolation was conducted on the transition
probability from ‘Alive Post-VAD’ to ‘Death’. The international registry and RCT data were compared

to Australian data to assess applicability of the patient population and outcomes.

Table 5-2: Summary of pre-modelling studies and their data sources

Pre-modelling study Source of data

Transition probabilities (time-to-event analysis)

Age-related mortality Australian Bureau of Statistics Life Tables, section 5.2.4.1.13

‘Waiting list’ to ‘Death’ ANZCOTR, section 5.2.4.1.2

‘Waiting list’ to ‘Removed’ SVHS CPR, section 5.2.4.1.3

‘Waiting list’ to ‘Alive Post-HTx’ SVHS CPR, section 5.2.4.1.4

‘Waiting list’ to ‘Alive Post-VAD’ SVHS Add Value, section 5.2.4.1.5

‘Alive Post-VAD’ to ‘Removed’ SVHS CPR, section 5.2.4.1.9

‘Alive Post-VAD' to ‘Alive Post-HTX’ INTERMACS; MOMENTUM 3 trial; IMACS; SVHS Add Value; SVHS MCS,
section 5.2.4.1.10

‘Alive Post-VAD’ to ‘Death’ INTERMACS; SVHS MCS, section 5.2.4.1.11

‘Alive Post-HTx' to ‘Death’ ANZCOTR; ISHLT, section 5.2.4.1.12

‘Removed’ to ‘Death’ Assumption, section 5.2.4.1.8

Extrapolation

Extrapolation of ‘Alive Post-VAD’ to ‘Death’  INTERMACS, section 5.2.4.1.11

Applicability

Applicability of international data to MOMENTUM 3, INTERMACS, IMACS, ISHLT, ANZCOTR, SVHS Add

Australia Value and MCS, section 5.2.4.3

Abbreviations: ANZCOTR, Australia and New Zealand Organ Transplant Registry; CPR, cardiopulmonary registry; HTx, heart transplant;
IMACS, International Society for Heart and Lung Transplantation Registry for Mechanically Assisted Circulatory Support; INTERMACS,
Interagency Registry for Mechanically Assisted Circulatory Support; ISHLT, International Society for Heart & Lung Transplantation; MCS,
mechanical circulatory support; SVHS, St. Vincent's Hospital Sydney; VAD, ventricular assist device;

5.2.4.1 Transition probabilities

Time-dependent transition probabilities were used to build a clinically realistic model. Survival analysis
methods have been described in Chapter 4. The transition probability was calculated as 1 minus the
ratio of the survivor function at the end of the interval to the survivor function at the beginning of the
interval: tp(tu) = 1 — S(t)/S(t-u), where S is the survivor function and u is the length of the Markov
cycle.(200) Patients remain in the state with the probability of 1 minus sum of the other transition

probabilities.
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5.2.4.1.1 Published survival curves, methods to derive data

Pseudo-individual patient data were generated from published Kaplan-Meier curves (see section 8.12
for detailed methods). The published curve was pasted into Enguage Digitizer3? with survival curves
estimated per month using linear interpolation (‘Vlookup’ function in Excel®). In this chapter, the
Hoyle and Henley (2011) method was used, which estimated underlying individual patient data using
the survival probabilities at each time point t from the KM curve as S(t), and the number of patients
at risk as R(t)(201). Tierney et al. (2007) provide a spreadsheet using extracted KM data to estimate
hazard ratios (HR) and patient numbers at risk if these were not reported.(202) The numbers of events
and censorships were estimated assuming censoring is constant within each time interval and the
events are interval censored, and it was assumed that at maximum follow-up time no patients were

at risk, as all patients are censored.(201)
5.2.4.1.2 Time-to-Event - Waiting list to Death

Transition probabilities were estimated from the ‘Waiting list’ health state to ‘Death’ and ‘Death
(Other)’. The possible options from waiting list were 1) remain without intervention; 2) removed from
waiting list due to ‘patient condition improving’, ‘too ill’, ‘patient declined’, ‘transferred to interstate
list’ or ‘removed unspecified’; 3) heart transplant; and 4) death due to ‘died waiting’. The transition
probabilities are presented in Table 5-3. Over 2015-2016 there were an average of 207 patients.(149)
The probability of death was converted to rates using the formula P=1-exp(-r*t) and converted back
to annual probabilities after adjustments for age-related mortality. Based on clinical expert opinion,
the transition probability of 2.9% annually for death on the waiting list was underestimated due to
some patients being removed and dying soon after, as follow-up stops after removal. Hence, the
transition probability of ‘waiting list’ to ‘Death’ was adjusted as 0.02637*2 (clinical expert opinion).
The transition probability from ‘waiting list’ to ‘Death (Other)’ was based on age-related mortality and

remained unadjusted.

Table 5-3: Transition probabilities for HTx waiting list health states, N=207

Transition probability Wait list activity n % over ayear Rate for a year
Total remain on wait list end of period 67 324% -

‘wait list' to ‘removed’ Total removed from wait list (no HTx) 16 7.7% -

‘wait list' to ‘HTx’ Total transplanted 118 57.0% -

v Total death 6 2.9% -

wait list’ to ‘Death (heart failure) Death from heart failure 2.6% 0.0262

‘wait list' to ‘Death (other causes)’  Death from ‘other causes’ — age related - 0.26% 0.0027

Source:(149)

32 http://markummitchell.github.io/engauge-digitizer/
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5.2.4.1.3 Time-to-Event - Waiting list to Removed

In the CPR dataset, there were 102 patients on the waiting list with 35 removal events due to

deterioration or improvement (Figure 4-15). See Table 8-38 for the transition probabilities.
5.2.4.1.4 Time-to-Event - Waiting list to HTx

The transition probabilities for receiving a HTx were corrected for the competing risk of death for
those not supported by VAD. The Add Value and CPR analysis indicated that if a patient received a
VAD, this led to a longer time to HTx. The time to HTx for those who were not supported with VAD
and corrected for competing death (n=1) was based on 53 patients. See Table 8-39 for the transition

probabilities.
5.2.4.1.5 Time-to-Event - Waiting list to VAD

In Add Value, for patients on the waiting list, patients were censored if they received a HTx, died or at
study end. The Kaplan-Meier plot of time to VAD assuming BTC patients wait 0.01 days is presented
in Figure 4-7. However, using the BTC patients underestimates the time to VAD so only BTT patients
(n=7) are used for the transition probabilities for time to VAD implant once listed on HTx wait list (see

section 8.13.5).
5.2.4.1.6 Time-to-Event - Ineligible to VAD

In Add Value, of the 25 patients who received a VAD during the study period 18 received a VAD before
being listed on the waiting list. The Kaplan-Meier plot of time to receive a VAD and added onto the

waiting list (n=18) is presented in Figure 4-8. See Table 8-37 for the transition probabilities.
5.2.4.1.7 Time-to-Event - Ineligible to Death

It was assumed that the patients who were initially ineligible for a HTx had a higher risk of death than
those currently on the waiting list. Therefore, the transition probability for ‘Ineligible’ to ‘Death’ is the
same as ‘Waiting List’ to ‘Death’ with a multiplier of 1.6 applied. The multiplier was tested in the

sensitivity analysis.
5.2.4.1.8 Time-to-Event - Removed to death

It was assumed that the persons removed from the waiting list had a higher risk of death than those
who were on the waiting list. Therefore, the transition probability for ‘Removed’ to ‘Death’ is the same
as ‘Waiting List’ to ‘Death’ with a multiplier of 1.5 applied. The multiplier was tested in the sensitivity

analysis.
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5.2.4.1.9 Time-to-Event - VAD to Removed

In the CPR dataset of the 28 patients who received a VAD, 19 were removed from the wait list during
the follow-up period. The Kaplan Meier curve is presented in Figure 4-16. See Table 8-41 for the

transition probabilities.
5.2.4.1.10 Time-to-Event -VAD to HTx

There were three published data sources (see Chapter 4) that conducted competing outcomes analysis
of VAD to HTx with competing events death and alive on pump (Table 5-4). The MOMENTUM 3 trial
had 59% indicated for DT, so the time to HTx would be underestimated. Of the SVHS datasets, the CPR
dataset did not have enough events to estimate transition probabilities. The IMACs included recent
data with the largest sample size and indication of BTT listed with data up to 48 months (4 years). At
12 months, IMACS BTT Listed patients had 28.1% transplanted, which was consistent with the MCS
estimate of 31.6%. However, at 24 months, IMACS BTT Listed patients had 42% transplanted, which

was lower than the MCS estimate of 50.9%.

Table 5-4: Sources of transition probability from VAD to HTx

INTERMACs(51)  IMACS MOMENTUM 3 trial Add Value MCS
N 1,375 3,642 366 25 137
Time period 2015-2016 Jan 2013- Dec 2016 2014-2015 2009-2012  2004-2016
Type of VAD CF-LVADs CF-LVADs CF-LVADs, centr and axial CF-LVADs
Indication BTT Listed (100%) BTT Listed (100%) BTT (25%), BTC (16%), DT BTT (72%); BTT (93%), BTC

(59%) BTC (28%) (1%), DT (6%)

Follow-up 24 months 48 months 24 months 44 months 45 months
Transplanted at 12 34% 28.1% ~10% centr and ~12% axial 32.0% 31.6%
months (%)
Transplanted at 24 ~47% ~42% 21.2% centr and 24.4% 64.0% 50.9%
months (%) axial

Abbreviations: CF, continuous flow; BTC, bridge to candidacy; BTT, bridge to transplant.

The different estimates of proportion transplanted over time are presented in Figure 5-4 and
associated transition probabilities in Table 8-42. The base case relied on the SVHS MCS data for the
estimated transition probabilities between post-VAD to post-HTx (Table 8-43). It was assumed that

the after 48 months (4 years) there would be 0% transitioning to HTx.
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Figure 5-4: Proportion transplanted from VAD from various sources
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5.2.4.1.11 Time-to-Event - VAD to Death

The survival curves from VAD to death were extracted from INTERMACS and SVHS MCS (Figure 5-5).
The two INTERMACS curves indicate that including the DT patients increases the chance of death.(51)
The MCS data had fewer patients (n=137) in the analysis and hence the INTERMACS data were
preferred. The published INTERMACs KM curve for CF LVAD/BiVAD BTT recipients between 2013 and
2016 (n=2,839) was used for the transition probability ‘Alive post-VAD’ to ‘Death’. The base case relied
on the KM curve up to 48 months and assumed that afterwards the monthly transition probability of
death was 0.009.%3(96) See Table 8-44 for the transition probabilities. The BTT (2013-2016) KM curve
was extrapolated to 72 months (6 years) and applied in the sensitivity analysis. The transition
probabilities using the SVHS MCS data was applied in the sensitivity analysis. See Section 8.12 for

methods.

33 Long et al. (2014) assumed for HTx eligible patients after 4 years, the monthly transition to HTx was 0.009.
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Figure 5-5: Survival curves in SVHS MCS compared to INTERMACS data
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Source: Figure 9 in Kirklin 2017 (51)

5.2.4.1.12 Time-to-Event - HTx to death

The model assumed that survival of HTx recipients was the same regardless of whether they were
bridged by VAD, as done in Sutcliffe et al. (2013)(52). This assumption is supported by ISHLT indicating
the survival of adult HTx recipients bridged with CF-LVADs vs no LVADs (with or without inotropes)
was not statistically significantly different (163)(see Figure 8-16). The ANZCOTR 2016 Annual Report
presented the Cutler-Ederer Survival curves (life table) for all HTx recipients by age groups (0-16 years,
17-39 years, 40-49 years, 50-59 years and >59 years) from 1984 to 2018.(70, 149) Those aged 50-59
years (N=1,021) were used in the model as this was the mean age in the Add Value population, and
had a median survival of 14 years (Figure 5-6). The ISHLT survival curves for adult HTx by age group
were split by 40-59 years (median survival was 10.9 years) and were tested in the sensitivity analysis.

See Table 8-46 for transition probabilities for ANZCOTR.
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Figure 5-6: Survival Curves for heart transplant recipients from ANZCOTR and ISHLT
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5.2.4.1.13 Time-to-Event - Age related mortality

Background age-related mortality rates from the ABS were used to determine the transition
probability to death from non-heart failure causes.(203) These mortality rates were not corrected to
explicitly exclude heart failure causes as the impact would be negligible. The weighted average rate
(gx3%) of males and females was calculated using the sex distribution from the AddValue dataset of
69% males (53/77). A 50-year-old in Australia can expect to live for another 33.6 years (weighted ex*®);
therefore, the life expectancy would be almost 84 years. The rates were converted to probabiliies

using the formula: p=1-exp(-r*t); see Table 8-46.

5.2.4.2 Extrapolation of survival
5.2.4.2.1 Extrapolation methods

The parameterisation of a range of distributions is presented in the Technical Appendix. The fitted
distributions included Weibull, exponential, log-normal, log-logistic and Gompertz. PBAC guidelines
note it is preferable to use observed time-to-event data rather than modelled data up to the time
point at which the observed data becomes unreliable as a result of small numbers of patients
remaining event-free.(197) The PBAC Guidelines specify that the following steps be followed when

conducting extrapolations:

34 Qx is the proportion of persons dying between exact age x and exact age x+1.
35 Ex is the expectation of life at exact age x.
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e Assess whether an assumption of proportional hazards is appropriate beyond the observed

data.

e Fit a range of alternative survival models to the observed data (e.g. Weibull) including flexible

approaches (e.g. piecewise spline models3).

e Assess goodness of fit using visual inspection, Akaike’s information criterion (AIC) and

Bayesian information criterion (BIC). Justify the base case and test a number of the best-fitting

models in the sensitivity analysis.

e Determine the plausibility of the predictions in the unobserved period (e.g. the ongoing hazard

ratio, the point of convergence and residual survival in each arm).(197)

5.2.4.2.2 Extrapolation of survival with VAD

The model relied on the published Kaplan-Meier curves for BTT (2013-2016) CF-LVAD in the

INTERMACS Registry.(51) The fit statistics for the distributions are presented in Table 5-5. The

Generalised Gamma had the lowest AIC and BIC, followed by the Weibull. The Weibull distribution

was used as the Generalised Gamma model could not converge using the flexsurv and flexsurvreg

function in R.

Table 5-5: INTERMACS VAD survival for 36 months, fit statistics for distributions

Log-

likelihood AIC BIC Intercept Intercept SE  log_scale log_scale SE

Weibull -2487.45  4978.90 4990.66 4.78 0.11 0.20 0.04
Log-normal -2499.93  5003.87 5015.62 4.37 0.06 0.62 0.02
Log-logistic -2509.40  5022.80 5034.55 4.21 0.06 -0.04 0.03
Exponential -2497.78  4999.55 5011.30 443 0.05 4.24 N/A
Logistic -2736.50  5477.00 5488.75 32.84 0.85 2.30 0.04
Generalised gamma -2481.61  4967.23 4978.98 - - - -

Gompertz -3776.60  7557.19 7568.94 - - - -

Abbreviations: AIC, Akaike's information criterion; BIC, Bayesian information criterion; SE, standard error.

The sensitivity analyses relied on the fitted curves extrapolated to 72 months (6 years) using the

Weibull distribution (Figure 5-7). See Table 8-45 for the transition probabilies.

36 Spline functions have multiple points of inflexion and are a method of modelling a continuous covariate
without meeting stringent assumptions of a linear scale.(167)
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Figure 5-7: Extrapolation of VAD survival from INTERMACS (2013-2016, BTT)

Extrapolated fitted curves of VAD survival from INTERMACS (2013-2016, BTT)
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Source: Figure 9, Kirklin 2017(51)

5.2.4.3 Applicability
The assessment of applicability of data from the published US data to Australian ESHF patients is

presented in

Table 5-6. The variables compared were country, age, gender, NYHA and indication. The INTERMACS
2012 report (134) noted the mean age of VAD recipients was higher than for the VAD recipients in
Australia. This may be related to the higher proportion of DT recipients (ineligible for HTx) in the
INTERMACS registry compared to Australia. Overall, the patients in the INTERMACS may have worse
prognosis than the SVHS patients, meaning that using INTERMACS data for LVAD survival may
underestimate survival. The use of SVHS MCS data for LVAD survival was tested in a scenario analysis.
The IMACS registry was used for the transition from ‘Alive post-VAD’ to ‘Alive post-HTx’ using the BTT

listed curves.
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Table 5-6: Applicability of published US data to Australian ESHF patients

Attribute MOMENTUM 3 INTERMACS IMACs ISHLT ANZCOTR SVHS Add Value SVHS MCS (CF
devices)
Data type RCT Published registry Published registry Published Published registry Retrospective cohort, Registry, IPD
registry IPD
Country u.s. u.s Worldwide, 35 countries  Worldwide, 75% Australia and New Australia Australia
of HTx activity ~ Zealand
Time period  2014-2015 2006-2016 2013-2017/18 2009 to June 1984-2016 2009-2013 2004-2016
2016
n 366 17634, Kirklin et al. 2017. 14,062 30,503 2,974 (1984-2018) 77 137
Age, vears, 61 study device and 59 NS 23% 30-49 55 48 495 53.7
mean control device 56 years Kirklin et al. 2012 60% 50-60 years
Gender, male 79% study device and NR NR (79%) NR (75%) 2,003 (67%) 53 (69%) 109 (80%)
n (%) 81% control device
NYHA, n(%)  N=366 NA NA - N=124 N=71 NA
NYHAIII/IV = 366 NYHAII1=38 (31%)  NYHA1=0(0%)
(100%) NYHA Il =72 (58%) NYHA Il = 11 (15%)

NYHAIV=14 (11%)  NYHAIIl =26 (37%)
NYHA IV = 34 (48%)

INTERMACS, NR N= 6,701, Kirklin et al. 2015. NR NR N=422 N=151

n (%) 1=961 (14%) 1=2,405 (17%) 1= 8 (19%) 1=238(28%)
2 =2416 (36%) 2 =4,714 (34%) 2=16 (38%) 2=79 (58%)
3=198 (30%) 3=4,558 (32%) 3=2(5%) 3=20(15%)
4 =968 (15%) 4=1817 (13%) 4=2(5%) 4=0
5=198 (3%) 5=298 (2%) 5=0(0%) 5=0
6=281(1%) 6 =87 (1%) 6=4(10%) 6=0
7=44 (1%) 7=66 (1%) 7=8(19%) 7=0
Not specified = 46 (1%) Not specified = 117 (1%) Not specified = 2 (5%)

Indication, n BTT =91 (25%) BTT = NR (26%) BTT = 3,984 (28%) Pre-HTx VAD  Pre-HTx VAD BTT =7 (28%) BTT =127 (93%)

(%) BTC =58 (16%) BTC = NR (23%) BTC =4,072 (29%) 43.7% (LVAD + BTC =18 (72%) BTC =2 (1%)

DT =217 (59%) DT = NR (50%) DT = 5,724 (41%) RVAD) DT =0 (0%) DT =8 (6%)

Other =282 (2%)
Abbreviations: ANZCOTR, Australia and New Zealand Organ Transplant Registry; INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support; N/A, Not Applicable; NS, not specified; NYHA,
New York Heart Association;SVHS, St. Vincent's Hospital Sydney.
Note: a — Data only collected 42/77 patients, therefore 35 patients missing.
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5.2.5 Health outcomes

The main outcome was the Quality-Adjusted Life Year, which includes both mortality and morbidity.
Life Years (LY) were measured, the cause of death could be attributed to heart failure or background
age-related mortality. Quality of life was associated with the NYHA class, which is impacted by the
type of intervention received. Numbers of deaths, HTx and VADs were reported. Trackers were applied
in the model to estimate the proportion of patients experiencing a bridged HTx or unbridged HTx and
for BTC VAD or BTT VAD. A microsimulation was run for 1,000,000 simulations to obtain the

proportions of the abovementioned trackers.

5.2.5.1 NYHA Functional Status and Quality of Life

The NYHA classification of heart failure is extensively used as a functional classification of disease
state.(204) There are four classes of NYHA: |, I, lll and IV, with NYHA IV being the most severe. Mapped
EQ-5D scores to each NYHA class were applied to the distribution of NYHA from the SVHS Add Value
dataset. This approach was similar to that used in published economic evaluation (95, 100), discussed

in Chapter 3.(107)
5.2.5.1.1 Utility values for NYHA Class

Quality of Life was not measured directly in the SVHS Add Value patients so the model relied on
published values. The PBAC guidelines require that the source and method from externally derived
health state utilities be described(197). The published utility values for NYHA classes are presented in
Table 5-7. The mapped EQ-5D scores to NYHA class were reported by Goéhler et al.(2009)(120) and
these were relied on in the base case. The range of values from Lewis et al. (2001)(205) were not used

in the model but indicate consistency with the Gohler et al. values.

Table 5-7: Utility values for NYHA Classses

Health State Value Upper Lower Min-Max Tool N, Country Source
NYHA Class | 0.855 0.845 0.864 EQ-5D 1,395 subjects, Eplerenone Post-acute (120)
NYHA Class |l 0.771 0.761 0.781 Myocardial Infarction Heart Failure

NYHA Class Il 0.673 0.665 0.69 Efficacy and Survival Study

NYHA Class IV 0532 048 0.584 (EPHESUS,) trial. U.S.

NYHA Class | and Il - - - 0.8-1 Average 99 subjects, mean NYHA score of 2.9, (205)
NYHA Class llland IV - - - 0.3-0.65 TTO and SG mean age 52 years. U.S.

Abbreviations: EQ-5D, European Quality of Life-5 Dimensions; NYHA, New York Heart Association; SG, standard gamble; TTO, time trade-
off.
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5.2.5.1.2 Proportion in NYHA Classes

The NYHA status for each health state is presented in Table 5-8. Patients in the ‘Ineligible’ health state
would have NYHA scores from the seven BTC patients in Add Value. The ‘Waiting list’ health state
NYHA scores were based on the 366 MOMENTUM 3 patients and it was assumed to be the same for
the ‘Removed’ health state. The Add Value reported the NYHA class at follow-up admission at 1-year
post VAD (n=6), pre-HTx (n=52) or pre-death. In a scenario analysis, post-VAD distribution was based
on the adjusted ROADMAP figures. Relative change in average NYHA score post-LVAD from baseline
is 42% (3.46-2)/2. Assume that 42% of baseline NYHA IIl and NYHA IV will be distributed across the

lower level NYHA equally to get NYHA average of 3.16.

Table 5-8: Proportion in each NYHA Class status in each health state
Proportion in each NYHA class

Health State NYHAI NYHAIl NYHAII  NYHAIV
Base case

Baseline, waiting list n=366(180) 0.00% 0.00% 4.04% 95.96%
Removed, assumption 0.00% 0.00% 4.04% 95.96%
Ineligible, n=18 (bridge to candidacy) Add Value 0.00% 0.00% 0.00% 100.00%
Alive Post-HTx, n=52 Add Value 11.54%  23.08% 42.31% 23.08%
Alive Post-VAD, n=6 Add Value 0.00%  16.67% 16.67% 66.67%
Death (HF), assumption 0 0 0 0
Death (other causes), assumption 0 0 0 0
Additional sources

Pre-transplant status, all ages, 2016(149) 38% 58% 1%
Wait List, n=71 Add Value 0.00% 1549%  36.62% 47.89%
Scenario Analysis - ROADMAP, n=71(206)

Baseline, average = 2 0 0 54% 46%
Post-LVAD, average = 3.46 25% 52% 21% 2%
Adjusted Add Value using ROADMAP, average = 3.16 14.07%  14.07%  14.07% 57.8%

Source: estimated from AddValue, ANZCOTR 2016 and ROADMAP

5.2.6 Resource use and Costs

There are two types of costs: the one-time cost as a patient enters a health state (if applicable) and
the ongoing hospitalisations for the health states. The initial hospitalisation cost for LVAD and HTx was

provided in Table 4-19; see Chapter 4.

5.2.6.1 Initial costs

Donor heart procurement

The procurement costs for donor hearts are built into the infrastructure of hospitals and are therefore
challenging to identify. The Australian Hospital Pricing guidelines specify three episodes in
posthumous organ donation: 1) donor episode prior to death (not relevant in this analysis); 2)

posthumous care episode; and 3) recipient episode (APDC dataset).(207) The posthumous care
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episode is allocated as ‘care type 9 — organ procurement —posthumous’®” and the National Hospital
Cost Data Collection (NHCDC) reported the cost of organ procurement from 48 hospitals and 295
separations in Australia for 2015-2016, the average cost per separation being $27,651 (170) (529,647
(170) in $2019).

Under Policy D, the hypothetical increase in available donor hearts was due to donation by circulatory
death (DCD) and a promotional campaign. DCD via the Organ Care System for 50% of HTx at $40,000
each was applied.(196) In 2018, 14% of HTx performed were DCDs (8/54) at SVHS. The cost of an
advertising campaign in Australia would be ~5$17.8M(208, 209) based on 2010-2012 data. To inform
the model, these costs were divided by the number of organ recipients (deceased and live, n=10,714)

in 2016-2017 (210), amounting to $1,665 dollar per organ recipient.

Ventricular Assist Device Procurement

The cost of the VAD prosthesis (595,000 (76)) which is reimbursed by the Federal Government to
private health insurers is included in the APDC admission of $279,478. In a scenario analysis, the cost

of the LVAD prosthesis was reduced by 50% and 75% (see Table 5-9).

Table 5-9: Price reductions in VAD prosthesis, 52019

Previous Value New Value Calculation Interpretation Cost of device
$279,478.25 - Base case $95,000
$279,478.25 $231,978.25 50% reduction in the cost of the device $47,500
$279,478.25 $208,228.25 75% reduction in the cost of the device $23,750

Heart-failure related death

The cost of death from organ failure in a public hospital was $18,151 in 2010 ($21,615) (211) and was
applied to the ‘Death’ state. A scenario analysis was conducted adding the cost of death from organ

failure as a transition rather than a terminal pay-off.

5.2.6.2 Hospitalisations in each health state

Chapter 4 presented the analysis of linked administrative Admitted Patient Data Collection (APDC) and
Emergency Department Data Collection (EDDC) from the Add Value retrospective cohort. Hospital
data was collected up to a year prior to VAD implant or activation on HTx wait list of 77 patients in
NSW. A discussion of the potential confounding issues in the retrospective analysis is presented in
Chapter 4. The patients and their observations were classified into the four alive health states,

‘Waiting list’, ‘Removed’, ‘Alive with VAD’ and ‘Alive with HTx’.

37 The Guidelines specify that the Costing Practitioner should consider the following resources for the
posthumous care episode: Setting (generally intensive care); Medical/clinician; Nursing; Drugs; Other resources
(such as pathology).
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Subsequent hospitalisations post-intervention

The average number of hospitalisations per patient for the first 12 months post-VAD and post-HTx
was calculated; see Chapter 4 for more details of the costing methodology. This analysis was adjusted
for censoring using the Zhang and Tian estimator(175). The Add Value dataset included 25 VADs and
61 HTx recipients with observations for 23 and 56 recipients respectively (as presented inTable 4-24).
The cost of subsequent admissions post-VAD and post-HTx were similar in the first 12 months post
intervention. The cost of hospitalisation in the ‘Waiting list’ health state, observations pre-VAD, pre-
HTx (no VAD) and no VAD or HTx were included. The costs of hospitalisations for the ‘Removed’ health
state were those who did not receive a VAD or HTx since the date of activation onto the wait list. The

costs of hospitalisation for the ‘Ineligible’ health state were the 12 months prior to VAD for those who

were BTC (not yet listed on waitlist).

5.2.7 Model parameters

The transition probability sources are described in Table 5-10. The model relied on time-dependent

transition probabilities from SVHS. For the transition from ‘Alive post-VAD’ to ‘Alive post-HTx' and

‘Alive post-VAD’ to ‘Death’, IMACS and INTERMACS were relied on due to longer follow-up allowing

for more mature data. The ANZCOTR database informed the transition from ‘Alive post-HTx’ to

‘Death’ as well as constant transition probability from ‘Waiting List’ to ‘Death’, rather than a time-

dependent one.

Table 5-10: Transition probability model parameters

Transition probability Formula in TreeAge Source
tp_ineligible_death tp_WL_death*m_ineligible Assumption
tp_ineligible_deathOther tbl_age_rel_mort[startAge +_stage;val_col_age_rel_mort] ABS(203)
tp_ineligible_postvad tbl_inelig_VAD[startAge+_stage/12;val_col_ineligible_VAD] SVHS Add Value
tp_postHTx_death tbl_HTx_death[startAge+_stage;val_col_HTx_death] ANZCOTR
tp_postHTx_deathOther tbl_age_rel_mort[startAge +_stage;val_col_age_rel_mort] ABS
tp_postVAD_death tbl_VAD_death[startAge +_stage/12;val_col_VAD_death] INTERMACS
tp_postVAD_deathOther tbl_age_rel_mort[startAge +_stage;val_col_age_rel_mori] ABS
tp_postVAD_remove tbl_VAD_HTx[startAge+_stage/12;val_col_VAD_HTx] SVHS CPR
tp_postVAD_postHTx tbl_VAD_removed [startAge+_stage/12;val_col_VAD_remove] IMACS
tp_remove_death tp_WL_death*m_notelig Assumption
tp_remove_deathOther tbl_age_rel_mort[startAge +_stage;val_col_age_rel_mort] ABS
tp_WL_death 0.026376708*2 ANZCOTR
tp_WL_deathOther tbl_age_rel_mort[startAge +_stage;val_col_age_rel_mori] ABS
tp_WL_posthtx tbl_WL_HTx[startAge+_stage/12;val_col_WL_HTx] SVHS CPR
tp_WL_postvad tbl_WL_VAD(startAge+ _stage/12;val_col_WL_VAD] SVHS Add Value
tp_WL_remove thl_WL_removed[startAge+_stage/12;val_col_WL_remove] SVHS CPR

The model parameters are presented in Table 5-11.
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Table 5-11: Model parameters

Description Value Lower Upper SE/SD Distribution alpha beta/lambda Source
Costs ($AUD 2019)
Cost of campaign in policy D $1,664.6 $832.3 $3,329.3 $1,664.6 Gamma 1.00 0.001 (208-210)
Death due to organ failure $21,615.1 $10,807.5 $43,230.1 $21,615.1 Gamma 1.00 0.000 (211)
Ineligible for waiting list pre-VAD $76,135.5 $50,184.3  $102,084.6 $13,240.1 Gamma 33.07 0.000 Add Value, APDC and EDDC
HTx subsequent admissions $59,039.8 $29,519.9 $118,079.7 $8,058.3 Gamma 53.68 0.001 Add Value, APDC and EDDC
HTx index admission $135,456.4 $103,339.0 $381,109.5 $58,894.4 Gamma 5.29 0.000 Add Value, APDC and EDDC
VAD subsequent admissions $58,419.2 $29,2096 $116,838.5 $11,117.6 Gamma 27.61 0.000 Add Value, APDC and EDDC
VAD admission initial + prosthesis ~ $279,478.3 $245,736.0 $404,247.9 $42,408.6 Gamma 43.43 0.000 Add Value, APDC and EDDC
HTx organ procurement $29,647.9 $14,823.95 $59,295.80 $29,647.90 Gamma 1.00 0.000 (170)

. —— $49,647.9 $24,824.0 $99,295.8 $49,647.9 Gamma 1.00 0.000 {St Vincent's Health Network Sydney,
HTx DCD via OCS in policy D 2015 #602), assume 50%
Removed admissions $43,661.5 $21,830.7 $43,661.5 $21,070.9 Gamma 4.29 0.000 Add Value, APDC and EDDC
Waiting list admissions $36,188.7 $18,094.3 $36,188.7 $9,856.7 Gamma 1348  0.000 Add Value, APDC and EDDC
Global Variables
discount rate 0.05 0.03 0.07 - Beta - - (197)
multiplication factor ‘ineligible’ 1.6 1.50 1.70 Assumption
multiplication factor ‘removed’ 1.5 1.40 1.60 Assumption
Cohort start age (years) 50 Add Value
Time horizon 20 Assumption
Probabilities 2
% with HTxin D 0.20 0.10 0.30 0.40 - - - Assumption
% with VAD in C 0.20 0.10 0.30 0.40 - - - Assumption
%onWLinA 0.90 0.80 1.00 0.30 - - - Assumption
% onWLinB 0.90 0.80 1.00 0.30 - - - Assumption
% onWLinC 0.70 0.60 0.80 0.46 - - - Assumption
%onWLinD 0.70 0.60 0.80 0.46 - - - Assumption
% in ineligible health state 0.10 0.05 0.20 0.30 - - - Assumption
NYHA Class | post HTx 0.12 0.04 0.22 0.04 Beta 5.88 4512 Add Value, follow-up with HTx
NYHA Class | ineligible 0.00 - - 0.00 Beta - - Add Value, VAD as BTC
NYHA Class | VAD 0.00 - - 0.00 Beta - - Add Value, follow-up with VAD
NYHA Class | on waiting liste 0.00 - - 0.00 Beta - - Baseline value(180)
NYHA Class Il post HTx 0.23 0.13 0.35 0.06 Beta 1.77 39.23 Add Value, follow-up with HTx
NYHA Class Il ineligible 0.00 - - 0.00 Beta - - Add Value, VAD as BTC

NYHA Class Il VAD 0.17 0.00 0.56 0.15 Beta 0.83 417 Add Value, follow-up with VAD
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Description Value Lower Upper SE/SD Distribution alpha beta/lambda Source
NYHA Class Il on waiting liste 0.00 - - 0.00 Beta - - Baseline value(180)
NYHA Class Il post HTx 0.42 0.29 0.56 0.07 Beta 21.58 29.42 Add Value, follow-up with HTx
NYHA Class lll ineligible 0.00 - - 0.00 Beta - - Add Value, VAD as BTC
NYHA Class lll VAD 0.17 0.00 0.56 0.15 Beta 0.83 417 Add Value, follow-up with VAD
NYHA Class Il on waiting lista 0.04 0.02 0.06 0.01 Beta 14.74 350.26 Baseline value(180)
NYHA Class IV post HTx 0.23 0.13 0.35 0.06 Beta 11.77 39.23 Add Value, follow-up with HTx
NYHA Class IV ineligible 1.00 - - 0.00 Beta - - Add Value, VAD as BTC
NYHA Class IV VAD 0.67 0.25 0.96 0.19 Beta 3.33 1.67 Add Value, follow-up with VAD
NYHA Class IV on waiting list 0.96 0.94 0.98 0.01 Beta 350.26 14.74 Baseline value(180)
Transition Probabilities
Waiting list to death 0.0264*2 0.027 0.09 0.02 Beta 10.862  195.138 (149) with assumption
Ineligible to death Waitlist_death * m_ineligible 0.05 0.13 0.02 Beta 17.38 188.621 (149) with assumption
Removed to death Waitlist_death * m_removed 0.05 0.12 0.02 Beta 16.29 189.707 (149) with assumption
ineligible to Death Other Various - - - Beta - - (212)
ineligible to VAD Various Beta Add Value, SVHS
HTx to death Various Beta (149)
HTx to Death Other Various Beta (212)
VAD to death various if cycle < 3 years then 3% - Beta (51),(96)

annual probability
VAD to Death Other Various Beta (212)
VAD to HTx various if cycle < 4 years then 0% - Beta MCS Registry, SVHS

annual probability
VAD to removed Various Beta CPR Registry, SVHS
Remove to Death Other Various Beta (212)
waiting list to Death Other Various Beta (212)
waiting list to HTx Various Beta CPR Registry, SVHS
waiting list to VAD Various Beta Add Value, SVHS
waiting list to removed Various Beta CPR Registry, SVHS
Utility Values
NYHA Class | 0.855 0.85 0.86 0.01 Beta 1191.87 20213 (120)
NYHA Class Il 0.771 0.76 0.78 0.01 Beta 1074.77  319.23 (120)
NYHA Class Il 0.673 0.67 0.69 0.01 Beta 938.16  455.84 (120)
NYHA Class IV 0.532 0.48 0.58 0.01 Beta 741.61  652.39 (120

Abbreviations: APDC, Admitted Patient Data Collection; CPR, CardioPulmonary Registry; DCD, donation after circulatory death; EDDC, Emergency Department Data Collection; HF, heart failure; HTx, heart transplant;
NHCDC, National Hospital Cost Data Collection, NYHA, New York Heart Association; OCS, Organ Care System; WL, waiting list; VAD, ventricular assist device. Policy A = Previous policy with no LVAD, Policy B =
Current policy with LVAD, Policy C = Policy B with increase VAD, Policy D = Policy A with increase HTx.
Note: a. The NYHA Class status for the Ineligible health state was assumed to be the same as for the Waiting list and Removed.
b. Add Value was a retrospective cohort study of patients at SVHS. CPR and MCS are registries of HTx waiting list patients and MCS recipients at SVHS, respectively.
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¢. Uncertainty around parameters was based on sampling error where available. The alpha and beta parameters for the beta distributions (probabilities and utilities) and alpha and lambda parameters for gamma
distributions (costs) were calculated. Beta distribution alpha and beta; alpha = ((%"2*(1-%)/(SE*2))-%); beta = alpha*(1-%)/%. Gamma distribution alpha = (mean*2)/(SD"2), if SD unknown assume same as mean,
lambda = 1/(SD*2/mean). For cost, if the SD, maximum and minimum were not available it was assumed that costs were halved (lower) and doubled (upper) and that SD was equal to the mean. Where dispersion
data were not available, confidence intervals were calculated using the sample mean and N. Standard errors were calculated from sample proportions using [sqrt (pop % (1 — pop %)/N)]. The 95% lower and upper
confidence intervals are estimated as follows; =betainv (0.025 for lower or 0.975 for upper, alpha, beta).
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A probabilistic sensititivity analysis was conducted. Probabilistic distributions were fitted by method
of moments, where the mean and standard errors reported are equated to the estimates of mean and
SE of the given distribution. These equations are then solved to give the appropriate distribution
parameters. The alpha and beta parameters for the beta distribution (probabilities and utilities) and
alpha and lambda parameters for gamma distribution (costs) were calculated.® For cost, if the SD,
maximum and minimum were not available it was assumed that costs were halved (lower) and
doubled (upper) and that SD was equal to the mean. Where dispersion data were not available,

confidence intervals were calculated using the sample mean and N.3°

5.2.8 Markov model validation

Model validation was based on the guidelines by Assessment of the Validation Status of Health-
Economic decision models (AdViSHE) Validation.(213) Face validity was assessed by clinical expert Dr
Christopher Hayward, a cardiologist from SVHS. Face validity was also assessed via the model structure
published economic models in ESHF. Operational validation refers to validation against empirical data.
These model traces were compared with empirical data using data sources used in the model
(dependent validation) to the ANZCOTR. The median survival reported in the age-matched cohort (50-

60 years) in the ANZCOTR Annual Report was 14 years compared to the modelled output in Policy D.

Model traces provide a depiction of the model and inform the face validity of the model logic,
computerisation and external validity.(197) The Markov traces test the logic of the patient flow
through the model, the proportion of patients are listed in each health state at each time point. The
Markov traces for the policy options are presented in Figure 5-8 to Figure 5-11 over the 20-year time

horizon.

Under Policy A, patients remain on the waiting list much longer than under Policy B (‘Current world’)
because there is no opportunity to be supported with a VAD in the interim. Another key difference is
that under Policy A, 10% of patients who begin in the ‘neligible’ health state either remain or
transition to the death health states. However, under Policy B some patients are able to transition to
VAD and are then added to the waitlist. Some patients are able to transition to an LVAD after 1 year

because the cycle length is 1 year.

38 Beta distribution alpha and beta; alpha = ((%"2*(1-%)/(SE~2))-%); beta = alpha*(1-%)/%. gamma distribution
alpha =(mean”2)/(SD”2), if SD unknown assume same as mean, lambda = 1/(SD*2/mean)

39 Standard errors were calculated from sample proportions using [sqrt (pop % (1 — pop %)/N)]. The 95% lower
and upper confidence intervals are estimated using =betainv (0.025 for lower or 0.975 for upper, alpha, beta)

148



Figure 5-8: Markov traces of Policy A
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The difference between Policy C and Policy B is that a proportion of patients (20%) begin in the ‘Alive
post-VAD' health state. More patients remain in the “Alive post-VAD’ health state in Policy C compared
to Policy B (Figure 5-9). Under Policy C, slightly less time is spent than under Policy B in the ‘Alive post-
HTx’ health state.

Figure 5-9: Markov traces of Policy B
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Figure 5-10: Markov traces of Policy C

Markov trace - Policy C 'Increase LVAD'
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In Policy D, more patients begin and remain in the ‘Alive post-HTx' health state (Figure 5-11).

Consistent with Policy A, no time is spent in the “Alive post-VAD’ health state.

Figure 5-11: Markov traces of Policy D
Markov trace - Policy D ‘Increase HTx'
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5.2.9 Sensitivity analysis

Sensitivity analyses were conducted to identify the main drivers of uncertainty in the model and in
accordance with the published guidelines.(214) There are three common types of sensitivity analyses

in economic modelling: 1) first-order uncertainty; 2) second-order uncertainty; and 3) probabilistic
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sensitivity analysis.(200) First-order uncertainty refers to uncertainty around model assumptions and
is addressed via scenario analysis — for instance, assuming that the starting age of the modelled cohort
is older and updating the associated survival curves. Second-order uncertainty refers to uncertainty
around parameters used within the model. For example, individual parameters such as utility values
may be higher or lower than used in the base model. This is addressed by conducting one-way
sensitivity analyses by using the 95% Cl of the utility estimate. Similarly, a two-way or multiway
sensitivity analyses can be conducted on parameter estimates to determine the joint parameter
uncertainty. Both first-order and second-order uncertainty are deterministic methods. Probabilistic
sensitivity analysis involves the simultaneous consideration of uncertainty around the variables in the

model (as stochastic distributions)(8, 200).

5.2.9.1 Probabilistic sensitivity analysis

The cost-effectiveness acceptability curve (CEAC) is used to summarise the joint uncertainty of
incremental mean costs and effects (as plotted on the cost-effectiveness plane). The question is
summarised as follows: CEAC (A) = probability[(AEffecta-Effects)-(Costa-Costs)] > 0). The CEAC indicates
the probability that an intervention is cost-effective at various ICER thresholds. Time-dependent
monthly transition probabilities were applied to appropriate transitions. For months with transition
probabilities set to 0 (mean is 0%), a normal distribution of mean = 0, standard deviation =0 was

applied rather than a beta distribution.

5.2.9.2 Scenario analyses

Scenario analyses included the following:

1) Removing the ‘Ineligible’ health state to exclude BTC patients (see Table 5-1);

2) Transition probabilities from “Alive post-VAD’ to ‘Alive post-HTx’ based on IMACS(161) not MCS;
3) A utility decrement for those removed from the waiting list (0.01);

4) No cost of HF-related death (set to $0);

5) Price reduction of VAD prosthesis (50% = $47,500, and 75% = 23,750, Table 5-9);

6) Alternative time horizons (15 years, 10 years, 5 years);

7) Transition probability from ‘Waiting list’ to ‘Alive post-VAD’ from Year 3 onwards, 50% rather than
0%;

8) Transition probability from ‘Alive post-VAD’ to ‘Death’ extrapolated to 6 years using Weibull
distribution, or using SVHS MCS data to 48 months (n=137) rather than INTERMACs KM curve to 48
months followed by monthly transition probability of 0.009;
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9) NYHA class post-VAD adjusted from ROADMAP(206) with NYHA | 14.07%, NYHA Il 14.07%, NYHA IlI
14.07% and NYHA IV 57.8% (Table 5-8).; and

10) Removing the ‘Waiting list” health state (see Table 5-1).
5.3 Results
5.3.1 Base-case results

Health outcomes of Policies

Over the 20-year time horizon, patients spent most of their time in death health states under Policy
A, followed by Policy D, Policy B and Policy C at 45%, 44%, 38%, and 37% respectively (see Markov
traces, Figure 5-8 to Figure 5-11). Most heart failure-related deaths were in Policy A (70%), followed
by Policy D (69%), Policy B (64%) and Policy C (63%). There were more VADs implanted in Policy C than
B (71% vs. 64%) (Table 5-12). The most HTx were conducted in Policy D (49%), followed by Policy A
(37%), Policy B (29%) and Policy C (28%). This is reflected in the amount of time spent in the ‘Alive
Post-HTx’ health state, with the most in Policy D (28%), followed by Policy A (20%), Policy B (15%) and
Policy C (14%).

Table 5-12: Average number of deaths, HTx and VAD conducted for the average patient (n=1)

Policy Death, n HTx, n VAD, n HF-related death
20 years

Policy A 0.76 0.37 0.00 0.70

Policy B 0.70 0.29 0.64 0.64

Policy C 0.70 0.28 0.71 0.63

Policy D 0.76 0.49 0.00 0.69

Note: Policy A = Previous policy no LVAD, Policy B = Current policy with LVAD, Policy C = Policy B with increase LVAD, Policy D = Policy
A with increase HTx.

The proportion of patients experiencing HTx and VAD was further analysed (Table 5-13). Heart
transplanted patients under Policy B had around half (15%/28%) bridged and under Policy C more than
half (17%/28%) were bridged. Under Policy D, 49% of the cohort experience a HTx; this is because 20%
begin in this health state compared to Policy A. For patients who experienced a VAD, under Policy B

and Policy C 6% of the patients were bridge to candidacy patients.

Table 5-13: Average proportion of HTx and VAD breakdown

Policy HTx Bridged HTx  Unbridged HTx HTxatstart VAD VADBTC VADBTT VAD atstart
20 years

Policy A 37% 0% 37% 0% 0% 0% 0% 0%
Policy B 29% 15% 14% 0% 64% 6% 58% 0%
Policy C  28% 17% 11% 0% 1% 6% 45% 20%
PolicyD 49% 0% 29% 20% 0% 0% 0% 0%

Note: Policy A = Previous policy no LVAD, Policy B = Current policy with LVAD, Policy C = Policy B with increase LVAD, Policy D = Policy
A with increase HTx.
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Comparison to common baseline (Policy A)

The cost-effectiveness of the current ESHF policy was compared against the previous ESHF policy
(Policy A), i.e. prior to the introduction of LVADs. The average benefit associated with Policy A was
10.35 life years saved (LYS) and 4.70 QALYs at a cost of $854,569 per patient over the 20-year time
horizon. Compared to policy A, the incremental benefit of policy B is 0.37 LYS (10.72 LYS) and 0.49
QALYs (5.19 QALYs) at an additional cost of $866,506 (S1,709,347). This means that the incremental
cost effectiveness ratio (ICER) of the current ESHF policy is $1,721,075 per QALY gained.

The incremental benefit of Policy Cis 0.46 LYS (10.81 LYS) and 0.61 QALYs (5.31 QALYs) at an additional
cost of 1,056,910 (S1,914,479) per patient over the 20-year horizon. This would yield an ICER of
$1,780,350 per QALY gained when compared to Policy A. The incremental benefit of Policy D is 0.06
LYS (10.41 LYS) and 0.24 QALYs (4.94 QALYs) at an additional cost of $312,168 ($1,166,737) per patient
over the 20-year horizon. This would yield an ICER of $1,274,605 per QALY gained when compared to
Policy A.

Table 5-14: ICER per death avoided between Policies (time horizon 20 years, discounted)
Intervention Comparator Incremental Intervention Comparator Incremental ICER per death

Cost Cost Cost Death Death Death avoided
Time horizon, 20 years (base case)
Policy Bvs. A $1,709,347  $854,569 $854,778 0.70 0.76 -0.06 $14,208,902
Policy Cvs. A $1,941,479  $854,569 $1,086,910 0.70 0.76 -0.07 $16,120,886
Policy Dvs. A $1,166,737  $854,569 $312,168 0.76 0.76 -0.01 $34,994,796

Note: Policy A is ‘Previous world’, Policy B is ‘Current world’, Policy C is ‘Increase VAD’ and Policy D is ‘Increase HTX’

Table 5-15: ICER per LY gained between policies (time horizon 20 years, discounted)
Intervention Comparator Incremental Intervention Comparator Incremental ICER  per LY

Cost Cost Cost LY LY LY gained
Time horizon, 20 years (base case)
Policy Bvs. A $1,709,347  $854,569 $854,778 10.72 10.35 0.37 $2,305,167
Policy Cvs. A $1,941,479  $854,569 $1,086,910  10.81 10.35 0.46 $2,379,831
Policy Dvs. A $1,166,737  $854,569 $312,168 10.41 10.35 0.06 $4,998,196

Note: Policy A is ‘Previous world’, Policy B is ‘Current world’, Policy C is ‘Increase VAD’ and Policy D is ‘Increase HTX’

Table 5-16: ICER per QALY gained between policies (time horizon 20 years, discounted)
Intervention ~ Comparator Incremental Intervention Comparator Incremental ICER

Cost Cost Cost QALY QALY QALY
Time horizon, 20 years (base case)
Policy B vs. A $1,709,347 $854,569 $854,778 5.19 4.70 0.50 $1,721,075
Policy C vs. A $1,941,479 $854,569 $1,086,910  5.31 4.70 0.61 $1,780,350
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605

Compared to Policy A, none of the policies would be considered cost-effective using standard WTP
thresholds. The largest health gains (and costs) are associated with the implantation of LVADs.

Increasing the number of HTx had modest health gains compared to Policy A, which demonstrates
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that one of the main benefits of implanting VADs is the ability to treat those patients previously

considered ineligible for HTx (i.e. BTC).

Comparison based on least costly alternative

An incremental analysis was conducted and the interventions were ranked from least to most costly
(Policy A < Policy D < Policy B < Policy C). There were no dominated options, although Policy B was
extendedly dominated® by a combination of Policy D and Policy C.(8) Using this ranking, the ICER for
Policy D compared to Policy A was $1,274,605 per QALY gained and the ICER for Policy C compared to
Policy D was $2,119,155 per QALY gained. In the comparison against current practice, the ICER for
Policy C vs. Policy B of $2,155,438 per QALY gained and Policy D vs. Policy B of $2,038,927 per QALY
gained. The cost-effectiveness analysis plane is presented in Figure 5-12 and Figure 5-13. A scenario
analysis illustrated that 40% of patients would need to receive a HTx and avoid the ‘Waiting list’ health

state to receive the same 5.19 QALY gain as Policy B.

Figure 5-12: Cost-Effectiveness Analysis plane — referencing a common baseline
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Note: Policy B is an extendedly dominated option.

40 policy B has a higher incremental cost-effectiveness ratio (relative to Policy C) and fewer benefits than Policy C.
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Figure 5-13: Cost-Effectiveness Analysis Frontier — by increasing ICER
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Note: Policy B is an extendedly dominated option.

5.3.2 Sensitivity analyses

5.3.2.1 One-way sensitivity analyses

The tornado diagram for the one-way sensitivity analyses is presented in Figure 5-14. The rate at which
patients die while on the waitlist is a main driver of the model because the tp_ WL _death is a constant
annual transition probability that affects two transitions: ‘Wait list’ to ‘Death’ and ‘Removed’ to

‘Death’.
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Figure 5-14: Tornado plot for one-way sensitivity analyses (Policy B vs. Policy A)
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5.3.2.2 Probabilistic sensitivity analyses

Figure 5-15
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Figure 5-16: Probabilistic sensitivity analysis cost-effectiveness analysis plane
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5.3.2.3 Scenario analyses

The results were robust to most model assumptions with the largest impact from reducing the time
horizon, which made all alternatives less cost-effective than Policy A (Table 5-17). For Policy B and C,
reducing the price of VADs improved the ICER. Removing the ‘Ineligible’ health state increased the
ICER, making it less cost-effective, indicating the benefit of including BTC patients in the model.
Removing the ‘Waiting list’ health state so that 40% of the cohort begin with a VAD (36%) and
remaining cohort with HTx (54%) or Ineligible (10%) increased the ICER, making Policy B significantly
less cost-effective, indicating that ignoring the waiting list health state underestimated the value of
VADs. Extrapolating the VAD to Death survival curve to 6 years (rather than 4 years) using the Weibull
distribution reduced the ICER from $1.72 to $1.28 million per QALY gained. Using the NYHA data from
Add Value and the ROADMAP study (non-randomised observational study post-LVAD, n=97) so that
the post-VAD status was improved reduced the ICER from $1.72 million to $1.37 million per QALY

gained.

Table 5-17: ICER per QALY gained between Policies (time horizon 20 years, discounted) and scenario
analyses

Intervention ~ Comparator Incremental Intervention Comparator Incremental ICER

Cost Cost Cost QALY QALY QALY
Time horizon, 20 years (base case)
PolicyBvs. A $1,709,347 $854,569 $854,778 5.19 4.70 0.50 $1,721,075
Policy Cvs. A $1,941,479 $854,569 $1,086,910  5.31 4.70 0.61 $1,780,350
PolicyDvs.A  $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
Remove ineligible health state
Policy B vs. A $1,734,882 $878,992 $855,889 5.27 4.82 0.45 $1,911,644
Policy C vs. A $1,967,014 $878,992 $1,088,021  5.38 482 0.56 $1,937,448
Policy D vs. A $1,196,713 $878,992 $317,721 5.07 482 0.24 $1,297,278
Time horizon, 15 year
Policy B vs. A $1,524,843 $729,585 $795,258 4.70 4.29 0.41 $1,954,686
Policy C vs. A $1,754,463 $729,585 $1,024,879  4.80 4.29 0.51 $2,005,527
Policy D vs. A $1,017,966 $729,585 $288,382 4.51 4.29 0.22 $1,307,449
Time horizon, 10 year
Policy B vs. A $1,159,119 $523,971 $635,148 3.77 3.50 0.27 $2,384,836
Policy C vs. A $1,376,839 $523,971 $852,868 3.85 3.50 0.35 $2,417,626
Policy D vs. A $764,788 $523,971 $240,816 3.67 3.50 0.18 $1,374,481
Time horizon, 5
year
Policy B vs. A $491,043 $240,902 $250,141 2.24 2.15 0.10 $2,606,325
Policy C vs. A $679,266 $240,902 $438,364 2.30 2.15 0.16 $2,816,480
Policy D vs. A $396,957 $240,902 $156,055 2.25 2.15 0.11 $1,451,168
VAD to HTx transition probability, IMACS
Policy B vs. A $1,715,036 $854,569 $860,467 5.19 4.70 0.49 $1,752,551
Policy C vs. A $1,946,753 $854,569 $1,092,184  5.30 4.70 0.61 $1,803,687
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
Utility decrement for removed health state (0.01)
Policy B vs. A $1,709,347 $854,569 $854,778 518 4.69 0.49 $1,729,991
Policy C vs. A $1,941,479 $854,569 $1,086,910  5.30 4.69 0.61 $1,789,120
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.69 0.25 $1,268,671
Cost of death set to $0
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Intervention ~ Comparator Incremental Intervention Comparator Incremental ICER

Cost Cost Cost QALY QALY QALY
Policy B vs. A $1,630,293 $759,680 $870,613 5.19 4.70 0.50 $1,752,959
Policy C vs. A $1,866,326 $759,680 $1,106,646  5.31 4.70 0.61 $1,812,677
Policy D vs. A $1,074,610 $759,680 $314,930 4.94 4.70 0.24 $1,285,881
50% reduction in VAD cost
Policy B vs. A $1,555,815 $854,569 $701,246 5.19 4.70 0.50 $1,411,943
Policy C vs. A $1,746,863 $854,569 $892,294 5.31 4.70 0.61 $1,461,571
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
75% reduction in VAD cost
Policy B vs. A $1,479,050 $854,569 $624,481 5.19 4.70 0.50 $1,257,378
Policy C vs. A $1,649,555 $854,569 $794,986 5.31 4.70 0.61 $1,302,182
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
50% annual probability from waitlist to VAD Year 3 onwards
Policy B vs. A $1,759,229 $854,569 $904,660 5.22 4.70 0.53 $1,713,824
Policy C vs. A $1,980,276 $854,569 $1,125,707  5.33 4.70 0.63 $1,773,393
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
VAD to Death extrapolated using Weibull distribution to 6 years
Policy B vs. A $1,826,883 $854,569 $972,314 5.45 4.70 0.76 $1,280,629
Policy C vs. A $2,071,101 $854,569 $1,216,532  5.60 4.70 0.90 $1,351,478
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
VAD to Death using SVHS MCS data
Policy B vs. A $1,721,469 $854,569 $866,900 5.22 4.70 0.52 $1,654,848
Policy C vs. A $1,933,389 $854,569 $1,078,820 5.29 4.70 0.59 $1,813,576
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
NYHA Class post-VAD adjusted from ROADMAP Study
Policy B vs. A $1,709,347 $854,569 $854,778 5.32 4.70 0.63 $1,367,260
Policy C vs. A $1,941,479 $854,569 $1,086,910 546 4.70 0.77 $1,415,318
Policy D vs. A $1,166,737 $854,569 $312,168 4.94 4.70 0.24 $1,274,605
No waiting list
Policy B vs. A $2,299,804 $1,912,570  $387,235 5.82 5.80 0.02 $20,415,219
Policy Cvs. A $2,468,003 $1,912,570  $555,433 5.77 5.80 -0.02 Dominated
Policy D vs. A $2,084,408 $1,912,570  $171,838 5.80 5.80 0.00 N/A
Policy D start 40%
Policy D vs. A $1,428,929 $854,569 $574,360 5.19 4.70 0.49 $1,172,577
Cost of death as transition not absorbing state
Policy B vs. A $1,639,563 $770,294 $869,269 5.19 4.70 0.50 $1,750,254
Policy C vs. A $1,875,325 $770,294 $1,105,031  5.31 4.70 0.61 $1,810,033
Policy D vs. A $1,084,999 $770,294 $314,705 4.94 4.70 0.24 $1,284,963

Abbreviations: HTx, heart transplant; ICER, incremental cost-effectiveness ratio; IMACS, International Society for Heart and Lung
Transplantation Registry for Mechanically Assisted Circulatory Support; QALY, quality-adjusted life year; VAD, ventricular assist device;
Note: Policy A is ‘Previous world’, Policy B is ‘Current world’, Policy C is ‘increase VAD' and Policy D is ‘increase HTX'.

5.3.3 Budget Impact Analysis

The real-world event numbers of patients on the HTx waiting list, number of transplants and use of
LVADs in Australia are presented in Table 5-18. The 3-year average adult cohort on the waiting list
(n=165) and the 10% ineligible for the waiting list (h=12) were calculated from 2016-2018.(70) There
were 93 orthotopic HTx conducted in Australian adults in 2016-2018.(70) The annual maximum LVAD
cap from each of the four institutions (St Vincents Hospital, Sydney; The Prince Charles Hospital,
Brisbane; The Alfred Hospital, Melbourne; and Fiona Stanley Hospital, Perth) were 90 LVADs and
around 55 used in 2018 (personal communication Prof. Chris Hayward). The proportion of HTx and

VAD per average patient as presented in Table 5-12 were multiplied by the estimated cohort of 177
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(165+12) patients for the real-world estimate and policy alternatives. The estimated policies had
underestimated the proportion of HTx conducted, which was around 57%, with Policy D being the
closest at 49%. Further, the estimated policies had overestimated the proportion of VAD conducted,

which was around 40% while Policy B and Policy C had estimated 64% and 71% respectively.

Table 5-18: Validation of event numbers with real-world

Waitlist _Ineligible  HTx VAD HTx as % of cohort  VAD as % of cohort
Real-world (2016-2018) 165 12 93 55-90 57% 40%
Policy A - - 65 0 37% 0%
Policy B - - 53 114 29% 64%
Policy C - - 50 126 28% 1%
Policy D - - 86 0 49% 0%

The annual cohort was multiplied by 20 years to estimate the number of HTx, VADs and deaths (see
Table 5-19). The average number of HTx, VADs and HF-related deaths as estimated in the model was
converted into a proportion and multiplied by the 20 year cohort. The fewest HF-deaths occurred in
Policy C over the 20 years (n=2,235) at a cost of $1.94 million followed by Policy B (n=2,268) at a cost
of $1.71 million.

Table 5-19: Budget impact analysis

% per patient Cohort, 20 years (N=177 per year) Cost, 20 years
HTx VAD HF-related death  HTx VAD HF-related death
Policy A 37% 0% 70% 1,299 - 2,489 $854,569
Policy B 29% 64% 64% 1,042 2,265 2,255 $1,709,347
Policy C  28% 1% 63% 985 2,514 2,223 $1,941,479
Policy D 49% 0% 69% 1,718 - 2,452 $1,166,737

Abbreviations: HF, heart failure; HTx, heart transplant; VAD, ventricular assist device.
Policy A = no VAD bridging support, Policy B = current ESHF policy including supply restricted VAD support, Policy C = Increase VAD,
Policy D = Increase HTXx.

5.4 Discussion

The results suggest that Policy C offers the most benefits as ‘Increase VADs’ resulted in the largest
QALY gains. This indicates that moving away from the current supply cap of VADs (Policy B) would
generate more health gain. Next, it was estimated that the current Policy B would produce the most
health gains, followed by Policy D ‘Increase HTx" and then the previous Policy A. As expected, Policy C
was the most costly alternative because of the cost of LVAD implantion. The next most costly

alternative was Policy B, then Policy C and Policy A.

The results suggest that the implementation of the current policy of VADs used as BTT or BTC is unlikely

to be cost-effective from the Australian public healthcare payer perspective under existing WTP
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thresholds. A 75% reduction in the price of the VAD prosthesis would significantly reduce the ICER;

however, it would still remain above currently used WTP thresholds.

Importantly, decision-makers might be interested in whether the current use of VADs is cost-effective.
Policy B ‘Current world’ was an extendedly dominated option as it has a higher ICER and fewer benefits
than Policy C. Policy B reflects the current use of VADs in Sydney, while Policy C is more reflective of
current practice in The Alfred Hospital, Melbourne. The supply caps of VADs are implemented by each
transplanting centre based on their respective state government budget constraints. The results
indicate that the VAD cap is mainly in place as a measure to control expenditure (rather than improve
any notion of cost-effectiveness). Many existing economic evaluations have reported higher WTP
threshold for VADs.(183) However, by funding non-cost-effective treatments there is the potential to

displace interventions that would have resulted in more health gains.

The policy implications of increasing the supply of HTx were explored. HTx rates have increased
steadily in Australia and New Zealand since 1984.(70) Recently, donation after circulatory death
(rather than brain death) has been trialled at SVHS with ex vivo preservation using the ‘Heart in a Box'.
More mainstream uptake of this technology could potentially impact on the donor pool. Policy D
returned an ICER of $1.27 million compared to Policy A. However, increasing the donor pool is
challenging given the match criteria of blood type, making a scenario of ‘no waiting list’” unrealistic. A
scenario analysis illustrated that 40% of patients would need to begin in the ‘Alive -post HTx’ and avoid

the ‘Waiting list’ health state to receive the same 5.2 QALY gain as under Policy B.

Additionally, increasing the number of HTx may have resource implications for individual transplant
units; this was not taken into account in the current evaluation. Anecdotally, HTx procedures result in
rescheduling of routine surgeries such as cardiac artery bypass grafts. This can have flow-on
implications for the units and the health outcomes of non-HTx patients, which are not usually

considered in health technology assessment.

5.4.1 Strengths and limitations

This is the first economic evaluation of VADs from the Australian perspective and the model was
informed by real world registry data from SVHS. SVHS treats a significant proportion of the ESHF
patients in Australia, being one of only four transplant units. Hence, model inputs including costs were

likely applicable to the Australian healthcare system as a whole.

The value of organ replacement technologies such as LVADs is to buy patients time while they wait for
a HTx. Therefore, the difference between the current restriction and the previous use of HTx only is

that some patients are able to wait longer for a HTx or remain alive long enough to become eligible to
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be on the HTx waiting list. The model structure included health states not identified in the literature
(“Ineligible’ and ‘Removed’) to ensure the model was clinically realistic. In particular, the ‘Ineligible’
health state was included to separate BTC from BTT patients and demonstrates the benefit of LVAD in
buying time for potential candidates. Exclusion of the ‘Ineligible’ health state increased the ICER to
$1.9 million per QALY gained, indicating that including BTC patients made Policy B slightly more cost-

effective because a proportion of patients were able to avoid a ‘death’ health state (or delay entry).

Other studies relying on registry data did not disaggregate BTC and BTT patients in their model.(108)

A limitation of this study is the relatively small sample size of patients records from SVHS compared
to larger international registries. However, this sample was representative of the Australian
population. Furthermore, SVHS did not collect quality-of-life data directly and instead NYHA status
was used as a proxy for QoL changes. Despite the lack of QoL data, NYHA status has been shown to be
highly predictive of QoL in HF.(120) The cost data were from a retrospective cohort (2009-2012) and
clinical practice may have changed since then; however, these costs were inflated to 2019 prices. The
multiplication factor applied to ‘Waiting list’ to ‘Death’ was based on assumptions. The transition
probabilities were considered clinically reasonable and the one-way sensitivity analysis of the

multiplication factors identified that these were not model drivers.

A cohort model was applied. LVAD patients tend to be sicker than unbridged HTx patients, meaning
that there is patient heterogeneity. Patients in the LVAD group were more likely to have an intra-aortic
balloon pump (p<0.001) and be on inotropic IV medication than the non LVAD group (p<0.001).
Another challenge of modelling the waiting list using a cohort model is that all patients wait the same
amount of time. However, registry data indicates there is variability in waiting time, with mean wait
time being 164 days (min 1 day and max 1,043 days).(149) A patient’s waiting time is affected by their
blood type match with the donor. Therefore, an individual level model may offer a more realistic

method of modelling the HTx waiting list.

5.5 Conclusion

This analysis has found that the introduction of LVADs as an organ replacement therapy for HTx
produced more QALYs and was more costly than the previous situation (without LVADs). However,
under current WTP thresholds, and even an optimistic threshold, the current use of LVADs is not cost-
effective, which is consistent with the findings from Chapter 3. The analysis indicated the budget
impact of the LVAD cap within the Australian transplant institutions, with existing restrictions designed

to manage financial constraints rather than to improve cost-effectiveness.
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6 CHAPTER 6: DISCRETE EVENT SIMULATION MODEL FOR REAL-
WORLD RESTRICTIONS IN TREATMENT POLICIES IN ESHF

6.1 Introduction

6.1.1 Discrete event simulation and dynamic simulation modelling

Dynamic simulation modelling is an interactive representation of the modelled system that anticipates
the upstream and downstream consequences of changes.(215) The three dynamic simulation
methods are systems dynamics (SD), agent-based modelling (ABM) and discrete event simulation
(DES). In health technology assessment (HTA), ISPOR recommendations (SIMULATE* checklist) are
available for the appropriate dynamic simulation modelling methods for a research question.(31, 215)
Typically, ABM and SD are used to model dynamic transmission models, particularly in infectious
diseases, the main difference between the two methods being that ABM is stochastic while SD is
deterministic.(34) DES was traditionally used outside health care, in transport supply and logistics and
business processes (e.g. call centres) due to its application in operations management.(45, 30). DES is
useful in addressing decision problems in relation to resource use, as queues are explicitly

embedded.(216)

6.1.2 Applications of discrete event simulation in health technology assessment

Resource constraints are not usually explicitly considered in HTA; for example, if a patient requires a
new drug it is assumed that resource is available immediately, without delay to the patient. Cohort
models are commonly used, such as decison trees or state-transition Markov models (15,21), which
are closed-form equations and as such cannot model interactions. There are two applications of DES
in HTA: 1) non-constrained resource models and 2) constrained-resource models.(216) In a non-
constrained model, DES may be preferable to a Markov model because time-to-event is best described
stochastically rather than through fixed time intervals.(216) Furthermore, DES is able to track
individual paths throughout the model as patients enter the model sequentially, meaning that patient

heterogeneity can be incorporated.

In a constrained model, queues are used to mimic competition for resources. Public hospital elective
surgical waiting lists are examples of a non-physical queue. Constraints in the number of surgeons,

nursing staff and operating theatres means that patients are added to a waiting list, thus delaying

41 ISPOR System, Interactions, Multilevel, Understanding, Loops, Agents, Time, Emergence (SIMULATE)
guidelines.
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treatment.(38) Patients will remain in the queue until their appointment arrives, their condition
deteriorates (e.g. require emergency surgery) or they leave the queue and join a shorter waiting list

in a private hospital.

Queues and waiting lists are common in health care, so constrained resources should be modelled
when the time to access treatment has significant effects on patient costs or outcomes (e.g. delay in
receiving a heart transplant (HTx)). The concept of resource constraints is easily applied to donated
organs, which are significantly supply constrained and are allocated based on a combination of
expected survival (of the recipient), blood type, and donor and recipient weight compatibility.
Obtaining an organ is a stochastic process that arises from the interaction of the characteristics of the
waiting list and the specific donor-recipient allocation rules. A patient’s eligibility for a HTx can change
over time, mainly due to their health status. Mechanical circulatory support, such as left ventricular
assist device (LVAD), can buy patients more time on the waiting list or allow patients to become

eligible for a HTx when used as a bridge to candidacy (BTC).

A queuing system consists of: the population; the nature of patient arrival; the service time and
mechanism; queuing behaviour; and the queuing discipline.(44) Queuing behaviour refers to ‘drop-
out’, such as a patient voluntarily leaving the queue, deterioration in health leading to waiting list
removal, or death. The queuing discipline is based on match and priority, i.e. if a patient is listed as

urgent, they may receive a HTx before someone who has waited longer, controlling for the same blood

type.

6.1.2.1 Decision problem

The aim of this chapter was to model the treatments for end-stage health failure (ESHF), as described
in Chapter 5, using DES to explicitly capture the associated resource constraints and waiting lists in the
economic evaluation. In the DES model base case, queuing was enabled to represent the natural
history of the waiting list and incorporate allocation of LVADs and HTx. A DES model without queuing
was created to cross-validate with the Markov model in Chapter 5. The results between the two DES

models (with and without queuing) are compared and contrasted to the Markov model.

As with Chapter 5, the objective of this economic evaluation is twofold: 1) to assess the cost-
effectiveness of the current ESHF policy and the previous ESHF without LVADs, and 2) to assess the
cost-effectiveness of expanded availability policies for patients with ESHF to the previous ESHF policy.

Four policy alternatives were compared in this analysis:

e Policy A - the previous ESHF policy, with no LVAD bridging support;
e Policy B - the current ESHF policy, which includes supply restricted LVAD support;

e Policy C - a hypothetical ESHF policy with an increased supply of LVADs; and,
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e Policy D - a hypothetical ESHF policy with an increased supply of donor hearts, holding the

current level of LVAD support constant.

6.2 Methods

6.2.1 Model structure

The schematic flowchart of Policy B is structured as pre-waiting list events, waiting list events and
post-waiting list events (Figure 6-1). The events considered were: LVAD implant for ineligible patient,
patient death from the waiting list, removal from waiting list, LVAD implant for eligible patient, heart
transplant (HTx), and patient death after HTx. Each event modifies the current flow of patients in the

waiting list and the number of patients that are eligible for LVAD implant or HTx.

Figure 6-1: Flowchart of discrete event simulation model

End-stage heart failure discrete event simulation model

Patient Generator Patient Generator
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Abbreviations: BTC, bridge to candidacy; BTT, bridge to transplant.

Waitlist

Post-transplant

6.2.2 AnyLogic Software

TreeAge Pro was used to build the Markov model in Chapter 5, but although TreeAge software

contains DES functions, it does not support agent interaction and queues.(217) Thus, this model was

165



developed using specialised simulation software AnyLogic (AnyLogic 8, St Petersburg, Russia). This is
an ABM simulation software that allows for user-written code in Java. The ISPOR-SMDM Guidelines
for modelling using DES were followed during the development of the model.(218) Using specialised
software with visualisation functionality assists in increasing the transparency of the model to
reviewers.(218) A summary of the process modelling blocks in AnyLogic is presented in Table 6-1.(215,
31) Agents or entities can represent people, places or items, they have attributes and consume
resources while experiencing events.*?(31) Attributes are variables specific to the agent (e.g. age) and
can be used to incorporate memory. Crucial to the current DES model is the Match block, which allows

patients on the waiting list and donor organs to be matched.

Table 6-1: Components of a discrete event simulation in AnyLogic

Component Description

@ Source Agents consume resources or experience events arrive in the model

@f Parameter Attributes of entities

r. Delay Stochastically delays patients for a given amount of time.

4 o & L Match Synchronises two streams of agents by matching pairs according to a given
criteria. The agents that have not been matched are stored in two queues (one

e for each stream). Once the new agent arrives at either of the input ports, it is
checked for match against all agents in the queue for the other stream. If the
match is found both agents exit the Match object at the same time.

wr Combine Waits for two agents to arrive and outputs a new agent

Select Output Routes incoming agents to one of up to 5 output ports depending on
probabilistic or deterministic conditions.

Sink Disposes agents

Wait A buffer or queue of agents allowing for manual retrieval.

Source:(219)

The model components in Queue and No Queue DES model are presented in Table 6-2. The structures
for the queuing model and No Queue model in AnylLogic are presented in Figure 6-2 and Figure 6-3
respectively. The queuing simulation was driven by the following agent arrivals: patient (eligible or
ineligible) arrival, organ arrival, and LVAD device arrival in Policy B and Policy C. There were two match

processes between patients and a LVAD device for BTC (waiting list ineligible) or BTT (waiting list

42 Technically speaking, entities are a feature of DES models whilst agents are a feature of ABMs, AnylLogic®
builds hybrid models that include both in the same model.

166



eligible). Once a patient enters the HTx matching process (or LVAD as a bridge to HTx), they await a
compatible donor organ based on the previously described matching criteria (Chapter 2; see Table
2-3). Once a donor match is found, patient flow is driven by post-HTx survival. In addition, patients

could be removed from the waiting list and experience a death event.
In order to remove queuing for the No Queue model, the following steps were implemented:

- Removed ‘deviceArrival’ and ‘organSource’ source blocks as patient intervention is not
affected by resource availability.

- Removed ‘waitlistArrivalPrevalent’ patients source block and all waitlisted patients arrive at
t=0.

- Removed the LVAD matching blocks (‘btc’ and ‘btt’), and the corresponding combine blocks
(‘combineBTC’ and ‘combine BTT’) and the ‘unusedVAD’ sink. Replaced with delay blocks
(‘delayBTC’ and ‘delayBTT’) with custom distribution of time-to-event, ‘ineligible’ to ‘Alive
post-VAD’ and ‘waiting list’ to ‘Alive post-VAD’, respectively.

- Removed the waiting list and HTx matching blocks including ‘praDelay’, ‘praWait’, ‘match’,
‘combine’ and ‘organDiscard’. Replaced with delay block ‘delayVADtoHTx’ with custom
distribution of time-to-event, ‘Alive post-VAD’ to ‘Alive post-HTx’.

- Replaced ‘match’ block timeout for patients leaving the queue with a delay block
‘delayVADRemove’ and ‘delayWLRemove’.

- All patients arrive at t=0, rather than as a Poisson distribution rate.

- Addition of ‘PolicyC’ selectOutput to direct flow of patients to ‘postVADWaitingList’ delay
block to represent Policy C.

- Addition of ‘PolicyD’ selectOutput to direct flow of patients to ‘postHTxSurvival’ SelectOutput

to represent Policy D.
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Table 6-2: Description of model components in Queue and No Queue DES model

Item Description Queue  No Queue
Source
ineligibleArrival Patients ineligible for the HTx waiting list enter v v
deviceArrival LVADs enter v x
waitlistArrival Patients added to the HTx waiting list enter v v
waitlistArrivalPrevalent  Patients on the HTx waiting list already enter v X
organSource Donor organs enter v X
Sink
deathHF Patients die from HF v v
deathAgeRelated Patients die from age-related mortality v v
unusedVAD LVADs that are not implanted are discarded v X
organDiscard Donor organs that are unmatched are discarded v X
Match
Btc Patients ineligible for a HTx receive an LVAD v X
Btt Patients eligible for a HTx receive an LVAD v X
match Patients on the waiting list are matched with a donor organ X
Combine
combineBTC Patients are implanted as BTC v
combineBTT Patients are implanted as BTT v
combine Patients are transplanted v
Delay
ineligibleDeath Time to death for patients not implanted with LVAD v v
postVADWaitingList Delay post-LVAD implant surgery until added to HTx waiting list v v
delayVADDeath Time to death for patients implanted with LVAD v v
delayWLRemove Time to removal from waiting list v v
RemovedDeath Time to death from removal from waiting list v v
praWait Delay for panel reactive antibody score in obtaining a match v X
waitingListDeath Time to death from waiting list v v
delayHTxDeath Time to death from HTx v v
delayBTC Time to LVAD implant for patients ineligible for HTx X v
delayBTT Time to LVAD implant for patients on HTx waiting list X v
delayVADRemove Time to removal from waiting list since LVAD implant X v
delayVADtoHTx Time to HTx since LVAD implant X v
delayWLHTx Time to HTx since added to the waiting list X v
SelectOutput
BTC Patient ineligible for HTx will receive an LVAD or die v v
Indication Device is for BTC or BTT v X
Bridge Patient on HTx waiting list receive an LVAD or unbridged HTx v X
delayforVAD Patient waiting time for an LVAD v v
postVADDeath Patient to die with LVAD or receive a HTx v X
ineligibleAgeDeath Patient ineligible for HTx to die from HF or age-related mortality v v
vadAgeDeath Patient with LVAD to die from HT or age-related mortality v v
praDelay Pateint waiting time for HTx due to panel reactive antibody score v X
waitingListtoRemove  Patient to be Removed from waiting list or die on waiting list v v
removedDeath Patient removed from waiting list to die from HF or age-related v v
mortality
waitingListAgeDeath Patient on waiting list to die from HF or age-related mortality v v
postHTxSurvival Patient with HTx to die from HF or alive/die from age-related mortality v v
die Patient with HTx to die from HF or age-related mortality v X
postHTxDeath Patient with HTx to die from age-related mortality or remain alive v v
postVAD Patient with LVAD implant to receive a HTx or be removed from HTx X v
waiting list or die with LVAD implant
waitlingListtoHTx Patient on HTx waiting list to receive HTx or die X v
PolicyC Patients immediately receive an LVAD or wait for an LVAD x v
PolicyD Patients immediately receive a HTx or remain on the HTx waiting list X v

Abbreviations: BTC = bridge to candidacy, BTT = bridge to transplant, HF= heart failure, HTx = heart transplant, LVAD = left ventricular
assist device, VAD = ventricular assist device, WL = waiting list
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Figure 6-2: Model structure implemented in AnyLogic —with queuing
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Figure 6-3: Model structure implemented in AnyLogic — no queuing
ineligibleDeath

ineligibleAgeDeath

delayBTC - waitingListtoRemove
ineligibleArival BT Y postVADVgitinakst s

delayWLRemaove

removedDeath RemovedDeath

e—oI& " IF

.

|, dglayVADRemove

delayforVAD  delayBTT

S |

PdlicyC

wajtlistArrival

Paolicy|

delay\ADDeathadAgeDeath

waitingListtoHTx

delayWLHTx

\ 4

delayVADtoHTx

ostHTxSun|

o ©

ival

delayHTxDeath

deathHF

: @ : \'.'1\itingListDeath aQE

_ ]

waitingListAgeD: EatJ

)

deathégeRelated

PostHTxAlive

@) postHTxDeath !

T—7

I o BN

L

|
]

Abbreviations: BTC = bridge to candidacy, BTT = bridge to transplant, HF= heart failure, HTx = heart transplant, VAD = ventricular assist device, WL = waiting list

170



6.2.2.1 Existing DES models

A review of the literature identified one published DES model of heart transplantation (discussed in
detail in Chapter 4).(118) The purpose of the study was to estimate the cost-effectiveness of the
baseline scenario of a Dutch heart transplant programme compared to a non-transplant scenario in
the Netherlands. To conduct the study, the authors included the annual number of patients referred
to the transplant centres; pre-transplant duration distributions; the annual number of donor hearts;
post-transplant survival and costs.(118) They estimated that after 1994, ‘on average two donor hearts
are not used because of not achieving a match between the donor and recipient’ (118), representing

discarded organs.

A number of studies in liver and kidney organ transplantation (17, 128, 220) have used a DES approach
to model the cost-effectiveness of various programme options. Shechter et al. (2005) included five
modaules; ‘patient generator’, ‘liver organ generator’, ‘pre-transplant natural history’, ‘organ match’
and ‘post-transplant survival’.(220) Unique to DES models in organ transplantation are the use of
agent generators to model the arrival of a patient and donor organ, a queue for waiting lists and an
organ match. Both Davis (1987) and Stahl (2007) included separate queues for organ replacement
technologies (i.e. dialysis and hypothetical tissue-engineered organs respectively) and explored the
impact of these technologies on the waiting lists.(17, 128) Requirements for this model included
national waitlist list details and and allocation algorithm based on priority and first-in first-out (FIFO)

and donor pool details.(17)

The current model differs from Shechter et al. (2005) in that there are two ‘patient generators’, for 1)
those eligible to be activated onto the waiting list and 2) those ineligible for the waiting list. The
current model’s pre-transplant module incorporates two additional matching events relating to LVADs
implanted as either a BTC or BTT. However, similar to Schecter et al. (2005), the model includes a
donor organ and LVAD device generator. In the post-transplant survival module there are two ‘death’

events, 1) due to heart failure and 2) age-related background mortality.

6.2.2.2 Policies

The probability of entering the Markov model via specific health states in Chapter 5 was used to
incorporate Policies A-D into the model. The base case DES model reflects the current transplant policy
(Policy B), under which 90% of the patients are ‘waitlistArrival’ and the remaining 10% are
‘ineligibleArrival’, which means that 90% begin on the waiting list as they are already worked up and
deemed eligible while the remainder are ineligible but may become eligible over time. To estimate
the expanded availability policies — namely, Policy C for LVADs and Policy D for HTx — the previous
model applied a 20% probability of starting in the ‘Alive post-VAD’ or ‘Alive post-HTx’ health state. The

current AnylLogic model tested those policies using two methods. The first most closely reflects the
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Markov model method (1 and 2) and is used in the DES No queue model, and the second method (3

and 4) explicity adjusts the availability of resources in the DES with queuing model.

1) Policy C = redirect 20% of ‘waitlistArrival’ into ‘postVADWaitingList’ so that 20% are
immediately bridged with an LVAD.
2) Policy D = redirect 20% of ‘waitlistArrival’ into ‘postHTxSurvival’ so that 20% are immediately
matched with a donor heart.
3) Policy C = increase the probability by 20% in the ‘bridge’ from 40% to 60% and increasing the
supply of LVAD resource pool ‘deviceArrival’ by 20% from 55 to 90.
4) Policy D =increase the supply of the donor organs by increasing the arrival rate of organSource
by 20% from 325 to 390.
The difference between the previous ESHF policy with no VAD bridging support (Policy A and D) and
VAD bridging support (Policy B and C) is depicted by the setting ‘deviceArrival’ rate to 0, ‘Arrival BTC’
select output to 0 and ‘bridge’ select output to 0. The difference between Policy A and D is that under
Policy D the intervention cost of receiving a donor organ accounts for the promotion campaign and

donation after circulatory death (DCD) procurement cost.

6.2.2.3 Assumptions

The model was underpinned by the same assumptions in Chapter 5 unless otherwise specified.
6.2.2.3.1 Organ allocation

The current DES model included assumptions about the organ allocation process (described in detail
in Section 2.3). The waiting list is reordered every time a new organ is donated, because donor and
candidate characteristics are compared based on blood type and weight compatibility. The organ is
transplanted to the first candidate to accept the offer, following a first-in first-out (FIFO) queuing
discipline. A timeout rate for organs of 6 hours was applied to represent the maximum cold ischaemic
time for organs (221). When the timeout limit is met, the unused donor organ is discarded. Similarly,
patients are removed from the waiting list after a 6-month timeout limit and flow to either a Removal
or Death event from the waiting list. The first match criterion was blood type (see Table 6-3) with AB
blood type the universal recipient and O blood type the universal donor. The second match criterion

is based on the recipient weight being within 20% + donor weight.

Table 6-3: Blood type matching algorithm

Donor
Recipient 0 B A AB
AB 1 1 1 1
A 1 0 1 0
B 1 1 0 0
0 1 0 0 0

Source: adapted from https://www.donateblood.com.au/learn/about-blood
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Depending on a patient’s panel reactive antibody (PRA), the score may affect the time to receiving a
matched donor organ. In this model, it was assumed that PRA remains constant over a patient’s
lifetime and does not change. There are a number of reasons why a patient may become more
sensitised over time; these include childbirth and blood transfusions, especially from LVADs.
Therefore, these events would increase PRA score and consequently reduce the chance of finding a

match.

6.2.3 Parameter estimation

The model inputs were the same as described in Chapter 5 unless specified otherwise. New
parameters estimated for the DES model were the number of agents. Attributes were assigned to
agents to enable the matching process. Transitions between events were estimated as distributions
of time to an event as the model was a continuous-time model.(222) Half-cycle corrections are not

needed unlike in Markov models because time is modelled continuously.(223)

6.2.3.1 Distributions

Probability distributions were sampled during a model run to assign attributes (e.g. gender or age) to
agents. Discrete distributions were used for categorical data and continuous distributions (e.g. normal
distribution) for continuous data. The rate of donation of organs and arrival of patients and VAD
devices are independent of each other. These arrivals are random and estimated using the Poisson

distribution.(44)

Time-to-event curves are sampled to estimate the transition between events. The sampled value
between 0 and 100% represents the proportion of the population who remain event-free at the time
at which the agent experiences the event of interest (e.g. death). There are two types of time-to-event
distributions applied: custom empirical distributions and standard parametric distributions. For
custom empirical distributions the tables of Kaplan-Meier, Cutler-Ederer or life tables were converted
into distributions to be sampled rather than the transition probabilities used in the Markov model.
These custom empirical distributions were relied on as while the AnyLogic software supports 39 types
of distributions, commonly used health economic modelling distributions, such as Gompertz,
generalised gamma and log-logistic, are not supported. Analyses for the standard parametric
distributions (Weibull, Log-normal, Log-logistic, Generalised Gamma, Exponential and Gompertz)
were conducted in STATA using streg and R using survreg and flexsurvreg (see section 8.14.4 for more

information) but were not applied in the DES model.
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6.2.3.2 Agents
The agents in the DES model were ESHF patients, donor organs and LVADs. In the DES without queuing

model, all agents arrived at t=0, rather than as a rate throughout the year. The number of ESHF
patients in the modelled system was based on the Australian adult population (Table 6-4). The 3-year
average from 2016-2018 on the waiting list was obtained from Australia and New Zealand Organ
Transplant Registry (ANZCOTR).(162) Two types of waiting list arrivals were modelled. The first were
the 48 prevalent patients who are active on the waitlist from the previous year, and the second were
117 incident patients who are added throughout the year. Based on expert advice, 10% of the cohort
(n=12) began as ‘Ineligible’ and were waiting for a VAD as BTC prior to being added to the waiting list.
The difference between the eligible and ineligible patients was the different NYHA status in the two

groups, with ineligible patients tending to have a worse NYHA score.

The number of donors per year was taken from Australia and New Zealand Organ Donation (ANZOD)
Registry Annual Report (224), which provided data on all Australian donors. Of the 510 suitable
deceased donor organs, a request for the organ was made on 387 occassions; of these, 358 provided
consent and 109 were retrieved with a total of 98 transplanted.(224) A Poisson arrival rate of 325 was
used, which is the proportion of donor organs with next of kin consent adjusted for the adult
population (358 * 91%). The organ supply drives the search algorithm, since the patients have a life

expectancy of days to years while the donor organs only have a viability of hours.

The LVAD supply was defined using a Poisson distribution and was assumed to be equally distributed
throughout the year, rather than all occurring at the beginning of the year. For devices not used at the
end of 1 year, these were unused and represent the budget restarting each year. The maximum
capacity was the annual LVAD cap from each of the four units in Australia (St Vincents Hospital, Sydney
(n=25); The Prince Charles Hospital, Brisbane (n=35); The Alfred Hospital, Melbourne (n=20); and Fiona
Stanley Hospital, Perth (n=10)). This equated to maximum capacity of 90 LVADs per year with the
supply replenished every year (personal communication Dr Chris Hayward). The transplant units
provided the annual LVAD cap as a range and the actual useage in 2018 (Table 2-5). From the 2018
data, a low cap was estimated as 75 devices and a high cap was estimated as 90 devices with an
average of 55 devices. For Policy B, the DES model with queuing assumed that 55 devices are available

each year, and in the expanded availability policy (Policy C), 90 devices were available.
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Table 6-4: Agent arrival parameters in the model

Parameter Value Lower, Upper Description Source
Initial patients 48 39,58 Initial number waiting at time t=0, 3-year average (70)
(2016-2018)

Additional patients  Rate (117) Rate (94,141) 3-year average yearly arrivals of new patients on (70)
waiting list (2016-2018)

Additional Rate (12)  Rate (10,15) Assume 10% of additional candidates Assumption
ineligible patients
Organ Rate (325) Rate (260,390)  Donor organs offered, next of kin consent provided (224)

adjusted for 9% paediactric population in 2017
Organ Policy D Rate (390) Rate (312,468)  As above for Policy D (20% increase)

Device Policy B Rate (55)  Rate (44,66) Utilisation across four transplant units in AU. Table 2-5
Device Policy C Rate (90) - Capacity across four transplant units in AU. Table 2-5
Device Policy AD 0 - No LVADs available -

Note: Rates are applied as Poisson distributions. Lower and upper estimates are 20% of the base case.

6.2.3.3 Agent attributes

The agents ‘Eligible patient’, ‘Ineligible patient’ and ‘Donor Organ’ have attributes determined at
baseline (Table 6-5). Variables were based on individual patient data or distributions estimated from
the literature. The characteristics age, gender and weight were from the 77 patients in the SVHS Add
Value dataset. The DES model differs from the Markov model in that patients’ ages are randomly
assigned and range between 21 and 72 years old, rather than all being assigned an age of 50 years.
Patient heterogeneity was incorporated via age-related mortality for Death (Other) and applying
different post-HTx survival based on age bracket of HTx receipt. The blood type for patients and donor
organs was based on the Australian population distribution reported by Donate Blood, the Australian
blood and blood products donation service.(225) The Device arrivals have no attributes, with match

to a patient is contingent on its availability.

Table 6-5: Summary of attributes of agents

Attribute Type Summary statistics, mean (SD); n  Code Source
(%)
All agents
Blood Type Distribution 0: 49%; A:38%; B:10%; AB: 3% Option and Dist. Donate blood
Eligible and
Ineligible patient
Age (years) Individual 49.35 (11.33) [min 20.77 - 71.83] Table Add Value
Sex Distribution Male: 53 (69%), Female: 24 (31%)  Option and Dist. Add Value
Weight (kg) Individual 76.36 (17.24) normal(17.24,76.36)  Add Value
PRA Distribution Various Table SVHS
Eligible patient
NYHA at baseline  Distribution N=366; II: 4% IV: 96% 1:0; 2:0; 3:0.04; 4: MOMENTUM 3
0.96
Ineligible patient
NYHA at baseline  Distribution N=18; IV:100% 1:0; 2:0; 3:0; 4: 1 Add Value
Donor organ
Weight (kg) Distribution 80.26 (19.87) normal(19.87, 80.26)  HILDA Wave 18

Abbreviations: cm = centimetres; kg = kilogram; NYHA = New York Heart Association; PRA = panel reactive antibody;
Note: normal distribution (standard deviation, mean). Custom distribution column 1 = value and column 2 = weight.
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6.2.3.3.1 Age and Gender

The SVHS Add Value dataset reported baseline age in all 77 patients. The mean and median ages were
49.4 and 50.1 years respectively (range 20.7-71.8 years). Over two-thirds of the sample were male

(53/77).
6.2.3.3.2 Blood type

The distribution of blood type in the Australian population is presented in Table 6-6. The total (positive
and negative) distribution of blood type was used in the model. The distribution of blood type was

assumed to be the same between donor organs and eligible or ineligible patients.

Table 6-6: Blood type distribution in Australia

Positive Negative Total
0 40% 9% 49%
A 31% 7% 38%
B 8% 2% 10%
AB 2% 1% 3%

Source: (225)

6.2.3.3.3 Weight

Recipients

The SVHS Add Value dataset reported baseline weight in 76 patients (with 1 missing value). The
average patient weight was 76.4kg (SD: 17.2kg, min 45 kg, max 124 kg) and the normal distribution

was applied as an attribute to both eligible and ineligible patients.
Donors

The Household, Income and Labour Dynamics in Australia (HILDA) survey, (Wave 18, 2019) is a
nationally representative broad social and economic longitudinal survey. This dataset was used to
estimate the weight distribution of donors in Australia. The Deed of Confidentiality (143408) for NCLD
datasets was approved by the Australian Data Archive on 29 December 2019. The Wave 18 sample
consisted of the Main (Wave 1) 7,616 households and 2,023 top-up (Wave 11) households to total
9.639 households and 17,434 persons interviewed.(226) The relevant age range for donors was 15 to
50 years old, the sample was restricted to persons with weight > 0 (weight -10kg for missing data).
The resulting sample equated to 7,936 adults with mean weight 80.3 kg (SD: 19.9kg, min 35 kg, max

219 kg). The distribution of weight in the Australian population is presented in Figure 8-17.
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6.2.3.3.4 Panel Reactive Antibody

The PRA is an immunologic test for the presence of circulating antibodies to a random panel of donor
lymphocytes. These are antibodies to human leukocyte antigen A, B, and DR in the serum. In a sample
of patients at SVHS (n=26), 50% had a PRA of 0% indicating no antibodies to the panel, with max 94%
and an average 21%. In a published kidney transplant model, the distribution was estimated for those
below <80% and greater than 80% to indicate highly sensitised and the associated relative risk of
getting a match was applied(227). The current model assumed that patients with a PRA >= 80% would
have to wait an additional 3 months using a Delay block to find a match compared to those who did

not.

6.2.3.4 Time-to-event probabilities

A summary of the time-to-event distributions used in the Markov model and converted for the DES
model is presented in Table 6-7. Custom empirical distributions based on the survival curves used to
inform the transition probabilities in Chapter 5 were used in the base-case of this analysis. This was to
ensure consistency between the two models. Waiting times to various events were sampled from a
series of custom empirical time-to-event distributions using fixed probabilities at time points (e.g. 12
months). The model was run in days and the custom empirical distributions are reported in months or

years so adjustments were made as appropriate.

Table 6-7: Summary of time-to-event distributions for the discrete event simulation model

Transition Distribution Applied Source
Model base case
Annual age related  Custom empirical distribution. Probability in IneligibleAgeDeath ABS
mortality SelectOutput;

Probability in vadAgeDeath

SelectOutput;

Probability in waitingListAgeDeath

SelectOutput;

Probability in removedDeath
SelectOutput; Probability in
postHTxDeath SelectOutput

Waiting List to Discrete probability distribution. Delay time in waitingListDeath ANZCOTR
Death 0.02637*2
Ineligible to Death  Discrete probability distribution. Delay time in ineligibleDeath Delay Assumption
0.02637*2 * 1.6
Removed to Death  Discrete probability distribution. Delay time in RemovedDeath Delay Assumption
0.02637*2* 1.5
Ineligible to Alive Custom empirical distribution. Use btc Probability in BTC SelectOutput SVHS Add
postVAD Match. Policy A and D set to 0%. Value
Alive post-HTxto ~ Custom empirical distribution. 17-39 Delay time in delayHTxDeath Delay ANZCOTR
Death years, 40-49 years, 50-69 years and 60+
years
Alive post- VAD to  Custom empirical distribution. Sensitivity ~ Probablity in postVAD SelectOutput5 ~ INTERMACS
Death analysis: Weibull distribution shape = Delay time in delayVADDeath Delay

4.784, scale = 0.195
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Transition Distribution Applied Source
Waiting List to Custom empirical distribution. Use btt Probability in delayforVAD SVHS Add
Alive post-VAD Match. SelectOutput Value
Waiting List to Custom empirical distribution. Probability in waitingListtoRemove SVHS CPR
Removed SelectOutput
Delay time in delayWLRemove Delay
DES transitions
Bridge to 40%. Policy C is 60% and Policy A and Probability in bridge SelectOutput SVHS Add
transplant Policy D is 0% Value
probability
Organ discard 6 hours Timeout in ‘match’ Match SVHS
guidelines
Patient removal 6 months Timeout in ‘match’ Match
from matching
process
PostVAD-WL 3 month Delay time in postVADWaitingList Assumption
PRA delay 3 months Delay time in ‘praWait’ Delay
VAD discard 1 year Timeout btc Match
Timeout btt Match
Cross-validation to Markov model in DES No Queue model
Ineligible to VAD Custom empirical distribution Delay time in delayBTC Delay SVHS Add
Value
Waiting list to VAD ~ Custom empirical distribution Delay time in delayBTT Delay SVHS Add
Value
postVAD to Custom empirical distribution. Weibull Delay time in delayVADtoHTx Delay ~ IMACS
postHTx distribution shape = 3.499, scale -0.286
Alive post-VAD to  Custom empirical distribution. Probablity in postVAD SelectOutput5 ~ SVHS CPR
Removed Delay time in delayVADRemove
Delay
Waiting List to Custom empirical distribution. Delay time in delayWLHTx Delay SVHS CPR
posthtx

During the analysis, age-related mortality using ABS Life Tables and post-HTx survival using Cutler-
Ederer curves were estimated using a Gompertz function (sections 8.14.2 and 8.14.3). For ‘Alive post-
VAD’ to ‘Death’ the Weibull distribution was chosen because although the AIC and BIC were lower for
generalised gamma, AnyLogic did not support this distribution (Table 8-53). The Weibull distribution
for post-VAD survival was tested as a sensitivity analysis in Chapter 5. For ‘Alive post-HTx’ to ‘Death’ a
custom distribution was applied using the published Cutler-Ederer survival curves. The probability of
death after HTx was adjusted according the age band at which a patient had received their HTx.
Therefore, at the end of the 20-year time horizon, a 30-year-old HTx recipient has a 52% probability
of death while a 50-year-old HTx recipient has a 70% probability of death (Table 6-8). This differs from
the Markov model in which it was assumed that the cohort of 50 years old all had the same probability

of death post-HTx based on the 50-59-year age band.
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Table 6-8: Cutler-Ederer Survival Curves probability of death post-HTx ANZCOTR (1984-2018)

17-39 years 40-49 years 50-59 years 60+ years
Month Mean Lower Upper Mean Lower Upper Mean Lower Upper Mean Lower Upper
0 0 0 0 0 0 0 0 0 0 0 0

0.121 0.096 0.148 0111 0.088 0.137 0123 0.104 0.144 0171 0138 0.206
0.145 0.118 0.174 0127 0.102 0.154 0.148 0.127  0.170 0199 0.164 0.236
0.185 0.155 0.217 0.134 0.108 0.162 0.164 0.142  0.187 0223 0186 0.262
0.203 0.172 0.236 0.151 0.124  0.180 0194 0170 0.219 0237 0199 0.277
0.222 0.190 0.256 0175 0.146  0.206 0.209 0.185 0.234 0.267 0.228 0.308
0.242 0.209 0.277 0.214 0.183  0.247 0.238 0.212  0.265 0.297 0.256 0.339
0.260 0.226 0.295 024 0207 0.274 0.268 0.241  0.296 0.334 0292 0.377
0.281 0.246 0.317 0.273 0.239 0.309 0.297 0.269 0.325 0.359 0316  0.403
0.310 0.274 0.347 0.299 0.264 0.336 0.326 0.298 0.355 0.397 0353 0.442
10 0.332 0.295 0.370 0.331 0.295 0.368 036 0331 0.390 0417 0373 0.462
1" 0.354 0.317 0.392 0.367 0.330 0.405 0.382 0.352 0.412 0.467 0422 0512
12 0.376 0.338 0.415 0.384 0.346 0.423 0.428 0.398 0.458 0524 0479 0.569
13 0.387 0.349 0.426 0.394 0.356 0.433 0.458 0428 0489 0.555 0510 0.600
14 0.398 0.360 0.437 0426 0.387 0.465 0.501 0470 0.532 0573 0528 0.618
15 0.416 0.377 0.455 0.468 0429 0.507 0.539 0.508 0.569 0.603 0.558 0.647
16 0.442 0.403 0.481 0524 0.485 0.563 0.574 0.544 0.604 0.643 0599 0.686
17 0.460 0.421 0.499 0.537 0.498 0.576 0.615 0.585 0.645 0.666 0.623 0.708
18 0.494 0.455 0.533 055 0511 0.589 0.64 0610 0.669 0.72 0.678 0.760
19 0.506 0.467 0.545 0.565 0.526 0.604 0.672 0.643 0.700 0774 0735 0.811
20 0.515 0476 0.554 0.588 0.549 0.626 0.703 0.675 0.731 0.786 0.748 0.822
21 0.538 0.499 0.577 0.645 0.607 0.682 0.721 0.693 0.748 0.786 0.748 0.822
22 0.558 0.519 0.597 0.684 0.647 0.720 0.759 0.732  0.785 0.85 0.816  0.881
23 0.570 0.531 0.609 0.721 0.685 0.756 0.794 0.769 0.818 0.85 0.816  0.881
24 0.570 0.531 0.609 0.73 0694 0.764 0.809 0.784 0.833 0.893 0.863 0919
25 0.604 0.565 0.642 0.741 0.706 0.775 0.818 0.794  0.841 - - -
26 0.620 0.581 0.658 0.748 0.713  0.781 0.851 0.829 0.872

27 0.649 0.611 0.686 0.786 0.753  0.817 0.865 0.843 0.885

28 0.672 0.634 0.708 082 0.789 0.849 0.865 0.843 0.885

29 0.713 0.677 0.748 085 0821 0.877 0.865 0.843 0.885

30 0.732 0.696 0.766 085 0821 0.877 0.865 0.843 0.885

31 0.760 0.726 0.793 085 0821 0.877 - - -

32 0.760 0.726 0.793 09 0875 0922

33 0.760 0.726 0.793 09 0875 0922

34 0.760 0.726 0.793 09 0875 0.922

Source: ANZCOTR 2018(70)

OOoo~No ok~ whNh ~O0O

6.2.3.5 Global variables

Random numbers

The stochastic nature of the model comes from the random numbers used to implement the selection
from distributions, meaning that the results will differ slightly for each model run. The base case model
agent arrivals were modelled using a rate based on the Poisson distribution; therefore, each model
run had a different number of patients and resources. In order to ensure reproducible results during

model development, a fixed seed was applied.*

43 To improve stability of the model one can increase the number of replications of simulations or increase the
number of individuals being modelled (30, p184). Stability of model runs differences to be less than 5% or 1%
difference in the mean ICER.(218)
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Discounting

Discounting of costs and benefits occurred at a rate of 5% p.a.(197)
Simulation time

The model was run for 20 years,with analyses conducted at 6 months and every year from 1 to 20

years to calculate the impact of discounting on costs and benefits.

6.2.3.6 Quality of Life

As with the Markov model, quality of life was applied to the DES model using utility values (120) (Table
5-7) based on the proportion in each NYHA class (Table 5-8). Unlike the Markov model, the current
model applied the average QoL values for each transition to event by multiplying the average weighted
Qol by the NYHA distribution directly, rather than applying these separately. These average weighted
Qol values for each event-based health state were multiplied by the average number of days spent

between each event weighted by the proportion of patients who experience that event.

Table 6-9: Average Quality of Life

Health State Ineligible  Waiting list/Removed  Post-HTx  Post-LVAD  Adjusted Post-LVAD
n 18 366 52 6 71

Source Add Value MOMENTUM 3 Add Value AddValue  Add Value, ROADMAP
Utility value

NYHAT1=0855 0 0 0.0987 0 0.1203
NYHAII=0.771 0 0 0.1779 0.1285 0.1084
NYHAIII=0.673 0 0.0272 0.2847 0.1122 0.0947
NYHAIV=0.532 0.5320 0.5105 0.1228 0.3547 0.3075

QoL per year 0.5320 0.5377 0.6841 0.5953 0.6309

Abbreviations: HTx, heart transplant; LVAD, left ventricular assist device; NYHA, New York Heart Association; QoL, quality of life

For the one-way sensitivity analysis the NYHA proportions and utility values were not implemented in
the model as two separate sets of parameters, but, rather, were multiplied to provide the average
Qol for a particular event-based health state (Table 6-10). Therefore, the upper and lower estimates
of average QoL were calculated based on the upper and lower estimates of the utility values NYHA
proportions. The same scenario analysis for QoL post-VAD of 0.6309 was applied based on the analysis

of ROADMAP data.

Table 6-10: Quality of life values in sensitivity analyses
Change in utility value Change in NYHA proportion

Base case  Lower Upper Lower Upper Scenario analysis
QoLPostHTx 0.684077 0.665231 0.706615 0.399751 1 -
QoLPostVAD 0.595333 0.557667 0.6345 0.137794 1 0.630881
QoLlIneligible 0.532 0.48 0.584 - - -
QoLRemoved 0.537694 0.487471 0.588281 0.513866 0.562192
QoL Waitlist 0.537694 0.487471 0.588281 0.513866 0.562192
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6.2.3.7 Costs

The model included the same costs as in the Markov model; however, the health state annual costs
‘Ineligible’, ‘Waiting List’, ‘Removed’, ‘Alive post-VAD’ and ‘Alive post-HTx’ were calculated as a per
diem cost (Table 6-11). The calculated per diem cost is multiplied by the average number of days spent
between each event weighted by the proportion of patients who experience that event. The event
specific costs that occur once — LVAD implant hospital admission, the HTx hospital admission and
procurement cost for the donor heart — and the cost of death assigned to heart-failure related deaths
are multiplied by the number of events experienced in each model run. The total accumulated one-

off costs are then divided by the patient cohort (sum of ineligible and eligible patients).

Table 6-11: Costs applied in the model - (SAUD 2019)

Description Per event Source
VAD index admission initial + prosthesis $279,478.3 - Add Value, APDC and EDDC
HTx index admission $135,456.4 - Add Value, APDC and EDDC
HTx organ procurement - posthumous ~ $29,647.9 - (170)
Cost of campaign in policy D $1,664.6 - (208-210)
$49,647.9 - {St Vincent's Health Network Sydney,

HTx DCD via OCS in policy D 2015 #602}, assume 50%

Death due to organ failure $21,615.1 - (211)

Per Year Per diem
Ineligible for waitlist pre-VAD $76,135.5 $208.59 Add Value, APDC and EDDC
HTx subsequent admissions $59,039.8 $161.75 Add Value, APDC and EDDC
VAD subsequent admissions $58,419.2 $160.05 Add Value, APDC and EDDC
Removed admissions $43,661.5 $119.62 Add Value, APDC and EDDC
Waiting list admissions $36,188.7 $99.15 Add Value, APDC and EDDC

6.2.3.8 Outcomes
Standard HTA outcomes include mean QALYs and costs (both undiscounted and discounted). In
addition, operational outcome measures were reported.(23, 216) Therefore, event counts include the

number of HTx, number of VADs and average waiting time for a HTx.

6.2.4 Validation

A recently published DES checklist was followed regarding validation.(228) The model was assessed
for face validity, internal validity and external validity.(23) Face validity refers to the model reflecting
the problem accurately. Internal validity was conducted throughout model development to ensure
that the model logic, programming and calculations were accurate.(30) External validity was
conducted to assess whether the model results reflect what happens in the real world. External
validity consists broadly of dependent validation, independent validation and predictive
validation.(30) Predictive validation was not conducted as there were no ongoing trials or unpublished

registry data collection available.
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6.2.4.1 Face validity

Face validity was assessed using clinical expert opinion (Prof. Christopher Hayward, SVHS) of the
model structure. The approach taken was similar to the development of the Markov model in Chapter

5. Similarly, the DES model was developed with the Markov model structure in mind.

6.2.4.2 Internal validity

The model logic was checked during model development with the model simulated after incremental
changes to the model structure (addition of blocks). Other checks included turning blocks on/off as
part of modelling the various policies to ensure patient flow was as expected. Unused blocks are grey
shaded post-simulation while used blocks are blue with agent numbers reported at the appropriate in

and out ports.

6.2.4.3 External validity
This model relied on 2016-2018 data from ANZCOTR , specifically the 3-year average of adult HTx in

Australia for external validation (Table 6-12). The method applied was similar to that in Stahl et al.
(2007), where four main calibration parameters were identified in the liver transplant model and
compared to published UNOS data.(17) The four parameters and acceptable ranges were the model
waiting list length (+2 percent), number of transplants (+2 percent), deaths while waiting for a
transplant (15 percent), and time to transplant (+11 percent). The same parameters — excluding deaths
while waiting — were used to validate this DES model. The deaths after removal from the waiting list
could not be retrieved from the ANZCOTR because only those who died while on the waiting list were
captured. The current model includes deaths from those who were removed from the waiting list (and

were no longer followed up), those who received a VAD and those who were ‘Ineligible’.

Table 6-12: Validation parameters

Parameter Value Description and motivation Source
Transplants 93 3-year average yearly orthotopic adult transplants N (2016-2018)  (70)

Waiting Time 153 (200)  3-year average yearly mean and SD (2016-2018) (70)

Waiting list queue 44 3-year average total on waiting list at end of year orthotopic adult ANZCOTR 2016,
end of year transplants N (2016-2018) 2017, 2018

6.2.4.4 Comparison to Markov model

The methodology for cross-validation was similar to that presented in Standfield et al. (2017)(38), and
hence, two models were developed: 1) DES model with queuing, and 2) DES model without queuing
to calibrate the Markov model from Chapter 5. The model was cross-validated to the Markov model

developed in Chapter 5 to ensure that the same decision problem was being addressed.
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6.2.5

Sensitivity Analysis

6.2.5.1 One-way sensitivity analysis

A one-way sensitivity analysis analogous to the sensitivitiy analysis counducted in Chapter 5 was

undertaken to assess the parameter uncertainty and determine whether the same parameters as

identified in Chapter 5 influence the DES model’s robustness. In order to conduct the sensitivity

analyses, a number of changes in parameters were adjusted:

The NYHA proportions and utility values were not implemented in the model as two separate
sets of parameters, but rather were multiplied to provide the average Qol for a particular
event. Therefore, the upper and lower estimates of average weighted QoL were calculated
(Table 6-10).

Post-HTx survival from the Cutler-Ederer survival curves from ANZCOTR by age groups (17-39
years, 40-49 years, 50-59 years and 60+ years) compared to 50-59 years only in Chapter 5
(Table 6-8).

In Chapter 5, patients entered the model at age 50 and the age-related mortality life table was
referenced from age 50 onwards. The current model included the age distribution from Add
Value (aged 20-72 years) and hence an extended life table was referenced (Table 8-56).

All transition probabilities used in Chapter 5 are now cumulative survival probabilities and so

the lower and upper 95% confidence intervals were estimated (Table 8-57 toTable 8-62).

In addition to the parameters that formed the sensitivity analysis in Chapter 5, the new DES model

specific parameters analysed include:

Patient, device and organ arrival based on lower and upper estimates of 20% (Table 6-4).
Patient and organ weight (Table 6-5).
Panel reactive antibody delay for those with score of > 80% (‘praWait’)

Timeout from match block for patients and organs (Table 6-7).

6.2.5.2 Scenario analyses

A number of scenario analyses were replicated from Chapter 5 that had an impact on the ICER.

Specifically, Scenarios 5, 6, 8, 9 were replicated and two structural analyses were the removal of

‘Ineligible’ (Scenario 1) and ‘Waiting list’ (Scenario 10) health state; however, given the changes in the

model structure further adjustments were made. Additional scenario analyses based on the new

model parameters included:

Turning off the delay provided by a high panel reactive antibody score (set praDelay to 0).
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e Donor organ and patient weight matching algorithm expanded to £30% or reduced to +10%
not +20%.

e Donor organ and patient matching algorithm based on blood type only or weight only.

The risk of rejection of donor organs was not incorporated into the model from changes made to the

matching criteria.

6.3 Results

6.3.1 Validation

The average proportion of patients experiencing the events between the two DES models is presented
in Table 6-13. The main difference between the two DES models was the proportion of patients
experiencing a VAD event in Policy B, with 39% DES with queuing model compared to 85% DES No
Queue model. Between the two DES models, the proportion experiencing a HTx was similar between
Policy B and Policy C, but lower between Policy A and Policy D in the No Queue model.
Correspondingly, there are fewer patients in the DES with queuing model who experience a ‘Removed’
event. In the Markov model, the proportion experiencing a HTx event was the lowest amongst the
three models and the proportion experiencing a VAD event was in between the DES with and without

gueuing model.

Table 6-13: Average proportion of patients experiencing event

HTx VAD Ineligible Removed Waiting List Death

Policy A

DES with Queuing 70% 0% 9% 8% 91% 38%
DES No Queuing 33% 0% 7% 33% 93% 76%
Markov model 37% 0% 0% 0% 90%2 76%
Policy B

DES with Queuing 63% 39% 8% 7% 96% 41%
DES No Queuing 51% 85% 7% 33% 99% 62%
Markov model 29% 64% 0% 0% 90%2 76%
Policy C

DES with Queuing 61% 60% 9% 5% 98% 42%
DES No Queuing 51% 89% 7% 33% 99% 65%
Markov model 28% 1% 0% 0% 70%:2 70%
Policy D

DES with Queuing 75% 0% 10% 5% 90% 33%
DES No Queuing 46% 0% 7% 23% 93% 66%
Markov model 49% 0% 0% 0% 70%:2 70%

@ Based on initial probabilities starting in each health state.

For the DES models, to estimate the average proportion of time spent between events, the average
sum of days to the events was divided by the number of each event. The average proportion of time
spent by the patients in each health state over the 20 years between the three models is presented in
Table 6-14. The differences between the average proportion of time spent in the ‘health states’

between the models is reflective of the differences in the proportion experiencing such events. For
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instance, patients spend more time in the HTx health states in the DES with queuing model than any
of the other models. Another notable difference between the Markov model and the DES models is

that there is significantly more patient time spent in the waiting list health state in the Markov model.

Table 6-14: Average proportion of time spent in each health state over time horizon

HTx VAD Ineligible Removed Waiting List Death

Policy A

DES with Queuing 65% 0% 0% 0% 4% 31%
DES No Queuing 28% 0% 0% 0% 5% 67%
Markov model 20% 0% 4% 4% 26% 45%
Policy B

DES with Queuing 49% 20% 1% 0% 4% 26%
DES No Queuing 39% 12% 1% 0% 4% 44%
Markov model 15% 27% 2% 7% 11% 38%
Policy C

DES with Queuing 48% 22% 0% 0% 2% 27%
DES No Queuing 38% 12% 1% 0% 4% 45%
Markov model 14% 31% 2% 8% 8% 37%
Policy D

DES with Queuing 70% 0% 0% 0% 3% 27%
DES No Queuing 41% 0% 0% 0% 4% 55%
Markov model 28% 0% 4% 3% 20% 44%

6.3.1.1 Throughput and event number results

The event numbers and throughput statistics for the three models compared to the ANZCOTR data
are presented in Table 6-15. The external validation data represents the current ESHF Policy with use
of LVADs (Policy B). In the DES with queuing model the event numbers for VAD, HTx and Death were
divided by 20 years to estimate the average number of events per year. The base case DES model with
queuing VAD numbers was most consistent with VAD use in Australia. For example, in the DES model
with queuing, 54 VADs were in one year (distinct to Year 1), which is similar to the 55 to 90 per year
predicted by the ANZCOTR data. The equivalent number of VADs used over the model time horizon
(not just Year 1) in the DES No Queue model and Markov model was 150 and 113 respectively. In the
DES No queue model the 150 VADs were implanted by Year 3, meaning of the 177 patients that
entered the model at t=0, 150 were implanted with an LVAD by Year 3 (83 by Year 1 and 144 by Year 2).

For the number of HTx conducted between the models, there were more similarities. In the DES No
Queue model, the average yearly HTx was 87 and in Year 1 was 94, and was similar between the DES
models with and without queuing (87 and 91 respectively). These numbers are comparable to the 93
reported in the ANZCOTR data.(70) Across the four policies (Policies A to D), the number of HTx in Year
1 differed. Policy D was associated with the highest number of HTx in Year 1 and Policy A the least (full
ranking: Policy D > Policy A > Policy C > Policy B). This ranking is as expected and reflects the supply of
donor hearts and the supply of alternative treatments (VADs). The ranking was also consistent across

all models, DES with queuing and the Markov model.
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The number of HF related deaths were higher in the DES No Queue model and the Markov model
compared to the DES with queuing. However, there was a difference in the ordering of policies. The
time to transplant was estimated to be on average 153 days from 2016-2018 based on ANZCOTR data,
which is less than the 217 days estimated in the DES with queuing model, and the 318 days estimated
in the DES No Queue model. In the DES No Queue model, all patients arrived at t=0 (Day 0) and the
transition to events was modelled at t=365 (Day 365) to reflect the same yearly cycles as in the Markov
model. Therefore, it is possible that the DES No Queue model overestimates the time to transplant
days because patients must remain in that health state for at least one year. In the DES with queuing
model, patients were added to the waiting list as soon as they received an LVAD and the
‘postVADWaitingList’ delay block was used to add 3 months to the waiting time to reflect the ‘On hold’
period, which may explain the higher time to transplant compared to the 153 days reported in
ANZCOTR.

Table 6-15: Throughput and event number results — 20 year experience
VADs HTx HF Deaths Patients Time to transplant (days)

DES with queuing
Policy A 0 1,898 841 2713 183.28
Policy B 1,077 1,742 1,033 2746 217.34
Policy C 1,556 1,591 1,009 2605 108.09
Policy D 0 1,963 799 2607 132.95
DES No queuing@
Policy A 0 58 133 177 383.42
Policy B 150 9N 108 177 317.72
Policy C 158 9N 112 177 280.55
Policy D 0 82 111 177 340.32
Markov model 2
Policy A 0 65 124 177 -
Policy B 113 52 113 177 -
Policy C 126 49 1M 177 -
Policy D 0 86 123 177 -
External Validation (2016-2018) in ANZCOTR
Real-world, per year 55-90% 93 - 177 153 (SD 200)
Note:

tPersonal communication with Professor Christopher Hayward, St Vincent's Hospital Sydney.

a. In the DES No Queue and Markov model, in Policy B and Policy C most VADs were received at the beginning of Cycle 2 (Year 2) due to
the yearly transitions as all patients began in the ‘Ineligible’ or ‘Waiting list' health state but not the ‘Alive post-VAD’, therefore, 113 VADs
were provided over the first few years.

A comparison of patient flow throughout the models are presented in Table 6-16. The interpretation
of the DES No Queue model Policy A is that of the 177 patients entering the model at t=0 days, 59 will
die in the first year (Table 6-16) and a total of 133 will die over the 20-year time horizon (Table 6-15).
This differs from the interpretation of the DES with queue model, in Policy A, under which of 175
patients that enter the model throughout Year 1, 31 die in Year 1 but the remaining patients will die
over the 20-year time horizon. The average number of deaths per year over the 20-year time horizon

is 47, indicating more patients will die on average in the later years.
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Table 6-16: Throughput and event number results — Year 1 experience

VADs HTx HF Deaths Patients
DES with queuing
Policy A 0 101 31 175
Policy B 46 94 18 171
Policy C 64 99 16 169
Policy D 0 108 36 187
DES with queuing, yearly averaget
Policy A 0 95 47 136
Policy B 54 87 52 137
Policy C 78 80 50 130
Policy D 0 98 40 130
DES No queuing
Policy A 0 18 59 177
Policy B 83 2 10 177
Policy C 101 5 5 177
Policy D 0 48 52 177
External Validation (2016-2018) in ANZCOTR
Real-world 55-90% 93 - 177

tThe DES with queuing model numbers for VADs, HTx, HF Deaths and patient numbers divided by 20 to obtain average per year. These
are crude counts not adjusted for different sample sizes due to applying a random Poisson rate for patient arrival for each simulation.
$Personal communication with Professor Christopher Hayward, St Vincent's Hospital Sydney.

The numbers of HTx, VAD and HF-related deaths across the policy alternatives over the 20 years in the

DES with queuing model are presented in Figure 6-4. In the early years, Policy D had the most heart

failure-related deaths but by the end of the model time horizon had significantly fewer heart failure-

related deaths.

Figure 6-4: Number of HTx, VAD, Heart Failure related deaths over the 20 years — DES with queuing
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In the DES No Queue model, the flow of patients between the policies indicates that both Policy B and

Policy C delay the receipt of heart tranplants compared to Policy A and Policy D; under these policies,

there are fewer heart failure related deaths in the early years (Figure 6-5).

Figure 6-5: Number of HTx, VAD, Heart Failure related deaths over the 20 years — DES No queuing
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6.3.1.2 Disaggregated Costs
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The disaggregated costs are provided in Table 6-17. The numbers of HTX, VAD and HF-related death

events were adjusted for the patient number. The total undiscounted costs between the two DES

models were slightly higher in the DES No Queue model than the DES with queuing model for all the

alternatives except for Policy A.

Table 6-17: Disaggregated costs

Policy A Policy B Policy C Policy D
DES with Queuing
HTx $313,367,430 $287,611,203  $262,680,496 $366,626,919
VAD $0 $300,998,075  $434,868,157 $0
Deaths $20,339,771 $22,328,357 $21,809,596 $17,270,433
Undiscounted Intervention $333,707,201 $610,937,635 $719,358,248 $383,897,352
Patient number 2,713 2,746 2,605 2,607
Undiscounted Intervention adjusted  $123,003 $222,483 $276,145 $147,256
Undiscounted Hospital $429,267 $548,943 $539,396 $456,897
Undiscounted Total Costs $552,270 $771,426 $815,541 $604,153
DES No Queuing
HTx $9,576,033 $15,024,466 $15,024,466 $15,315,032
VAD $0 $41,921,738 $44,157,564 $0
Deaths $2,874,803 $2,334,426 $2,420,887 $2,399,272
Undiscounted Intervention $12,450,836 $59,280,630 $61,602,916 $17,714,303
Patient number 177 177 177 177
Undiscounted Intervention adjusted  $70,344 $334,919 $348,039 $100,081
Undiscounted Hospital $362,883 $647,320 $643,291 $516,934
Undiscounted Total Costs $433,227 $982,239 $991,330 $617,015
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6.3.2 Cost-effectiveness results

6.3.2.1 Base-case results

Comparison to common baseline (Policy A)

The results presented here are the cost-effectiveness estimates of the current ESHF policy (Policy B)
and expanded supply policies (Policy C and Policy D) compared with the previous ESHF policy (Policy
A), i.e. prior to the introduction of LVADs. The ICER per LY gained between the policies was presented
in Table 6-18. The DES model ICERs per LY gained are significantly lower compared to the Markov
model due to the smaller incremental cost to Policy A and larger incremental benefit to Policy A.
Another notable difference is the fewer LY gained between Policy C and Policy B in the DES models
compared to the Markov model, which estimated that Policy C had the most LY gained. In the DES
with queuing model, the Policy C option provides LVADs to patients at a faster rate; however, there is

no corresponding increase in the available supply of donor hearts.

Table 6-18: ICER per LY gained between Policies (time horizon 20 years, discounted)
Intervention Comparator Incremental Intervention Comparator Incremental ICER

Cost Cost Cost LY LY LY
DES with queuing
Policy Bvs. A $508,235 $363,850 $144,385 6.38 4.95 143 $100,964
Policy Cvs. A $542,446 $363,850 $178,595 6.25 4.95 1.30 $137,148
PolicyDvs. A $399,108 $363,850 $35,258 5.24 4.95 0.29 $121,288
DES No queuing
Policy Bvs. A $763,895 $309,174 $454,720 7.91 4.45 3.47 $131,123
Policy Cvs. A $979,894 $309,174 $670,719 7.90 4.45 3.46 $194,116
Policy Dvs. A $441,676 $309,174 $132,502 6.15 4.45 1.70 $77,921
Markov model
Policy Bvs. A $1,709,347  $854,569 $854,778 10.72 10.35 0.37 $2,305,168
Policy Cvs. A $1,941,479  $854,569 $1,086,910  10.81 10.35 0.46 $2,379,832
PolicyDvs. A $1,166,737  $854,569 $312,168 10.41 10.35 0.06 $4,998,194

The ICER per discounted QALY gained are presented in Table 6-19. When the LYs were adjusted for

Qol, the incremental benefit in the DES models more closely resembled the Markov model.

Table 6-19: ICER per QALY gained between Policies (time horizon 20 years, discounted)
Intervention Comparator Incremental Intervention Comparator Incremental ICER

Cost Cost Cost QALY QALY QALY
DES with queuing
Policy Bvs. A $508,235 $363,850 $144,385 413 3.33 0.80 $179,450
Policy Cvs. A $542,446 $363,850 $178,595 4.06 3.33 0.74 $241,985
Policy Dvs. A $399,108 $363,850 $35,258 3.54 3.33 0.21 $165,336
DES with no queuing
Policy Bvs. A $763,895 $309,174 $454,720 5.08 2.91 217 $209,171
Policy Cvs. A $979,894 $309,174 $670,719 5.08 2.91 217 $309,474
PolicyDvs. A $441,676 $309,174 $132,502 4.09 2.91 1.18 $112,407
Markov model
Policy Bvs. A $1,709,347  $854,569 $854,778 5.19 4.70 0.50 $1,721,075
Policy Cvs. A $1,941479  $854,569 $1,086,910  5.31 4.70 0.61 $1,780,350
Policy Dvs. A $1,166,737  $854,569 $312,168 4.94 4.70 0.24 $1,274,605
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Comparison based on least costly alternative

An incremental analysis was conducted for the DES with queuing model and the interventions were

ranked from least costly to most costly (Policy A < Policy D < Policy B < Policy C). In the comparison

against current practice, in the DES with Queue and DES No Queue model, the ICER for Policy C vs.

Policy B was more costly, but provided fewer QALYs, further, the ICER for Policy D vs. Policy B was less

costly and provided fewer QALYs. In the DES with queuing model and DES No Queue model, Policy C

is a dominated option (Figure 6-6 and Figure 6-7). This means that Policy B is cheaper and produces

more QALYs than Policy C in the DES models.

Figure 6-6: Cost Effectiveness Analysis Frontier — DES with Queue, by increasing ICER
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Figure 6-7: Cost Effectiveness Analysis Frontier — DES No Queue, by increasing ICER
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6.3.2.2 Sensitivity Analyses

The sensitivity analyses of ICER results are presented using undiscounted costs and benefits. Given the
probabilistic nature of the DES analysis, changes to time-related variables such as delays
(ineligibleDeath) and timeto-event probabilities caused changes in patient numbers entering the
model. Consequently, the cost-effectiveness results of Policy B vs Policy A in the sensitivity analyses
cannot be compared to the base case results. Therefore, for analyses where the patient numbers have
changed, the impact of the variable change on proportion of patients transplanted will be reported
compared to the base case. For variables that do not affect the patient numbers entering the model,

such as costs and utility values, the change in ICER is reported.
6.3.2.2.1 One way sensitivity analyses

The tornado diagram for the one-way sensitivity analyses s presented in Figure 6-8. The proportion of
patients in NYHA classes post-VAD implant had a significant impact on the ICER. The cost variable that

had the largest impact on the ICER were the ongoing hospitalisations for LVAD patients.
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Figure 6-8: Tornado plot for one-way sensitivity analyses of costs and utility (Policy B vs. Policy A)
Policy B (Current world) vs. Policy A (Previous world) One-way sensitivity analysis
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Note: Results for undiscounted ICERs.

The sensitivity analyses for the lower and upper transition probabilities for Policy A are presented in
Figure 6-9. The time-to-event probability that had the greatest impact on the proportion of heart
transplants performed was the time from waiting list to removal, with higher rates of removal leading

to a higher proportion of transplants.

Figure 6-9: Sensitivity analysis — Proportion of Heart transplant (Policy A)
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The sensitivity analyses for the lower and upper transition probabilities for Policy B are presented in

Figure 6-10.
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Figure 6-10: Sensitivity analysis — Proportion of heart transplant (Policy B)
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6.3.2.2.2 Scenario analyses

In the DES model, the same scenario analyses had a smaller impact on the ICER than when run in the
Markov model in the previous chapter; however, the direction of the analyses on the ICER were the

same for both models (

Table 6-20). The time horizon remained a significant driver of the model results, with shorter time

horizons resulting in lower cost-effectiveness.

Table 6-20: Proportional impact of scenario analysis on base case ICER for DES and MM

DES (undiscounted) Markov model

Policy B vs. A

Time horizon, 20 years (base case) 100% 100%
Time horizon, 15 year 108% 114%
Time horizon, 10 year 126% 139%
Time horizon, 5 year 159% 151%
Utility decrement for removed health state (0.01) 100% 101%
Cost of death set to $0 100% 102%
50% reduction in VAD cost 91% 82%
75% reduction in VAD cost 87% 73%
NYHA Class post-VAD adjusted from ROADMAP Study 93% 79%

The impact of the scenario analyses on the proportion receiving a heart transplant are presented in
Table 6-21. Removing the ineligible health state so that these patients no longer arrived in the model
meant that more patients were transplanted under both Policy A and Policy B. Of the two matching
conditions of blood type and patient weight (70% HTx in Policy A), more patients were transplanted if

only blood type criteria was applied (91% in Policy A) compared to weight only (77% in Policy A).
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Table 6-21: Scenario analyses — Proportion of Heart transplant

Policy A Policy B

Base case (undiscounted) 70% 63%
Removing the ‘Ineligible’ health state to exclude BTC patients 78% 69%
Transition probability from ‘Alive post-VAD’ to ‘Death’ extrapolated to 6 years using Weibull; 70% 66%
Turning off the delay in months from high panel reactive antibody score (set praWait to 0). 1% 65%
Donor organ and patient weight matching algorithm expanded to £30% not £20% 52% 48%
Donor organ and patient weight matching algorithm reduced to £10% not £20% 81% 74%
Removal of patient weight matching algorithm, blood type match only 91% 78%
Removal of blood type matching condition, weight match only 7% 1%
Post-HTx survival based on 50-59 year cohort 70% 64%
Changing the delay in months of post-VAD to Waiting List delay (0) 70% 66%
Double delay in months of post-VAD to Waiting List delay (6) 70% 65%
Patients all aged 50 years old, rather than age distribution from Add Value 70% 63%

A structural sensitivity analysis was conducted using the DES No Queue model to test the impact of
removing the ‘waiting list’. The removal of the ‘waiting list’ in the DES model required patients to be
able to immediately receive a donor organ and not be ‘removed’ from the list. As such, the DES No
Queue model was adjusted so that in Policy A all patients immediately received a donor organ (set
Policy D to 100%) and for Policy B all patients immediately receive an LVAD without waiting (set Policy
C to 100%) and no patients could be ‘Removed’. Consequently, this analysis resulted in an increase of

proportion transplanted in Policy A from 33% to 93% and for Policy B from 51% to 80%.

6.4 Discussion

This chapter sought to compare the impact of incorporating queuing theory into a HTA of ESHF. The
heart allocation waiting list is a nonterminating system, meaning it has no formal beginning or end.(17)
In a Markov model, the starting cohort of prevalent patients are modelled; in a DES model, however,
new patients enter over time, and incident patients as well as the prevalent cohort are modelled. The
DES with queuing model reflects the patients competing with each other for resources (LVADs and

HTx) as well as the interaction between the patient and the donor organ via the matching algorithm.

The two DES models produced much lower ICERs (Policy B vs Policy A) compared to the Markov model.
The DES with queuing model for Policy B vs Policy A produced an ICER of $179,450 per QALY gained
while the corresponding analysis in the Markov model produced an ICER of $1.72 million per QALY
gained. This difference was driven by both a lower incremental cost and a greater incremental benefit.
There were a number of differences in the flow of patients throughout the three models, the main
difference being the proportion expected to receive a HTx and VAD, which had flow-on effects on the

associated time spent in those health states, benefits gained and costs accrued.

In the Markov model it appeared that Policy C was the most cost-effective option, as Policy B was

extendedly dominated by a combination of Policy D and Policy C. However, in the DES model Policy C
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was the dominated option, as Policy B produced more benefit and less cost than Policy D. Therefore,
based on the DES results the decision-making conclusion would differ in that Policy C may not be
preferred to Policy B. Although the Markov model indicated that a combination of the two
hypothetical policies involving increased supply of both LVADs and HTx would be the preferred option,

this is not particularly useful for decision-makers.

Two DES models were built to explore the impact of queuing. For the DES model without the queue,
there was no interaction between patients and patients received VAD and HTx based on the KM curves
used in Chapter 5. Naturally, the results from the DES No Queue models were more similar to the
Markov model. The corresponding count of the number of LVADs was higher than expected in the real
world, but the number of HTx was similar. The estimated time to transplant when the queue was taken

into account was more similar to the real world compared to DES No Queue.

The model validation of the average time to transplant between the DES No Queuing model to the
average time on waiting list from the ANZCOTR between 2016-2018 of 153 days was lower but
comparable to the 217 days estimated under the Policy B ‘Current world’. The longer time to
transplant estimated under Policy B accounts for the total time to transplant from receipt of LVAD for
BTC candidates and those from the waiting list compared to the ANZCOTR, which reports the ‘active’
time on the waiting list. Further, the DES No Queue model estimated longer time to transplants across
all 4 policies compared to the DES with Queuing model and the ANZCOTR results, reflecting the yearly
‘cycles’ applied in the model to match the Markov model. The time to transplant could not be

estimated in the Markov model.

6.4.1 Comparison to published literature

A number of review articles have discussed the merits and drawbacks of DES modelling in HTA, with
proponents of DES focussing on the shortcomings of Markov models to support these arguments.(23,
37, 223, 229, 230) The major benefit of DES for HTA is the incorporation of patient heterogeneity.
However, it has been suggested that the ability of DES to track individual patient histories is not
enough to warrant its use over a Markov model if patient heterogeneity does not influence the cost-
effectiveness results.(37) Other benefits include a structural sensitivity analysis when alternative

structures can be implemented within a single DES (229) and improved flexibility.(222)

Disadvantages of DES modelling relate to the need for individual patient data (or at least a
distribution). Similarly, the lack of modeller and reviewer experience with this methodology and use

of specialist licensed software can also be a drawback.
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6.4.1.1 Applications of DES models in constrained organ transplant waitlists

Many studies have been identified using DES to model an organ transplantation waitlist (typically liver
or kidney) and address transplant policy.(13, 135, 214). No studies have been identified for use as HTA
in organ transplantation. Three core features of the organ transplantation waiting list are matching,
abandonment and queueing discipline.(231) The current model includes the match in terms of patient
and donor attributes being compatible and abandonment of the waitlist by including a ‘Removed’
event. The model applied a FIFO discipline rather than a priority basis as typically seen in US and
European models. In Australia, HTx candidates do not receive a priority score, unlike in the USA which
utilises a United Network of Organ Sharing (UNOS) score.(232) In liver transplants, candidates include
Model for End-Stage Liver Disease (MELD) scoring system or PELD for paediactric patients.(50)
Similarly, kidney transplant candidates receive a score to be placed on a 7-level allocation formula.(50)
No such scoring system exists for heart transplants in Australia so it was appropriate to apply a FIFO

gueuing discipline once a match was found.

Stahl et al. (2007) constructed a DES model of the liver allocation system in the USA to determine the
thresholds for production volume, durability, and cost of care for alternative liver organ replacement
technologies (e.g partial-liver living-donor transplants).(17) The purpose was to assess the potential
impact of new technologies on the liver transplant wait list. The authors validated their model against
the UNOS data for liver transplants from 1994 to 2000. The model determined that given the high
demand for donor livers, investment in the development any liver organ replacement technologies is

cost-effective.(17)

The ‘Blood type O problem’ is also recognised in liver transplants. Many type-O organs are cross-
transplanted to compatible A and B blood groups, causing significant delays in type-O recipients.(231)
However, a Canadian queuing model study modelled an ABO-identical transplant policy and found
that it would lead to long waiting times for all blood groups.(233) Because DES models can easily

incorporate patient and donor characteristics, this match between the two agents can be modelled.

6.4.1.2 Application of DES models in HTA
Jahn et al. (2010) published a DES in a capacity-constrained setting comparing drug-eluting stents (des)

and bare-metal stents (bms) with differences in the number of repeated interventions (bms have
higher revascularisation rates) and different impacts on waiting times.(234) There were four
treatment scenarios with either des or bms in first- or second-line by patient cohort of subgroup S1,

S2, S3 and S4* (DBDD, DBDB, BBDB, BBBB). There was a queue to receive the first stent in hospital

4 Subgroups: S1 = nondiabetes with long lesion or narrow vessel; S2 = nondiabetes with short lesion and wide
vessel; S3 = diabetes with long lesion or narrow vessel; S4 = diabetes with short lesion and wide vessel. E.g.
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(FIFO discipline) and depending on whether this is a des or bms, the revascularisation rate is affected;
first stent type also affects time to first CABG, which is expensive. All average costs for stenting
scenarios were higher in the capacity-limited DES (max 36 daily stents) compared to the no capacity
limit model. All average QALY gains were lower in the capacity-limited DES compared to the no

capacity limit model.

This example highlights differences in the ordering of cost-effectiveness when multiple alternatives
are compared. In Jahn et al. (2020), in the no capacity limit model, BBBB was the cheapest and least
effective (fewest QALYs) scenario; DBDD resulted in €1.6 mill/QALY gained, followed by DBDB of €1.1
mill/QALY gained and finally BBDB of $0.3 mill/QALY gained.(234) However, in the limited capacity
model (36 stents daily), the cheapest scenario was DBDB; DBDD resulted in €1.4 mill/QALY gained. In
this model, both BBDB and BBBB were dominated options. Therefore, the assumed capacity limit

changes the relative cost-effectiveness results.

6.4.2 Limitations

One of the major drawbacks in the current DES with queuing model is that waiting list data does not
usually include priorisation rules and queue discipline. Complete data were not available for all status

changes in the waiting list, such as re-activation, retransplant and long-term follow-up post transplant.

The development of the model structure was an iterative process. After the initial development of the
Markov model, when it came to converting the Markov model to the DES model, it was understood
that two transitions were missing. These were 1) patients who were removed from the waiting list,
who can be added back on to the waiting list; and 2) patients who were alive post-transplant, who
could exerience organ rejection and be added back to the waiting list. Although retransplants can
occur, they are infrequent. This highlights that given the additional flexibility of DES, a simple DES

model directly translates to a complex Markov model.

6.5 Conclusion

These results demonstrate the importance of considering resource allocation decisons in HTA,
specifically when policies are supply-restricted. The organ donation policy in Australia is resource-
constrained with a HTx matching algorithm driving time spent on the heart transplant waiting list. This
is the first study to apply DES modelling in ESHF in Australia. Decision-makers can use DES to
understand the heart tranplant waiting list dynamics and how LVADs can allow more patients to

become eligible for a HTx.

DBDD would mean that S2 receive B (bare-metal stent)and S1, S3 and S4 receive D (drug-eluting stent). The
same type of stent is assumed for the first- and second-line of treatment.
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7 CHAPTER 7: MAJOR FINDINGS AND DISCUSSION

7.1 Main findings of case-study in ESHF

The aim of this thesis was to model the cost-effectiveness of constrained resources in end-stage heart
failure (ESHF) using discrete event simulation (DES) and to compare these estimates to a conventional
Markov model. Many health technology assessments (HTA) do not consider constrained resources
and hence assume unlimited supply of medicines or technologies. In Australia, HTA is used by the
Pharmaceutical Benefits Advisory Committee (PBAC) and the Medical Services Advisory Committee
(MSAC) to inform reimbursement decisions concerning pharmaceuticals and medical services
respectively. In some circumstances, by ignoring constrained resources a decision-maker could be
potentially biasing the resource allocation decision. This would particularly be the case for MSAC
whereby surgery is the intervention, for PBAC, this would be when drugs require specialist
administration or equipment. A common feature of supply constraints is the formation of a queue,
where the queue can be physical or non-physical. This thesis focussed on a case-study in ESHF

addressing the problem of a non-physical queue as seen with the heart transplant (HTx) waiting list.

Chapter 2 highlighted that the HTx waiting list is a unique type of queue that consists of a matching
algorithm between candidate and donor organ queuing discipline. Patients and available donor organs
are matched by blood type and weight compatibility. The organ replacement technology of left
ventricular assist devices (LVADs) is a mechanical circulatory support that has the ability to be used as
a bridging tool to buy patients more time while on the waiting list. LVADs can also affect an ESHF
patient’s eligibility for the waiting list via bridge to candidacy (BTC). However, LVADs are also subject

to a supply cap at each of the four Transplant Units in Australia due to their high cost.

Chapter 3 demonstrated that most economic evaluations of LVADs do not consider the HTx waiting
list health state in their model. The economic evaluations that did consider the waiting list problem
noted that the longer the waiting time for a HTx, the more cost-effective the use of LVADs as a bridging
tool. Chapters 3 and 4 both highlighted that there are no randomised controlled trials (RCTs) in solid
organ transplants, so prospective or retrospective observational registry data for bridged HTx are
relied on in economic evaluation. The analysis of individual patient data from St Vincents Hospital
Sydney (SVHS) in Chapter 4 highlighted the common use of LVADs as BTC for patients previously
ineligible for a HTx. Similarly, the use of LVADs is reserved for the sickest patients and is a last resort.
This is reflected in the higher cost in the year pre-VAD compared to those without VAD; however, once
an LVAD or HTx was provided, the costs to the first year post-VAD or post-HTx were similar, after
adjusting for censoring. The international literature demonstrated that survival between bridged and

non-bridged HTx patients is comparable.
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The results from the Markov model in Chapter 5 and DES model in Chapter 6 were compared and
contrasted. The Markov model cost-effectiveness analysis of the current LVAD capped policy in
Australia (Policy B) compared to the previous policy of no LVADs (Policy A) resulted in a high ICER that
would not be considered cost-effective under current thresholds in Australia. A policy of increasing
the supply of LVADs (Policy C) rather than adhering to the current supply cap would be the more cost-
effective option, although the overall programme would be more costly, indicating that the cap is
intended purely for budget purposes. Policy C was still the preferred option to a policy of increasing

the HTx rate only without the use of LVADs (Policy D).

The DES cost-effectiveness analysis of the current LVADs policy (Policy B) resulted in counts of HTx and
time to transplant that more realistically reflected real-world data. On average, patients in the Markov
model spent less time in the HTx health state but more time in the waiting list health state than in the
DES models. This is a byproduct of the yearly cycles applied in the Markov model with no HTx
performed in the first year. It is possible that a daily cycle length in the Markov model may have
approximated the DES models more closely. The ICERs produced in the DES model, for each policy
option, were lower than the comparable ICERs produced in the Markov model, but were still relatively
high. In the DES model, Policy D appeared to be the preferred option, rather than Policy C as in the
Markov model. This may reflect that the DES Policy Cincrease in availability of LVADs may not translate
to greater health benefits if there is not a corresponding increase in the availability of donor organs.
An increase in LVADs only (without an increase in donor organs) grows the number of patients waiting

for a donor organ, creating an ever greater backlog of patients on the waiting list.

7.2 Contribution to the literature

This thesis consists of two structurally distinct modelled evaluations that incorporates constrained
resources. Typical HTA does not take into account constrained resources and the existence of a waiting
list. However, DES can explicitly model the waiting list as a dynamic queuing system of waiting patients
and available donor organ that are matched. Of the empirical comparisons of cohort Markov model
and DES models identified in Chapter 1, only one (38) had incorporated resource constraints in the
form of a waiting list for orthopaedic surgery services. The authors had determined that the resource
allocation decision would not change under either model with high-cost effectiveness, but noted that
if the consequence of waiting (applied as a disutility) were more severe and the ICERs were closer to

the willingness to pay (WTP) threshold, then there may be a difference in the results.

This thesis provided an extensive evaluation of available data sources on outcomes and costs
associated with HTX and LVADs, including both RCTs and real-world evidence. In contrast to some

earlier literature, | have adjusted for censored costs and competing risks in survival analysis in a broad
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range of pre-modelling studies. The modelling component of the thesis is unique because different
model structures with and without dynamic queuing are compared. The model structures were used
to compare current policy (Policy B) with past (Policy A), but also with plausible what-if scenarios
(Policy C and Policy D). There is currently a lack of these types of analyses in HTA aiming to show the
impact of alternative modelling approaches while answering current and future policy relevant

questions.

During the thesis it was identified that high-cost life-extending therapies such as LVADs are usually
associated with a higher ICERs (75); see section 8.1.1 for my peer-reviewed journal article. This is
usually due to novel therapies resulting in a much higher incremental cost for a modest improvement
in incremental benefit. However, these devices could be considered analogous to certain jurisdictions’
life-saving drugs programmes (LSDP). National HTA bodies in Canada, Japan and the UK have programs
in which it is acknowledged that cost-effectiveness is not the main focus and instead the concept of
‘rule of rescue’ is considered. This means that the opportunity cost of the treatment is not deemed
the main focus as it is in typical HTA. Consequently, these therapies may be subject to a higher WTP
threshold.(75)

In Australia, one of the eight LSDP criteria is embedded in the concept of ‘rule of rescue’. In a
hypothetical comparison of the eight criteria, LVADs could satisfy the LSDP criteria. LVADs for ESHF
can be accepted as 1) rare; 2) the disease of ESHF is identifiable; 3) there is evidence that ESHF reduces
life expectancy; 4) the use of LVADs would increase life expectancy; 5) LVADs are clinically effective
but fail to meet cost-effectiveness criteria; 6) no alternative drug; 7) no non-drug alternative; and 8)
cost of LVADs is an unreasonable financial burden on patients. The criteria that may change in the
future are the rarity of ESHF and those eligible for an LVAD given the increasing prevalence of ESHF.
Further, the potential pool of LVAD candidates could increase if there was widespread use of LVADs
as DT. The conditions listed on the LSDP are typically rare genetic conditions such as Gaucher disease.
Similarly, the non-drug alternative is currently HTx, for which eligibility criteria are more restrictive
than for mechanical circulatory support. The number of HTx performed in Australia each year
continues to grow and the potential for DCD to expand the donor pool may increase this further.
Despite this, in a hypothetical comparison it is reasonable to accept that LVADs are life-extending

therapies with a high ICER and that under LSDP criteria could be funded.
7.3 Policy impact
7.3.1 Findings from the case-study

The purpose of the case-study was to determine the appropriateness of resource allocation decisions

by modelling the waiting list problem in ESHF. The models developed demonstrated the value of
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LVADs as a bridging tool for patients on the waiting list to survive at home and to increase the pool of
eligible candidates for a donor heart. The use of LVADs is not without a significant financial cost and

uncertainty in availability and the timing of donor organ receipt.

Another technology change in the ESHF space has been attempts to increase the potential pool of
donor organs via donation after circulatory death (DCD). Typically, donor organs are retrieved after
brain death; however, accepting circulatory death organs increases the number of available organs.
This has been made possible by improvements in the transport of retrieved donor organs — in
particular, the Organ Care System® (OCS), also known as ‘Heart in a Box'. A policy of increased use of
DCD via ‘Heart in a Box’ is analogous to Policy D modelled in Chapters 5 and 6. The results of Chapter 6
demonstrated that Policy D was the most cost-effective policy option and resulted in the most HTx
conducted; however the significant additional cost of ‘Heart in a Box’ would have budget impacts for

the Transplant Unit, on top of the heart transplantation procedure and care.

An important caveat in the ESHF space is that most treatment is provided in public hospitals, which
has implications for reimbursement of therapies. Any cost savings to a public hospital would not be
realised in another setting, e.g. the Federal Budget, due to separate funding. Hospital funding source
impacts on what services are performed in private hospitals. Liver, heart or lung transplants are only
performed in public hospitals and transplant services are not conducted by private hospitals.(235) As
LVADs are conducted in the same Transplant Unit as HTY, it is unlikely that MSAC (public funding) will
reimburse LVADs performed in private hospitals. This means that it is likely that the use of LVADs will
remain capped despite the benefits as a bridging tool. It also means that the prominent use of LVADs

as destination therapy (DT) as occurs internationally is unlikely to be realised in Australia.

7.3.2 Potential applications in Health Technology Assessment

There are a number of decision problems in HTA that would benefit from the individual-level
modelling and increased flexibility of DES. This method can be easily applied in other organ transplants
because most organ transplants have the same waiting list problem. Interestingly, few solid organs
have viable organ replacement therapies that affect the eligibility for and dynamics of the waiting list.
One example is dialysis in kidney tranplant candidates. One DES model of end-stage liver disease has

explored the value of a hypothetical tissue-engineered organ as an organ replacement therapy.(17)

DES could be useful in complex HTA including the sequencing of therapies, especially in the cancer
space, as DES can be used to simulate the optimal sequence of therapies that would provide the most
cost-effective option. For example, in metastatic colorectal cancer the cost-effectiveness of the type
of first-line therapy (e.g. oxaliplatin/irinotecan with or without bevacizumab) affects the

cost-effectiveness of the second-line therapy (e.g. bevacizumab if not used in first-line or another
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biologic).(236) Single-technology HTA tends to ignore the downstream consequences of using a
therapy and tends to apply simplifying assumptions, e.g. post-progression use of the different
therapies and impact are the same between both arms. This tends to not reflect reality, as the use of
a certain therapy may exclude or allow the use of others, e.g. first-line therapy includes a certain class

of drugs, while in the second-line, clinicians may opt for an alternative class with inferior outcomes.

Another complex HTA consideration is co-dependent technologies that rely on a diagnostic tool to
direct potential treatment pathways. DES has the ability to simulate and compare multiple pathways
as a sequence of events. The cost of the diagnostic tool and the number of persons that test positive
can have a significant impact of the cost-effectiveness of the co-dependent treatment. Finally, the
cost-effectiveness of clinical care guidelines can be assessed using DES due to the ability to model
multiple pathways. Clinical care pathways typically include diagnosis, a clinical disease event, disease
progression or relapse, disease-free events, treatment options and death. Examples of DES in cost-

effectiveness of clinical guidelines include cancer (237) and atrial fibrillation (238).

Given the flexibility of DES, applications other than HTA can include health care delivery systems. An
ISPOR taskforce on the use of dynamic simulation modelling methods in health care delivery research
highlighted that standard approaches of decision trees and Markov models were not sufficient for
analysing complex health care delivery systems.(31, 215) There are implications for a health service
planning perspective, thereby merging operational research with allocative efficiency objectives. For
instance, at SVHS, what is the cost-effectiveness of improving the surgical capacity within the
Transplant Units in Australia? Surgical capacity can be in the form of intensive care units, surgeons
and nursing staff. Given the overlap in use in these resources for other specialised cardiac surgery such
as CABG (i.e. not HTx or LVADs), an increase in resource-intensive interventions will have an overflow
effect on other surgeries. The introduction of DCD as a policy may reduce the waiting time for HTx but

it is important to assess the impact this may have on the Transplant Unit.

7.3.2.1 Impactin budget impact analysis

The importance of budget impact analysis has been discussed in the literature.(239) DES enables
utilisation statistics to be captured in the economic model and can hence include budgetary
information easily.(234) This may reduce the uncertainty between cost-effectiveness estimates and
budget impact analysis estimates, as the same patients are used in the two analyses. However, this is
currently not recommended in PBAC guidelines, which specify the use of financial estimates templates

for budget impact analysis for ease of comparison across various drug submissions.

A potential application of DES, however, could be in the PBS post-market review space. Occasionally,

once a therapy has been recommended for listing and used in clinical practice, a review will be
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conducted to ensure that the appropriate patients are receiving the therapy and utilisation is as
expected.(240) This is usually the case for therapies that have been listed relying on early evidence
and have uncertain long-term benefits, meaning data provision arrangements are required. The use
of real-world observational data collected by the PBS can determine if the forecasted utilisation
estimates reflect clinical practice. Individual-level data collected for PBS post-market review can make

DES a more feasible option in the future.

7.3.2.2 Preferred modelling approaches

From a decision-making perspective, the PBAC prefers cohort-level models where possible;
individual-level models are accepted, but their use must be justified.(197) Specifically, the PBAC
Guidelines state modellers must ‘[u]se individual-level modelling approaches only when a defined
model structure cannot be feasibly implemented as a cohort-based model. Describe the
characteristics of the model structure that prevent using a cohort-based model. Potential factors
include baseline heterogeneity, continuous disease or condition markers, time-varying event rates
and the influence of previous events on subsequent event rates’.(197) These guidelines do not address
the requirement to model resource constraints. This is unsurprising as the PBAC typically receives
single-technology HTA submissions that are not subject to resource constraints, i.e. no waiting lists for
pharmaceuticals. However, downstream consequences of pharmaceutical therapy may affect a
patient’s eligibility for a medical service — for examle, in multiple myeloma patients, those who receive

bortezomib in first-line may be eligible for an autologous stem cell transplant.

HTA guidelines in Australia have noted the importance of transparency in the modelled evaluations;
this reflects the preference for simpler model structures. Therefore, the benefits of DES in HTA have
to be balanced against decision-makers’ unfamiliarity with the methodology and specialist DES
software. For instance, in a review of UK NICE clinical guidelines of atrial fibrillation, the cost-
effectiveness of whole care pathways was estimated using DES.(241) The authors presented the
findings to the Guideline Development Group (GDG) and found 1) access to specialist DES expertise or
training for economic modellers would be necessary to implement this approach in routine guideline
development; and 2) some members of the GDG were unfamiliar with, or did not have access to, the
software (SIMUL8®) and therefore could not fully review the model.(241) It is reasonable to expect

that the same issues would apply to the review of DES HTA applications for PBAC or MSAC in Australia.

7.4 Strengths and limitations of this research

7.4.1 Strength

The systematic literature review of economic evaluations in ESHF was broad and included VADs both

as a bridging tool and as destination therapy, as well as HTx only. The breadth of the search allowed
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for a more fulsome picture of the existing cost-effectiveness literature in ESHF and a review of the
model structures previously implemented. Therefore, a gap in the literature was identified concerning
how the waiting list is modelled, and this informed the need to do so in Chapters 5 and Chapters 6 of

the thesis.

The ESHF case-study is supported by rich clinical datasets including both linked administrative costing
data and outcomes data from the largest HTx transplant centre in Australia. The benefits of having
access to such data include the applicability of the data to the Australian population and,
consequently, a relevance of a HTA based on such data to the local jurisdiction. The use of registry
data ensures strong external validity of the outcomes assessed and allows for generalisability of the

waiting list problem to other organ transplant centres.

A particular strength of the case scenario chosen for this thesis is that it involves both complex queuing
for transplant waitlist, and resource limitation at two levels — donor availability for transplantation
and government-determined resource restriction due to cost of LVADs. Despite this level of

complexity, DES was shown to provide very realistic model outcomes, consistent with real-world data.

7.4.2 Limitation

The current thesis does not attempt to model constrained resources using all the modelling methods
and focusses on the commonly used cohort Markov model method and DES. A natural alternative to
a cohort Markov model may be an individual-level microsimulation model. However, the purpose of
using DES was to explicitly model the waiting list as a dynamic queue of patients interacting with donor
organs and LVADs. An individual-level microsimulation does not support this functionality. Overall, the
purpose of the thesis was not to answer the question of which modelling method is the best but,
rather, the question of how can we incorporate resource constraint into HTA using existing modelling

methods.

A limitation of the thesis was the smaller sample sizes of the SVHS compared to some of the larger
international registries. For instance, the transition of VAD to HTx was based on SVHS data, although
scenario analyses using IMACS data indicated negligible impact on the ICER. Similarly, the waiting list
transitions were only sourced from SVHS and were based on a small sample size but represents the
most applicable data to the decision problem. The waiting list is a complex queuing system and
complete data on all status changes such as re-activation from ‘On hold’ was not available, meaning

occasionally the same patients cycle through the model.

Another limitation of the thesis was the limited use of AnylLogic® software in HTA. For instance,

TreeAge Pro® was used in the Markov model in Chapter 5 and includes many example models in HTA
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based on a variety of health economic modelling methods. AnyLogic® was designed as a simulation
tool for business, logistics and manufacturing; this is reflected in the fact that the process modelling
library relied on was largely based on the operations of a manufacturing process. The DES applications
in healthcare were limited to physical resources such as emergency departments and focussed on
utilisation and flow-through but not in HTA. The single HTA example provided by AnyLogic® was not
DES, but rather a systems dynamics/agent-based model hybrid of a population who may develop
diabetes. Furthermore, the software did not have the distributions commonly used in HTA, such as
Gompertz, generalised gamma and log-logistic. It may be useful to repeat the model in a different

simulation software (e.g. SIMUL8®) to check for consistency and ease of use.

7.5 Recommendations for further research

The thesis focussed on modelling the waiting list processes and the DES model explicitly incorporated
the matching algorithm between candidates and donors. The DES model also incorporated the
availability of LVADs as a supply cap. The number of LVADs allocated to hospitals is determined by a
memorandum of understanding with the individual state’s Department of Health. The adoption of
LVADs and the increasing number of HTx (normal and DCD) conducted has an impact on the capacity
of the Transplant Unit at SVHS. Overall, there is a trade-off between the LVADs, HTx and routine

cardiac surgery as there are capacity constraints within a centre.

The thesis does not take into account the fact that heart transplantation is very resource-intensive
and that it occurs within the confines of one of four Transplant Units. The purpose of HTA is to inform
resource allocation decisions so as to improve efficiency in a system. By only focusing on one aspect
of efficiency, e.g. reducing average length of stay for a hospitalisation, another part of the system may
be overburdened, e.g. rehabilitative services.(46) This highlights that a whole-of-system approach is
necessary when conducting HTA. Similarly, in Policy D, by increasing the number HTx conducted per
year due to increased donor pool due to DCD and ‘Heart in a Box’, the model currently ignores the
impact on routine surgeries such as cardiac artery bypass graft (CABG). It is known that at SVHS there
were almost 80 CABG surgeries cancelled and later rescheduled due to emergency HTx surgery in

2016-2018 [data on file].

Further research is recommended on modelling the resources of the entire cardiothoracic Transplant
Unit consisting of the physical theatres and capacity for surgeries and the staff including surgeons,
nurses and clinicians. A whole-of-system approach to the physical resources that are constrained —
such as LVADs, donor organs, surgeons and available beds — should be modelled in addition to the
non-physical queue of the cardiothoracic surgery waiting list including CABG, mitral valve

replacements etc. and the emergency HTx. Thus, DES will be able to model the costs and benefits of
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policy options of LVADs and HTx at SVHS compared to postponing routine surgeries within the centre

to reflect clinical reality.

Furthermore, modelling to explore the optimal timing of VAD implant (level of severity — NYHA | or Il
vs lll or 1V), and the role of DT in Australia would provide useful information on the various VAD
policies. The two main intent strategies for VADs are as DT for patients ineligible for HTx and as BTT
or BTC for patients eligible for a HTx. Currently in Australia, reimbursement of VADs is contingent on
eligibility for a HTx; therefore, DT is not currently funded. There are two scenarios for DT, one in those
typically eligible for HTx and one for those who have less severe HF known as ‘DT ambulatory’.
Research on the most ‘efficient’ use of LVAD as a long-term solution may assist decision-makers in

finding a more cost-effective application of LVADs.

7.6 Concluding remarks

Overall, the aims of this thesis have been achieved. HTA is conducted to determine resource allocation
decisions and there are various methods to model the decision problems. For models where resource
constraints such as waiting list are core to the decision problem, using a methodology such as DES that
explicitly incorporates queuing theory can be beneficial as it can accurately depict clinical reality. This
research represents a novel addition of an application of DES with queuing theory in HTA. There is
scope for further research including the modelling of other resources in ESHF, to accurately represent
queuing processes in the Transplant Unit and the constant trade-offs between therapies such as

LVADs, HTx and routine surgeries.
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8 Appendices

8.1 Appendix 1: Funding of ventricular assist devices in Australia
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therapies. We explore how reimbursement is different for medical devices compared with pharmaceuticals, including whether
higher cost-effectiveness thresholds are accepted for pharmaceuticals. A literature review identified the challenges of economic
evaluations for medical devices compared with pharmaceuticals. We used the ventricular assist device as a case study to
highlight specific features of medical device funding in Australia. We used existing guidelines to evaluate whether ventricular
assist devices would fulfil the requirements for the “Life-Saving Drugs Program”, which is usually reserved for expensive
life-extending pharmaceutical treatments of serious and rare medical conditions. The challenges in conducting economic
evaluations of medical devices include limited data to support effectiveness, device-operator interaction (surgical experience)
and incremental innovations (miniaturisation). However, whilst high-cost pharmaceuticals may be funded by a single source
(federal government), the funding of high-cost devices is complex and may be funded via a combination of federal, state and
private health insurance. Based on the Life-Saving Drugs Program criteria, we found that ventricular assist devices could
be funded by a similar mechanism to that which funds high-cost life-extending pharmaceuticals. This article highlights the
complexities of medical device reimbursement. Whilst differences in available evidence affect the evaluation process, differ-
ences in funding methods contribute to inequitable reimbursement decisions between medical devices and pharmaceuticals.

1 Introduction

The reimbursement of high-cost innovative therapies is chal-

lenging, and in many countries, the process of reimburse-
ment differs between pharmaceuticals and medical devices.
This discordance between health technology assessments
and funding hurdles may lead to inconsistent and inequita-
ble funding decisions.
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Evaluation of complex medical devices is more challeng-
ing owing to a less well-developed evidence base and
small incremental improvements in efficacy over time

High-cost devices are funded through different processes
than high-cost pharmaceuticals, which may exacerbate
differences in reimbursement

‘Widespread use of ventricular assist devices is limited
because of the high costs; however, ventricular assist
devices fulfil many of the eligibility criteria that support
funding of life-extending high-cost pharmaceuticals.

There are numerous recent examples of the public reim-
bursement of high-cost pharmaceunticals. For instance,
in Australia in 2016, a range of medicines (e.g. sofosbu-
vir with ledipasavir or daclatasvir) for hepatitis C infec-
tion were listed on the Pharmaceutical Benefits Schedule.
‘Without a government subsidy, a patient “... would have to
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pay up to $100,000” for these medicines [1]. Similarly, iva-
caftor was reimbursed for patients with cystic fibrosis with
a G551 gene mutation, at an estimated cost of “$300,000
a year per patient”, or a total government contribution of
$174.5 million over 4 years [2]. The recently US Food and
Drug Administration-approved chimeric antigen receptor T
cell therapies for rare blood cancers are also expensive, for
example, tisagenlecleucel costs SAUDS98 453 for a single
curative treatment [3]. Interestingly, the funding mechanism
for tisagenlecleucel has yet to be determined, although some
services in the procedure are already funded [3].

The combination of a life—extending treatment and low
patient numbers increases the threshold at which a govern-
ment body will reimburse a high-cost pharmaceutical therapy.
However, this is not usually the case for medical devices,
specifically, implantable devices. There are few examples of
devices for rare diseases. The US Food and Drug Administra-
tion Humanitarian Device Exemption is a marketing approval
pathway for treatment and diagnostic medical devices. There
are now 70 approvals’ for diseases that “affect[s] or is mani-
fested in not more than 8000 individuals in the United States
per year as eligible for Humanitarian Device Exemption”. Of
the 28 approved Humanitarian Device Exemption devices
from 2007 to 2015, two were temporary right ventricular
assist devices [VADs] (Impella RP system and Levitronix
Centrimag® right VAD) and one was a paediatric VAD (Ber-
lin Heart EXCOR® Pediatric VAD) [4]. There were eight
neurological devices including deep brain stimulation for
obsessive compulsive disorder and a stimulating device for
amyotrophic lateral sclerosis. These devices are expensive,
for instance, neurostimulation therapy via a pulse generator
for pain management is available on the prosthesis list for
around $25,000 [5]. The question is therefore, why does a
pharmaceutical product costing over $100,000 per patient per
year achieve reimbursement, but a high-cost device does not?

In this article, we examine why there are differences
between pharmaceutical and medical device reimburse-
ments by exploring the regulatory process, availability of
evidence and reimbursement mechanism. We conclude with
a hypothetical program, analogous to the Life-Saving Drug
Program in Australia, which could be used to justify funding
high-cost life-extending implantable devices.

2 Devices and Pharmaceutical Regulatory
and Reimbursement Processes
In most developed countries, before a medical device is

reimbursed it is evaluated for its clinical effectiveness and
cost effectiveness. The evaluation of medical devices is

! https:/fwww.fda goviforindustry/developingproductsforraredisea
sesconditions/default.htm.
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more challenging than pharmaceuticals. Health technology
assessment guidelines and methods are usnally established
in the context of pharmaceutical reimbursement, with the
UK, Canada and Australia having the most experience [6].
Application to the context of medical devices presents some
challenges. For instance, while pharmaceutical companies
have experience and capacity in health technology assess-
ments, medical device manufacturers are still in the develop-
ment phase. Differences in reimbursement and occasionally
a lack of property rights further contribute to differences
in the incentive for industry to perform cost-effectiveness
analyses [7].

Pharmaceutical evidence collection is guided by regu-
latory requirements. Regulatory requirements are less
developed for medical devices. One of the key findings
from the European MedtecHTA Project, which aimed
to explore the challenges in the assessment of medical
devices, was the lack of quantity and quality of evidence
[B]. A reluctance to randomise severely unwell patients to
sham procedures means that some devices are almost uni-
versally untested in randomised clinical trials (RCTs) and
there is a reliance on observational and cohort data for
medical device assessment. Ciani et al. noted that “exist-
ing regulatory processes for MDs [medical devices] gen-
erate less clinical evidence than the corresponding pro-
cesses for drugs” [9]. The authors presented a literature
review that concluded medical devices were less likely to
have robust RCT data compared with pharmaceuticals [9].

Another difference is the level of skill and training
required to use the technology. Administration of a phar-
maceutical product is usually operator or prescriber inde-
pendent, whereas the application of many medical devices
requires a highly skilled and multidisciplinary team [10].
Improvements in surgical techniques and increased expe-
rience in clinicians, surgeons and allied health workers
impact on the effectiveness of the device. Furthermore,
the nature of the innovation (e.g. miniaturisation, longer
battery life) results in small incremental improvements of
medical devices, which also influences their effectiveness
long term [10]. Drummond et al. highlighted that diag-
nostic devices such as magnetic resonance imaging derive
value from how the results change subsequent treatments
and unlike pharmaceuticals the effect on patients is indi-
rect [11]. Finally, the clinical evidence requirements
for market authorisation for each device is lower than
pharmaceuticals, leading to swift approval of new mar-
ket entrants because of the assumption of a ‘class effect’.
Consequently, there is an incentive for manufacturers to
be fast followers rather than investors in trials to demon-
strate longer term effectiveness and differences between
devices [11].
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3 Use and Cost of Ventricular Assist Devices
in Australia

Some of the challenges discussed above are reflected in
the use of mechanical circulatory support, such as VADs
for patients with end-stage heart failure. Heart trans-
plants (HTxs) are the definitive treatment option for these
patients; however, restricted supply of donor hearts means
that approximately 30-50% of patients with end-stage
heart failure are supported with a VAD while waiting for
a transplant. In Australia, around 100 people are wait-
ing for an HTX at any one time, often for up to 2 years
[12]. Therefore, VADs represent an alternative to an HTx;
however, the high cost associated with the implantation
and maintenance of VADs has limited their use. Ventricu-
lar assist devices are expensive with the listed price of
$SAUD95,000 (in 2018) for the pump, and the estimated
average cost for the implanting admission is $AUD262,484
[5, 13]. We explore the use of VADs in Australia as a case
study of the challenges in medical device assessment and
reimbursement.

Ventricular assist devices can be considered a complex
intervention because of the dependence of efficacy on the
user and the context. That is, efficacy is dependent on the
surgeon and implanting team as well as care by the patient,
e.g. maintenance of device and driveline site. Ventricular
assist devices have undergone incremental product devel-
opment as devices have improved over time. Continuous-
flow second-generation (axial pump) and third-generation
(centrifugal pump) devices have superseded first-genera-
tion pulsatile-flow VADs [14]. Despite marked differences
in the generations, VADs are considered interchangeable
with respect to price, which may be owing to the lack
of clinical evidence to distinguish the efficacy of differ-
ent generations. The increasing use of VADs and annu-
ally reported registry data by INTERMACS has improved
patient selection by providing data on risk factors for
post-implantation adverse events and complications [15].
Surgical and post-implant care have further resulted in
the reduction in adverse events and device failures. These
complexities and gradual improvements have hampered
the health technology assessment and reimbursement of
VADs, as their value has changed over time.

There are two main indications for VADs. Patients
who receive a VAD and later undergo an HTx are known
as ‘bridge to transplant” (BTT) patients. Alternatively,
patients who are ineligible for an HTx can instead receive
a VAD as ‘destination therapy’ (DT). As mentioned above,
robust RCT data are lacking for VAD as BTT. Generally
speaking, there are few (if any ) RCTs on solid organ trans-
plants because of ethical reasons [16]. Hence, cost-effec-
tiveness analyses rely on registry data or local institutional

data as the source of clinical evidence [17-23]. There have
been four RCTs in DT patients: REMATCH trial (now
obsolete pulsatile VAD vs. medical therapy [24]); Heart-
Mate II trial (second-generation VAD vs. pulsatile VAD
[25]); and ENDURANCE-(third-generation VAD vs. sec-
ond-generation VAD) [26] and MOMENTUM 3 trial [27]
(third-generation VAD vs. second-generation VAD).

These indications produce different cost-effectiveness
estimates as the patient groups differ. Many countries were
first interested in reimbursing VAD as BTT, then as DT.
Recent systematic literature reviews of the cost effectiveness
of VADs have demonstrated that regardless of indication,
VADs were not considered cost effective under base-case
assumptions [28, 29]. On average, DT incremental cost-
effectiveness ratios were higher (less cost effective) than
BTT [29]. Nunes et al. noted that none of the cost-effective-
ness studies included indirect costs, quality-of-life data were
only collected for one of the studies and utility gains may
have been underestimated [29]. Most studies use surrogate
medical endpoints, such as a 6-min walk distance. Overall,
the estimated incremental cost-effectiveness ratios of VADs
are above the traditionally accepted threshold. However, the
incremental cost-effectiveness ratios of many new pharma-
ceuticals are also above the accepted threshold, so why is
there a difference in reimbursement and access?

4 Funding of Devices and Pharmaceuticals
in Australia

In Australia, the healthcare system is reimbursed by different
sections of the government. Pharmaceuticals are reimbursed
through the Pharmaceutical Benefits Schedule funded by the
Federal Australian Government and provided to the patient
with a small co-payment. Medical device reimbursement is
more complex with multiple purchasers allowing for cost
shifting. For instance, providers of VAD implants are reim-
bursed via the Medicare Benefit Schedule, which is advised
by the Medical Services Advisory Committee, a federal
government agency. Services listed on the Medicare Benefit
Schedule are reimbursed when conducted in the outpatient
setting, by a general practitioner and in private hospitals but
not in public hospitals. The reimbursement for the implant of
a left or right (or bi)VAD is contingent on the patient being
on the HTx waiting list or expected to be a suitable candidate,
BTT and bridge to candidacy, respectively [30]. Therefore,
DT patients are not reimbursed in Australia [14] (see Table 1).

Conversely, the actual devices are allocated to public
hospitals that are state government funded. The allocation
of devices per hospital is determined on a local basis. For
instance, St. Vincent’s Hospital Sydney is one of four hos-
pitals in Australia that implant VADs (and perform HTxs in
adults) and the current funding arrangement with the New
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Table 1 Reimbursement of ventricular assist devices in Australia Source: [46] MBS item 38615 and 38618

Reimbursement criteria for insertion of a left and/or right
VAD, for use “as listed on the MBS”:

Intent strategy

Funding source

(a) a bridge to cardiac transplantation in patients with refrac-  BTT
tory heart failure who are:
(i) currently on a heart transplant waiting list; or

(ii) expected to be suitable candidates for cardiac transplanta- BTC
tion following a period of support on the VAD; or

(b) acute post-cardiotomy support for failure to wean from
cardiopulmonary transplantation; or

(¢) cardio-respiratory support for acute cardiac failurs thatis ~ BTR
likely to recover with short-term support of less than 6 wk

Not being a service associated with the use of a VAD as DT DT
in the management of patients with heart failure who are not
expected to be suitable candidates for cardiac transplantation

Procedure funded by the MBS or public hospital

Devices allocated to hospitals, which are state govern-
ment funded

Complications post-
heart-lung transplant

Procedures not currently performed in the private sec-
tor; however, VADs listed on the prosthesis list

VAD implant procedures are not funded for DT by the
MBS

BTC bridge to candidacy, BTR bridge to recovery, BTT bridge to transplant, DT destination therapy, MBS Medicare Benefits Schedule, VAD ven-

tricular assist device

South Wales Ministry of Health is limited to a maximum of
up to 25 devices per year. The number chosen is arbitrary and
based on the activity from the previous year. It is linked to the
budget available for the New South Wales Ministry of Health.
Therefore, the amount differs between states in Australia.

To our knowledge, pharmaceutical products are not
restricted in this arbitrary manner. Risk share agreements
that include usage caps tend to restrict funding to the com-
pany not the supply of medicines to the patient, i.e. once the
cap is reached, the company must reimburse the payer (gov-
ernment) [31]. For VADs, individual hospitals are responsi-
ble for maintaining the usage cap because of the institutional
funding nature of the allocation. Pharmaceuticals typically
have centralised national funding arrangements and when
combined with multiple prescribers, this means that impos-
ing a strict prospective usage cap (as per VADs) would be
impractical for pharmaceuticals. The difference between the
two systems is the impact of the arrangements. The former
is explicit rationing of medical devices and the latter is to
control for uncertainty in patient numbers via leakage into
other indications. Ventricular assist devices have recently
been listed on the Australian Prostheses List [3]; thus, pri-
vate health insurers must reimburse the cost of the device.
Although private hospitals are rarely implanting VADs,
patients being treated as a ‘private patient’ in a public hos-
pital would be affected by this policy.

The situation that medical devices are funded through a
mixture of local and national funding while pharmaceuticals
are funded nationally is not unique to Australia and occurs
globally. An observation of the Canadian healthcare system
was that there is “variability in funding arrangements and deci-
sions by jurisdictions, particularly for health technologies that
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are frequently funded by local hospitals or health regions, in
contrast to drugs that are often funded at higher organisational
levels (nationally, or by province)” [29]. This mix of fund-
ing sources may partially explain the inconsistency between
pharmaceuticals and devices, as there may be a tendency for
divided responsibility and cost shifting.

In Australia, the reason as to why VADs could not be
funded solely at a national level is that the source of hospital
funding is distinct between public and private hospitals [32].
Much of public hospital funding comes from federal or state/
territory governments whilst for private hospitals, almost half
of funding comes from private health insurance and 20% from
the Australian Government in the form of Medical Services
Advisory Committee reimbursement. Furthermore, any cost
savings to a public hospital (state government funded) would
not be realised in another setting, e.g. federal budget. The dif-
ference in hospital funding sources has implications on what
services are performed in private hospitals. Liver, heart or lung
transplants are only performed in public hospitals and con-
sequently transplant services are never performed in private
hospitals [33]. As VADs could be an alternative to HTxs, it is
unlikely that the Medical Services Advisory Committee will
reimburse VADs to be performed in private hospitals.

5 Reimbursement Options for High
and Uncertain Cost-Effectiveness Ratios

Reimbursement agencies all face risk and uncertainty.
Ventricular assist devices are a costly medical device
involving surgery, which both represent large upfront
costs. Patients may die during surgery or soon after, and
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Table2 Criteria for life-saving/life-extending pharmaceutical reimbursement programs

Program and criteria References
Australia Life-Saving Drugs Program [41]
1. There is a rare but clinically definable disease for which the drug is regarded as a proven therapeutic modality,
ie. approved for that indication by the Therapeutic Goods Administration
2. The disease is identifiable with reasonable diagnostic precision
3. Epidemiological and other studies provide evidence acceptable to the PBAC that the disease causes a signifi-
cant reduction in age-specific life expectancy for those with the disease
4, There is evidence acceptable to the PBAC to predict that a patient’s lifespan will be substantially extended as a
direct consequence of the use of the drug
5. The drug must be accepted as clinically effective, but rejected for PBS listing because it fails to meet the
required cost-effectiveness criteria
6. There is no alternative drug listed on the PBS or available for public hospital in-patients, which can be used as
life-saving treatment for the disease. However, the availability of an alternative drug under the LSDP does not
disqualify the proposed drug from consideration for the LSDP
7. There is no alternative non-drug therapeutic modality (e.g. surgery, radiotherapy) that is recognised by medi-
cal authorities as a suitable and cost-effective treatment for this condition
8. The cost of the drug, defined as the cost per dose multiplied by the expected number of doses in a 1-y period
for the patient, would constitute an unreasonable financial burden on the patient or his/her guardian
UK NICE, appraising life-extending end-of-life treatments [35]

Canada, Ontario

Canada, Alberta.

2.1 This supplementary advice should be applied in the following circumstances and when all the criteria
referred to below are satisfied:

2.1.1 The treatment is indicated for patients with a short life expectancy, normally less than 24 mo; and

2.1.2 There is sufficient evidence to indicate that the treatment offers an extension to life, normally of atleast an
additional 3 mo, compared to current NHS treatment; and

2.1.3 The treatment is licensed or otherwise indicated for small patient populations

2.2 When the conditions described in 2.1 are met, the Appraisal Committee will consider:

2.2.1 The impact of giving greater weight to QALYs achieved in the later stages of terminal diseases, using the
assumption that the extended survival period is experienced at the full quality of life anticipated for a healthy
individual of the same age, and;

2.2.2 The magnitude of the additional weight that would need to be assigned to the QALY benefits in this
patient group for the cost-effectiveness of the technology to fall within the current threshold range

2.3 In addition, the Appraisal Committees will need to be satisfied that:

2.3.1 The estimates of the extension to life are robust and can be shown or reasonably inferred from either
progression-free survival or overall survival (taking account of trials in which cross-over has occurred and
been accounted for in the effectiveness review), and;

2.3.2 The assumptions used in the reference case economic modelling are plausible, objective and robust

Framework for assessing funding of drugs for rare diseases [47]

Eligibility criteria:

(a) disease incidence rate of fewer than 1 in 150,000 live births or new diagnoses per year;

(b) lack of availability or feasibility of adequately powered randomised controlled trials detecting clinically
relevant outcomes, given the rarity of the disease

The evaluation framework uses an evidence-based process. The framework consists of five steps:

Assesses whether a submitted disease meets the framework’s criteria of “rare”

Gains an understanding of the natural history of the disease

Assesses the potential effectiveness of the drug, based on the best available evidence

Evaluates budget and cost impact

Identifies whether any additional follow-up data are needed

Rare Disease Drug Program [47]

Eligibility criteria:

1. A genetic lysosomal storage disorder occurring in < 1 in 50,000 Canadians, as determined by Alberta Health,
Fabry disease, Pompe disease and Gaucher disease

2. Albertans with rare diseases, who have government-sponsored drug coverage and whose physician has applied
for coverage

3. Anindividual or family must reside in Alberta for 5 years to be eligible for the program. The residency
requirement will be waived for individuals moving to Alberta from another province in Canada if they were
covered by that province’s program for these drugs

In addition, applicants must consent to the following conditions:

Conditional initial and continued coverage are dependent upon clinical outcomes

Ongoing clinical outcome monitoring is mandatory

Inadequate patient response or deterioration, as defined by pre-established withdrawal criteria for a specific drug
and/or as assessed by the program’s clinical review panel, will dictate coverage discontinuation
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Table2 (continued)

Program and criteria References
Japan National Registry of Designated Intractable Diseases [48]
Eligibility criteria:

[1] rarity (affecting less than 0.1% of the population in Japan); [2] unknown agticlogy; [3] lack of effective treat-
ment; [4] necessity of long-term treatment; and [5] existence of objective diagnostic criteria and not necessar-

ily equal to rare diseases in other countries

In 2015, a major reform to the program was implemented, thus the number of diseases covered is now 306 rather

than the initial 56 intractable diseases

LSDP Life-Saving Drugs Program, NHS National Health Service, NICE National Institute for Health and Care Excellence, PBAC Pharmaceuti-
cal Benefits Advisory Committee, PBS Pharmaceutical Benefits Scheme, QALYs quality-adjusted life-years

once implanted, withdrawal of therapy involves further
surgery and a high likelihood of death. Conversely, if a
pharmaceutical product is ineffective, it is possible to stop
treatment and payment. It is more difficult to manage the
risk associated with funding a high-cost medical device
compared with a pharmaceutical product. In recent years,
there have been a plethora of risk share arrangements (with
or without coverage with evidence development) relating
to pharmaceuticals [31], and it has been suggested that for
situations where further evidence is required, VADs can
be listed as ‘only in research’ or ‘approval with research’
[34]. The risk share arrangement between the sponsor
and payer through a financial volume-based cap would
depend on the type of risk. Sources of risk can include
more patients being treated or VADs having less value
(e.g. lower survival) than expected. However, the imple-
mentation of the arrangement would be difficult as there
are different payers for the procedure (state government),
the device (state and private health insurance) and the
medication (federal government).

There are situations where even if the commonly
acceptable cost-effectiveness thresholds are exceeded,
a pharmaceutical may still be reimbursed based on life-
extending or rarity criteria (Table 2). The National Insti-
tute for Health and Care Excellence (NICE) developed
supplementary guidelines titled “Appraising life-extend-
ing, end of life treatments” in July 2009 [35] to assess
high-cost pharmaceutical products that fulfilled these cri-
teria. Clarke et al. noted that according to the current UK
threshold of £20,000—£30,000/quality-adjusted life-year
recommended by NICE, VADs cannot be considered cost
effective [18]. However, at a higher willingness-to-pay
threshold of £30,000/quality-adjusted life-year, it might
be considered appropriate according to end-of-life criteria
[18]. Clarke et al. cited the guidance by NICE for abira-
terone (for prostate cancer) [36] and considered VADs to
have a similar incremental cost-effectiveness ratio (ICER)
along with fulfilling the criteria for consideration as a life-
extending end-of-life treatment. Many cost-effectiveness
studies of VADs draw parallels to the reimbursement of
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high-cost pharmaceuticals in discussing the high ICERs
estimated in their analyses [18, 20, 23, 37].

Justification for the application of higher cost-effec-
tiveness thresholds for life-extending treatment by NICE
relates to the concept of the ‘rule of rescue’ [38]. The
rule of rescue refers to the “imperative to rescue identifi-
able individuals facing avoidable death, without giving
too much thought to the opportunity cost of doing so”
[38]. However, the basis of the rule of rescue conflicts
with the “standard logic underlying CEA” [38]. Under
‘rule of rescue’ considerations, Clarke et al. noted that it
was possible that VADs as BTT were considered eligible
for the life-extending treatment criteria despite the high
ICER [18]. Additionally, a recent economic evaluation of
the HeartMate IT VAD in BTT patients vs. non-bridged
HTx patients yielded ICERs above the generally accepted
threshold for the UK of £30,000 [20]. The authors com-
pared the HeartMate II VAD to the NICE criteria for
increasing the established threshold and argued that it
satisfied the first two criteria (short life expectancy of
less than 24 months and treatment extends life by up to
3 months) [20]. Modelled survival data using the Seattle
Heart Failure Score for a patient with a left VAD indi-
cated that survival would be greatly increased fulfilling the
second criteria [39]. However, Moreno et al. did not con-
sider that the final criterion—indication for small patient
populations — was satisfied because of the prevalence of
end-stage heart failure [20].

In Australia, the Life-Saving Drugs Program (LSDP)
funds pharmaceuticals that are not considered cost effec-
tive, but may be considered life saving for serious and rare
medical conditions. The major difference between the NICE
criteria and the LSDP is that NICE specified the treatment
must be life extending by at least 3 months. Conversely, the
LSDP only specifies that a “patient’s lifespan will be sub-
stantially extended”. Currently, the LSDP lists 14 medicines
for nine conditions [40]. These include genetic conditions
such as Gaucher disease, Fabry disease and infantile/late-
onset juvenile/adult Pompe disease [41]. In a hypothetical
comparison against the LSDP criteria, VADs satisfy each
condition [42] (see Table 3).
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Reimbursement of High-Cost ‘Life-Extending’ Pharmaceuticals and Medical Devices

Based on the Australian LSDP criteria, it would appear
logical and equitable that VADs should be considered eli-
gible for reimbursement. The areas of contention relate to
rarity (first LSDP criteria). Although heart failure is not
rare, only in end-stage patients would VAD be considered
a life-extending option. For instance, VAD as BTT requires
that patients are eligible for an HTx, hence fewer than 100
patients, those that are currently on the HTx wait list, would
be eligible for VAD each year [12]. For DT, of the esti-
mated 500,000 patients with heart failure [43], those with
contra-indicating co-morbidities must be excluded. There is
a further interaction in the delivery of therapy with devices,
through a comprehensive multidisciplinary team involving
heart failure cardiologists, surgeons, nurse co-ordinators,
social work and allied support services [44]. Provision of
the therapy is dependent on referral to such units, resulting
in smaller proportion implanted. However, an Australian
costing study by Marasco et al. argued that the “potentially
enormous pool of suitable patients is cause for concern to
policy makers in healthcare” [45], which may explain the
reluctance to fund VAD as DT. Therefore, if VADs were
assessed under an analogous LSDP, it is possible it would
be approved for HTx-eligible patients only.

6 Conclusion

The article highlights the differences in reimbursement of
high-cost life-extending medical devices compared with
pharmaceuticals. We use VADs in Australia to demonstrate
that some of these issues are generalisable to other countries;
however, some are specific to Australia. The reimbursement
of high-cost innovative medical devices is challenging, with
limited RCT evidence and a lack of incentives to perform
cost-effectiveness analysis because of regulatory differences
[7, 11]. In many jurisdictions, the funding arrangements for
pharmaceuticals are simple with a single payer; however,
funding arrangements for implantable medical devices are
complex with multiple purchasers, shared funding responsi-
bilities and the opportunity to cost shift. These reasons may
explain the differences in the reimbursement of devices and
pharmaceuticals.

Author Contributions SS, NvDL and SG designed and wrote the manu-
seript; CH reviewed the manuscript and provided clinical input. All
authors read and approved the final manuscript.

Compliance with Ethical Standards

Funding This research is supported by an Australian Government
Research Training Program Scholarship.

Conflict of interest Sopany Saing and Stephen Goodall have no
conflicts of interest that are directly relevant to the content of this
article. Naomi van der Linden is employed by AstraZeneca Nether-
lands. Christopher Hayward has received honoraria and grants from
Medtronic LLC unrelated to the current article. Christopher Hayward
has received travel support to attend meetings and speak at meetings
sponsored by Novartis AG and Medtronic LLC, unrelated to the cur-
rent article. St Vincent’s Hospital owns patents licensed to Medtronic
LLC unrelated to the current article.

Data Availability Data sharing is not applicable to this article as no
datasets were generated or analysed during the current study.

References

1. Australian Government Department of Health. Pharmaceutical
Benefits Scheme—hepatitis C medicines 2016. Canberra (ACT);
2016.

2. Australian Minister for Health. PBS listing for Kalydeco and
Soliris. Canberra (ACT): The Hon Peter Dutton MP Minister for
Health; 2014.

3. Australian Government Department of Health. Application 1519:
tisagenlecleucel (CTLO19) for treatment of refractory/relapsed
CD19-positive leukaemia and lymphoma. PICO confirmation:
Medical Services Advisory Committee; 2018 (last updated: 25
Jun 2018). http://www.msac.gov.aw/internet/msac/publishing. nsf/
Content/1519-public. Accessed 10 Jan 2019.

4. Liu G, ChenE, Lewis D, Rao G. Food and Drug Administration’s
Humanitarian Device Exemption marketing approval pathway:
insights for developing devices for rare diseases. ] Med Devices.
2017;11:034701-034708. https://doi.org/10.1115/1.4036333.

5. Australian Government Department of Health. Prostheses list:
part A. Canberra (ACT): Australian Government Department of
Health; 2018,

6. Clement FM, Harris A, LiJ, Yong K, Lee KM, Manns BJ. Using
effectiveness and cost-effectiveness to make drug coverage deci-
sions: a comparison of Britain, Australia, and Canada. JAMA.
2009;302(13):1437-43.

7. Baumgardner JR, Neumann PR. Balancing the use of cost-effec-
tiveness analysis across all types of health care innovations. 2017.
http://healthaffairs. org/blog/2017/04/14/balancing-the-use-of-
cost-effectiveness-analysis-across-all-types-of-health-care-innov
ations/. Accessed 14 Apr 2017,

8. Tarricone R, Torbica A, Drummond M, MedtecHTA Project
Group. Key recommendations from the MedtecHTA Project.
Health Econ. 2017;26:145-52.

9. Ciani O, Wilcher B, van Giessen A, Taylor RS. Linking the regu-
latory and reimbursement processes for medical devices: the need
forintegrated assessments. Health Econ. 2017;26:13-29,

10. Tarricone R, Torbica A, Drummond M. Challenges in the assess-
ment of medical devices: the MedtecHTA Project. Health Econ.
2017;26:5-12.

11. Drummond M, Griffin A, Tarricone R. Economic evalua-
tion for devices and drugs: same or different? Value Health.
2009;12(4):402—4.

12. Heart Foundation. Heart transplants and organ donation. Canberra
(ACT): The Heart Foundation; 2010. https://www.heartfoundation
.org.aufimages/uploads/publications/Heart-Transplants-Donat
ions.pdf. Accessed 21 Mar 2019.

13, Prichard R, Kershaw L, Davidson PM, Newton PJ, Goodall S,
Hayward C. Combining institutional and administrative data
to assess hospital costs for patients receiving ventricular assist
devices. IntJ Technol Assess Health Care. 2018;34(6):555-66.

A Adis

217



S. Saing et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Hayward C, Jansz P. Mechanical circulatory support for the

failing heart: progress, pitfalls and promises. Heart Lung Circ.
2015;24(6):5327-31.

. Kirklin JK, Naftel DC, Pagani FD, Kormos RL, Steven-

son LW, Blume ED, et al. Seventh INTERMACS annual
report: 15,000 patients and counting. ] Heart Lung Transpl.
2015;34(12):1495-504.

. JarlJ, Gerdtham U-G. Economic evaluations of organ transplan-

tations—a systematic literature review. Nordic ] Health Econ.
2012;1(1):61-82.

. Alba AC, Alba LF, Delgado DH, Rao V, Ross HJ, Goeree R.

Cost-effectiveness of ventricular assist device therapy as a
bridge to transplantation compared with nonbridged cardiac
recipients. Circulation. 2013;127(24):2424-35.

. Clarke A, Pulikottil-Jacob R, Connock M, Suri G, Kandala N-B,

Maheswaran H, et al. Cost-effectiveness of left ventricular assist
devices (LVADs) for patients with advanced heart failure: analy-
sis of the British NHS bridge to transplant (BTT) program. Int
J Cardiol. 2014;171(3):338-45.

. Long EF, Swain GW, Mangi AA. Comparative survival and

cost-effectiveness of advanced therapies for end-stage heart
failure. Circ Heart Fail. 2014;7(3):470-8.

Moreno SG, Novielli N, Cooper NJ. Cost-effectiveness of the
implantable HeartMate II left ventricular assist device for
patients awaiting heart transplantation. J Heart Lung Transplant.
2012;31(5):450-8.

Pulikottil-Tacob R, Suri G, Connock M, Kandala N-B, Sutcliffe
P, Maheswaran H, et al. Comparative cost-effectiveness of the
HeartWare versus HeartMate IT left ventricular assist devices
used in the United Kingdom National Health Service bridge-to-
transplant program for patients with heart failure. ] Heart Lung
Transplant. 2014;33(4):350-8.

Sharples LD, Dyer M, Cafferty F, Demiris N, Freeman C, Ban-
ner NR, et al, Cost-effectiveness of ventricular assist device use
in the United Kingdom: results from the evaluation of Ventricu-
lar Assist Device Programme in the UK (EVAD-UK). J Heart
Lung Transpl. 2006;25(11):1336-43.

Tadmouri A, Blomkvist J, Landais C, Seymour J, Azmoun A.
Cost-effectiveness of left ventricular assist devices for patients
with end-stage heart failure: analysis of the French hospital dis-
charge database. ESC Heart Fail. 2018;5(1):75-86.

Rose EA, Gelijns AC, Moskowitz AJ, Heitjan DF, Stevenson
LW, Dembitsky W, et al. Long-term use of a left ventricu-
lar assist device for end-stage heart failure. N Engl J Med.
2001;345(20):1435-43.

Slaughter MS, Rogers JG, Milano CA, Russell SD, Conte
IV, Feldman D, et al. Advanced heart failure treated with
continuous-flow left ventricular assist device. N Engl J Med.
2009;361(23):2241-51.

Rogers JG, Pagani FD, Tatooles Al, Bhat G, Slaughter MS,
Birks EJ, et al. Intrapericardial left ventricular assist device for
advanced heart failure. N Engl J Med. 2017;376(5):451-60.
Mehra MR, Goldstein DJ, Uriel N, Cleveland JC, Yuzefpols-
kaya M, Salerno C, et al. Two-year outcomes with a magneti-
cally levitated cardiac pump in heart failure. N Engl J Med.
2018;378(15):1386-95.

Schmier JK, Patel ID, Leonhard MJ, Midha PA. A systematic
review of cost-effectiveness analyses of left ventricular assist
devices: issues and challenges. Appl Health Econ Health Policy.
2019;17(1):35-46.

Nunes AJ, MacArthur RGG, Kim D, Singh G, Buchholz H,
Chatterley P, et al. A systematic review of the cost-effectiveness
of long-term mechanical circulatory support. Value Health.
2016;19(4):494-504.

A Adis

30.

3L

32

33

34,

35.

36.

37.

38

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

Australian Government Department of Health. Medicare benefits
schedule book. 1 May 2017 ed. Canberra (ACT): Commonwealth
of Australia; 2017.

Vitry A, Roughead E. Managed entry agreements for pharmaceu-
ticals in Australia. Health Policy. 2014;117(3):345-52.
Australian Institute of Health and Welfare. Hospital resources
2015-16: Australian hospital statistics. Canberra {ACT): Austral-
ian Institute of Health and Welfare; 2017,

Association Australian Private Hospitals. Private hospitals ser-
vice provision: APHA facts on private hospitals. Canberra (ACT):
Australian Private Hospitals Association; 2016.

Rothery C, Claxton K, Palmer S, Epstein D, Tarricone R, Scul-
pher M. Characterising uncertainty in the assessment of medi-
cal devices and determining future research needs. Health Econ.
2017;26:109-23.

National Health Service. National institute for Health and Clini-
cal Excellence. Appraising life-extending, end of life treatments.
2009. https:/fwww.nice.org. uk/guidance/gid-tag387/resources/
appraising-life-extending-end-of-life-treatments-paper2. Accessed
27 Feb 2017.

National Institute for Health and Clinical Excellence. Abirater-
one for castration resistant metastatic prostate cancer previously
treated with a docetaxel-containing regimen 2012. https:/www.
nice.org.uk/gnidance/TA259. Accessed 18 Mar2019.

Chew DS, Manns B, Miller RTH, Sharma N, Exner DV. Economic
evaluation of left ventricular assist devices for patients with end
stage heart failure who are ineligible for cardiac transplantation.
Can J Cardiol. 2017;33(10):1283-91.

McKie J, Richardson J. The rule of rescue. Soc Sci Med.
2003;56(12):2407-19.

Levy WC, Mozaffarian D, Linker DT, Sutradhar SC, Anker SD,
Cropp AB, et al. The Seattle Heart Failure Model: prediction of
survival in heart failure. Circulation. 2006;113(11):1424-33,
Australian Government Department of Health, Life Saving Drugs
Program—Information for patients, prescribers and pharmacists.
Canberra (ACT); 2019. http://www.health.gov.au/internet/main/
publishing. nsf/Content/lsdp-criteria. Accessed 10 Jan 2019.
University of Adelaide. Life Saving Drugs Programme review:
technical assessment. Canberra (ACT): Pharmaceutical Benefits
Schedule. 2015. http://www.pbs.gov.aw/reviews/lsdp-technical-
assessment-report/Isdp-review-technical-assessment-april-2015.
pdf. Accessed 21 Mar 2019.

Australian Government Department of Health. Procedure guid-
ance for medicines funded through the Life Saving Drugs Pro-
gram (LSDP). Canberra (ACT); 2018. http://www.health.gov.au/
internet/main/publishing. nsf/content/FD13E541FA14735CCA25
7TBF0001BOACO/$File/Procedure-guidance-for-medicines-funde
d-through-the-LSDP.pdf. Accessed 21 Mar 2019,

Australian Institute of Health and Welfare, Cardiovascular disease,
diabetes and chronic kidney disease: Australian facts. Prevalence
and incidence. Canberra (ACT): Australian Institute of Health and
Welfare; 2014.

Katz IN, Waters SB, Hollis IB, Chang PP. Advanced therapies for
end-stage heart failure. Curr Cardiol Rev. 2015;11(1):63-72.
Marasco SF, Summerhayes R, Quayle M, McGiffin D, Luthe M.
Cost comparison of heart transplant vs. left ventricular assist
device therapy at one year. Clin Transpl. 2016;30(5):598-605.
Australian Government Department of Health. Medicare benefits
schedule book: operating from 01 May 2017. Canberra (ACT):
Australian Government Department of Health; 2017.

Canadian Agency for Drugs and Technologies in Health. Drugs
for rare diseases: evolving trends in regulatory and health technol-
ogy assessment perspectives. Ottawa: CADTH; 2013 [updated
2016 Feb]. (Environmental scan; issue 42).

Kanatani Y, Tomita N, Sato Y, Eto A, Omoe H, Mizushima H.
National Registry of Designated Intractable Diseases in Japan:

218



Reimbursement of High-Cost 'Life-Extending’ Pharmaceuticals and Medical Devices

49,

prezent statng and future prospects. Neurol Med Chir {Tokyo).
20175370117,

Weinreb NI, Deegan P. Kacena KA, Mistry P, Paztores GM,
Velentgas P, et al. Life expectancy in Gaucher diseasze type 1. Am
J Hematol. 2008:83(12):896-900.

. Shemesh E, Deroma L, Bembi B, Deegan P, Hollak C, Weinreb

NJ, et al. Enzyme replacement and snbstrate reduction therapy for
Gancher disease. Cochrane Database Syst Rev. 2015:3:CD010324.

. ElDib R, Gomaa 1L, Carvalho RP, Camargo SE, Bazan R, Barrett

P. etal. Enzyme replacement therapy for Anderson—Tabry dizease.
Cochrane Database Syst Rev, 2016;7:CD00666320156.

. Estep ID, Stading RC, Horstmanshof DA, Milano CA, Selzman

CH, Shah KB, et al. Risk assessment and comparative effective-
ness of lel't ventrcular assist device and medical management in

33:

54.

ambulatory heart failure patients: results from the ROADMAP
study, T Am Coll Cardiol. 2015;66(16):1747-61.

van Dugsen L, Biegstraaten M, Hollak CTEM, Dijkgraal MGW.
Cost-effectiveness of enzyme replacement therapy for type 1 Gau-
cher disease. Orphanet ] Rare Dis, 2014:9:51.

Engelberg AB, Kesselheim AS, Avorn J. Balancing innovation,
access, and profits: market exclusivity for biologics. N Engl T
Med. 2009:361(20):1917-9.

. Pharmaceutical Benefits Scheme. Life Savings Drugs Program.

Canberra (ACT): Anstralian Government Department of Health:
2014, hitp:/fwww. health.gov.awfinternet/main/publishing. nsf/
Content/lsdp-criteria. Accessed 21 Mar 201%.

219



8.1.2 VAD reimbursed through Medicare by age and gender

Figure 8-1: VAD Medicare Benefit Item by age and gender

MBS Item 38615 (left or right VAD) 1993 to 2017

»

24%

= Paediatric - female
® Paediatric - male
Adult - female

= Adult - male

MBS Item 38618 (biVAD) 1993 to 2017

>,

= Paediatric - female

= Paediatric - male

Adult - female

= Adult - male

Note: Paediatric patients are aged 0 to 14 and adults were aged 15 and over. MBS Item 38615 = 286 and MBS ltem 38618 = 232.
Source: Medicare Statistics, Medicare ltem Reports

8.2 Appendix 2: Model structure guidance in ESHF

Table 8-1: Issues and guidance on choice of model structure and comparison to ESHF model

Issue

Example

Choice of Model ESHF model

11 Does the decision-maker

Effects of intervention are small

require knowledge of variability and variable over time

to inform the decision?

Need for stochastic output
(columns B-D)

Not a requirement.

[.2 s the decision-maker Decision maker may wantto  Individual level models are  Yes, patient selection
uncertain about which sub- sub-divide the risk groups or ~ more flexible to further and sub-groups of
groups are relevant and likely test new interventions covariates or changed patients drives the
to change his/her mind? assumptions (columns C-D)  outcomes.

1.3 Is Probabilistic Sensitivity Decision maker uses cost- Deterministic model may be  Not a requirement.
Analysis (PSA) required? effectiveness acceptability preferred (column A) but need

curves or expected value of for PSA should not drive
information model structure decisions

.4 Do individual risk factors affect Effects of age, history of Need to subdivide states in an Yes, prognosis of
outcome in a non-linear disease, co-morbidity aggregate model. Need to ESHF is based on
fashion? consider individual level many factors.

modelling if the number is
large. (columns C-D)

I.5 Do covariates have multiple ~ Co-morbidities in diabetes affect Individual level modelling Yes, prognosis of
effects, which cause renal failure and retinopathy likely to be necessary. ESHF based on co-
interaction? (columns C-D) morbidities.

.6 Aretimes in states non- Poor survival after an operation, Need to use ‘fixes’ in Yes, previous events
Markovian? moving from one age group to  Markovian models or use non- such as LVAD would

another, length of stay in Markovian models (columns  impact on time to HTx.
hospital D)

.7 Is the dimensionality too great Large number of risk factors Individual level modelling Yes, prognosis of
for a cohort approach? and /or subdivision of states to  likely to be necessary. ESHF is based on

get over non-Markovian effects  (columns C-D) many factors.

1.8 Do states ‘recycle’? Recurrence of same illness (e.g. Decision tree approach is Yes, patients cycle in
heart attack, stop responding to probably not appropriate states such as alive
drugs) (rows 2 to 4) with 'VAD'

1.9 Is phasing or timing of events  In smokers, if lung cancer Possible to have different Yes, timing of surgery

decisions important?

occurs before bronchitis, then
patient may die before
bronchitis occurs

branches in the decision tree
but Markov model or
simulation may be necessary.
(rows 2 to 4)

has implications for
outcomes.
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Issue Example Choice of Model ESHF model

110  Is there interaction directly Infectious disease models Models with interaction Yes, interactions
between patients? (rows 3, 4) between donor hearts

match with patients.

.11 Is there interaction due to Models with resource Models with interaction (rows Yes, restricted supply
constrained resources? constraints 3,4 of donor hearts.

.12 Could many events occurin  Disaster, outbreak of infection, Need for small time intervals  Yes, surgery could
one time unit? risk of co-morbidities (e.g. or continuous time models  have immediate

diabetes) (row 4) complications.

.13 Areinteractions occurringin  Use in hospital catchments area Need to consider individual ~ Yes, few patients per
small populations? rather than nationally level modelling because of the year with four

inaccuracies in using fractions fransplant units in
of individuals (columns C, D, Australia.
rows 3, 4)

.14 Are there delays in response  Rapid treatment with Need for stochastic output Yes, if on HTx wait list,
due to resource constraints  angioplasty and stents aftera  and interaction (columns C, D, patients condition may
which affect cost or health myocardial infarction rows 3, 4) deteriorate.
outcome

115  Is there non-linearity in system A marginal change in DES useful Yes, one HTx surgery
performance when inherent  parameters produces a non- has a large impact on
variability occurs? linear change in the system ICU the rest of the

is suddenly full and newly cardiology unit.

arriving patients must transfer
elsewhere

Abbreviations: DES, Discrete event simulation; ESHF, End-Stage Heart Failure; HTx, Heart Transplant; ICU, intensive care unit; VAD,
Ventricular Assist Device.
Source: adapted from Table 2, p.1304-1305, Brennan et al. (2006)(27).
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8.3 Appendix 3: Economic literature review for LVADs

8.3.1 Search strategy results for economic literature review for VADs vs. comparator
Search strategy adapted from Nunes et al. 2016(90) for Medline Ovid.

Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations, Ovid MEDLINE(R) Daily and Ovid

MEDLINE(R) 1946 to Present. BIOSIS Previews. Embase.

1. heart assist device/

2. assisted circulation/

3. ((ventric* or biventric* or heart or cardiac) adj assist*).mp.

4. (lvad* or lvas* or rvad* or bivad*).mp.

5. ((vad or vads) and (heart or cardiac)).mp.

6. (HeartMate or HeartWare).mp.

7.0r/1-6

8. economic evaluation/ or ‘cost benefit analysis’/ or ‘cost effectiveness analysis’/ or ‘cost utility
analysis’/

9. (cost adj2 (benefit* or effect* or utility or analys*)).mp.

10. (economic adj (evaluation* or analysis or analyses)).mp.

11. (cost* or economic*).ti.

12. or/8-11

13.7and 12

14. limit 13 to (english or french or german or italian or portuguese or spanish)
15. limit 14 to yr="2014 -Current’

16. limit 15 to humans

Note: MP - multiple field search.

Medline == 47
Embase == 166
PubMed

((((((((heart assist device) OR assisted circulation) OR (((ventric* or biventric* or heart or cardiac) AND
assist*))) OR (((lvad* or Ivas* or rvad* or bivad*)))) OR (((vad or vads) and (heart or cardiac)))) OR
(((HeartMate or HeartWare))))) AND ((((((economic evaluation or ‘cost benefit analysis’ or ‘cost
effectiveness analysis’ or ‘cost utility analysis’))) OR (((cost) AND (benefit* or effect* or utility or
analys*)))) OR (((economic) AND (evaluation* or analysis or analyses)))) OR (((cost*[Title] OR
economic*)[Title])))) == 1712

Filters activated: Publication date from 2014/01/01 to 2017/06/27, Humans, English, French, German,
Italian, Portuguese, Spanish. == 319

EBSCO Host — CINAHL and Econlit

heart assist device == 1598

assisted circulation == 174

((ventric* or biventric* or heart or cardiac) AND assist*) == 6753
(lvad* or Ivas* or rvad* or bivad*) == 523
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(vad or vads) and (heart or cardiac) == 181

(HeartMate or HeartWare) == 153

S1 OR S2 OR S3 OR S4 OR S5 OR S6 == 6920

(economic evaluation or ‘cost benefit analysis’ or ‘cost effectiveness analysis’ or ‘cost utility analysis’)
==30237

(cost AND (benefit* or effect* or utility or analys*)) == 180279
(economic AND (evaluation* or analysis or analyses)) == 360843
Tl (cost* or economic*) == 194831

S8 OR S9 OR S10 OR S11 == 589231

S7 AND S12 == 305

S7 AND S12 Limiters Published Date: 20140101-20171231 ==71

Cochrane database:

e Cochrane Reviews — Cochrane Database of Systematic Reviews (CDSR),

e Other Reviews - Database of Abstracts of Reviews of Effects (DARE),

e Technology Assessments — Health Technology Assessment Database (HTAD),
e Economic Evaluations — NHS Economic Evaluation Database (NHSEED).

heart assist device

assisted circulation

((ventric* or biventric* or heart or cardiac) and assist*):ti,ab,kw

(lvad* or Ivas* or rvad* or bivad*):ti,ab,kw

(vad or vads) and (heart or cardiac):ti,ab,kw

(HeartMate or HeartWare):ti,ab,kw

#1 or #2 or #3 or #4 or #5 or #6

(economic evaluation or ‘cost benefit analysis’ or ‘cost effectiveness analysis’ or ‘cost utility analysis’)
(cost and (benefit* or effect® or utility or analys*)):ti,ab,kw

(economic and (evaluation* or analysis or analyses)):ti,ab,kw

(cost* or economic*):ti

#8 or #9 or #10 or #11

#7 and #12

#7 and #12 Online Publication Date from Jan 2014

#7 and #12 Limits: Online Publication Date from Jan 2014, in Cochrane Reviews (Reviews and
Protocols), Other Reviews, Technology Assessments and Economic Evaluations

N=115.

Tufts CEA Registry

‘Ventricular assist device’
Returned 4 articles from 2014 onwards.

8.3.2 Inclusion criteria for full-text review
The inclusion criteria used were adapted from those used by Nunes et al. (2016)(90).

Table 8-2: Inclusion criteria for cost-effectiveness studies of VADs
Question Yes/No
1a  Was the study presented as a full manuscript in a peer-review journal?
1b  Was the article published in English
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1c  Does the article contain original research (i.e. primary data)

Population:
2  Was the population mostly adults - always
Was the population mostly adults - other (e.g means)
2 Was the population mostly adults - not reported

N

Indication:

3 Did the study population have end-stage heart failure with an indication for mechanical circulatory
support? Bridge to transplant

3 Did the study population have end-stage heart failure with an indication for mechanical circulatory
support? Bridge to myocardial recovery

3 Did the study population have end-stage heart failure with an indication for mechanical circulatory
support? Long-term mechanical support

3 Did the study population have end-stage heart failure with an indication for mechanical circulatory
support? Bridge to Decision

3 Did the study population have end-stage heart failure with an indication for mechanical circulatory
support? Other? Specify
Alternatives:

4a Did at least one arm of the study receive a mechanical circulatory support? LVAD
4a Did at least one arm of the study receive a mechanical circulatory support? RVAD
4a Did at least one arm of the study receive a mechanical circulatory support? Biventricular assist

4b  Did at least one other arm of the study receive one of the following? Medical Management or Heart
Transplant

4b  Did at least one other arm of the study receive one of the following? Another type of mechanical
circulatory support

Outcomes:
5a  Were relevant health care costs reported? Inpatient Costs?
5a  Were relevant health care costs reported? Inpatient Costs? Outpatient Costs?

5b  Were relevant outcomes of effectiveness reported? QALYS or LY (mortality)?
5b  Were relevant outcomes of effectiveness reported? Other HYE?

Study Design:
6  Were benefits divided by costs? ICER (cost-effectiveness)
6  Were benefits divided by costs? ICUR (cost-utility)
6  Were benefits divided by costs? Other (cost-utility)

Final decision:
7 Should this study be included in the next stage? Yes
7 Should this study be included in the next stage? No
7 Should this study be included in the next stage? Unsure

Source: adapted from Nunes et al. (2016)(90)

8.4 Appendix 4: Economic literature review for heart transplant

8.4.1 Search strategy for economic literature review for HTx

Table 8-3: Databases searched for economic evaluation literature review of HTx

Database Dates searched Date of search  Results returned
Ovid MEDLINE 2012 - Current 30/10/2017 496
Ovid Embase 2012 - Current 30/10/2017

CINAHL via EBSCO Host 20120101-20171231 30/10/2017 42
EconlLit via EBSCO Host 20120101-20171231 30/10/2017

PubMed 2012/01/01 to 2017/06/27  5/10/2017 131
Cochrane Database of Systematic Reviews Jan 2012 - Oct 2017 3010117 267
Database of Abstracts of Reviews of Effects Jan 2012 - Oct 2017 30110117

Health Technology Assessment Database Jan 2012 - Oct 2017 3010117

NHS Economic Evaluation Database Jan 2012 - Oct 2017 30/110/17

Tufts Cost Effectiveness Analysis Registry 2012 - current 30/10/17 5
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Table 8-4: Search terms for economic literature review for HT

Type Terms (Medline) Terms (PubMed/EBSCO host) Terms Cochrane Database

Cost- e (heart or cardiac) ande (heart OR cardiac) AND e ((heart or cardiac) and

effectiveness transplant®) transplant*).ti.ab transplant®):ti,ab,kw (Word

of HT o ‘*heart transplantation e (heart transplant*).ti.ab variations have been searched)
e [limit to human only] e *heart transplantation e ‘heart transplantation
e [limit to human only]

Economic e economic evaluation/ or ‘cost e  (economic evaluation ore (economic evaluation or ‘cost
benefit analysis’/ or ‘cost ‘cost benefit analysis’ or benefit analysis’ or ‘cost
effectiveness analysis’/ or ‘cost ‘cost effectiveness analysis’ effectiveness analysis’ or ‘cost
utility analysis’/ or ‘cost utility analysis’) utility analysis’)

o  (cost adj2 (benefit* or effect* or @ (cost AND (benefit* ore (economic and (evaluation* or
utility or analys®)).mp. effect” or utility or analys®)) analysis or analyses)):ti,ab,kw
e (economic adj (evaluation* or e  (economic AND e  (cost* or economic*):ti
analysis or analyses)).mp. (evaluation* or analysis or
e  (cost* or economic®).i. analyses))
e Tl (cost* or economic*)
Restrictions e english or french or german or e Limiters Published Date: ¢  Online Publication Date from

italian or portuguese or Spanish
human only

20140101-20171231

Jan 2012 to Oct 2017

Source: adapted from Sutcliffe et al. (2013)(52)

Search strategy for economic literature review for HTx vs. no VAD

Search strategy adapted from Sutcliffe et al. (2013)(52).

MedlineOvid MEDLINE(R) In-Process & Other Non-Indexed Citations, Ovid MEDLINE(R) Daily and

Ovid MEDLINE(R)

((heart or cardiac) and transplant*).mp. [mp=title, abstract, original title, name of substance word,
subject heading word, keyword heading word, protocol supplementary concept word, rare disease
supplementary concept word, unique identifier, synonyms]
*heart transplantation/

lor2

economic evaluation/ or ‘cost benefit analysis’/ or ‘cost effectiveness analysis’/ or ‘cost utility

analysis’/

(cost adj2 (benefit* or effect* or utility or analys*)).mp.
(economic adj (evaluation* or analysis or analyses)).mp.
(cost* or economic*).ti.

4or5or6or7
3and 8

limit 9 to (humans and yr="2012 -Current’)
limit 11 to english language

Medline = 136 articles

Embase = 264 articles

PubMed

(((((((heart[Title/Abstract] OR cardiac)[Title/Abstract] AND transplant*[Title/Abstract]))) OR *heart
transplantation) AND ((((((economic evaluation or ‘cost benefit analysis’ or ‘cost effectiveness
analysis’ or ‘cost utility analysis’))) OR (((cost AND (benefit* or effect* or utility or analys*))))) OR
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(((economic AND (evaluation™® or analysis or analyses))))) OR ((TI (cost* or economic*))))) AND (
‘2012/01/01’[PDat] : ‘2017/10/05’[PDat] ) AND Humans[Mesh]) ==207

Filters activated: Publication date from 2012/01/01 to 2017/12/31, Humans, English, Adult: 19+ years
==207

((((({((heart[Title/Abstract] OR cardiac) title/abstract AND transplant*[Title/Abstract]))) OR *heart
transplantation) AND ((((((economic evaluation OR ‘cost benefit analysis’ OR ‘cost effectiveness
analysis’ OR ‘cost utility analysis’))) OR (((cost AND (benefit* OR effect* OR utility OR analys*))))) OR
(((economic AND (evaluation®* OR analysis OR analysis))))) OR ((TI (cost* OR economic*))))) AND
(2012/01/01‘[PDAT] : “2017/10/05[PDAT]) AND Humans[Mesh])

EBSCO Host — CINAHL and Econlit

AB (heart OR cardiac) AND transplant*) == 3097

(heart transplant*). == 3623

*heart transplantation == 3264

S1 OR S4 OR S5 ==4759

(economic evaluation or ‘cost benefit analysis’ or ‘cost effectiveness analysis’ or ‘cost utility analysis’)
==30381

(cost AND (benefit* or effect™ or utility or analys*)) == 184891
(economic AND (evaluation* or analysis or analyses)) == 372021
Tl (cost* or economic*) == 197872

S8 OR S9 OR S10 OR S11 == 604299

S13 AND S14 == 141

S13 AND S14 Published Date: 20120101-20171231 == 39

Cochrane database:

Cochrane Reviews — Cochrane Database of Systematic Reviews (CDSR),
Other Reviews - Database of Abstracts of Reviews of Effects (DARE),
e Technology Assessments — Health Technology Assessment Database (HTAD),
e Economic Evaluations — NHS Economic Evaluation Database (NHSEED).
((heart or cardiac) and transplant®):ti,ab,kw (Word variations have been searched)
*heart transplantation
(economic evaluation or ‘cost benefit analysis’ or ‘cost effectiveness analysis’ or ‘cost utility analysis’)
(cost and (benefit* or effect® or utility or analys*)):ti,ab,kw
(economic and (evaluation* or analysis or analyses)):ti,ab,kw
(cost* or economic*):ti
#1 or #2
#3 or #4 or #5 or #6
#7 and #8
#7 and #8 Limits: Online Publication Date from Jan 2012 to Oct 2017, in Cochrane Reviews (Reviews
and Protocols), Other Reviews, Technology Assessments and Economic Evaluations
Returned 114 articles.

Tufts CEA Registry

‘Heart Transplant’
Returned 16 papers from 1985 onwards and 5 published from 2012 onwards.
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2015-01-17868 2015 Am J TransplantCost-Effectiveness of Pediatric Heart Transplantation Across
a Positive Crossmatch for High Waitlist Urgency Candidates.

2014-01-16979 2014 Circ Heart Fail Comparative survival and cost-effectiveness of advanced
therapies for end-stage heart failure.

2014-01-16083 2014 Circ Heart Fail Cost-effectiveness of routine surveillance endomyocardial
biopsy after 12 months post-heart transplantation.

2014-01-15148 2014 ) Heart Lung Transplant Comparative cost-effectiveness of the HeartWare
versus HeartMate Il left ventricular assist devices used in the United Kingdom National Health Service
bridge-to-transplant program for patients with heart failure.

2014-01-15004 2014 IntJ Cardiol Cost-effectiveness of left ventricular assist devices (LVADs)
for patients with advanced heart failure: analysis of the British NHS bridge to transplant (BTT)
program.
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8.5 Appendix 5: Published effectiveness of VADs and heart transplant

8.5.1 Search strategy for LVAD and HTx published clinical data

A purposive literature review of the clinical effectiveness of LVADs and HTx was conducted. This
analysis used the same strategy as Sutcliffe et al. (2013) of online resources of regulatory bodies,
health services research agencies and professional societies.(52)* The current review included
prospective registry data reported in national repositories for Australia, the USA and Europe. The
current search strategy excluded search terms relating to device brands and the term ‘heart pump’
was added (Table 8-5). Only RCTs including an LVAD (durable MCS) were included. Excluded papers
were review articles, trials of inappropriate intervention (e.g. IABP) and inappropriate population (e.g.
paediatric). This search was conducted on 1 March 2019 in PubMed. Inclusion criteria for RCTs:
minimum of 50 participants (aged > 16 years) in the approved VAD group; second-generation axial CF
pumps and third-generation CF pumps; LVADs, RVADs and BiVADs currently approved by the FDA

and/or CE and in current clinical use. Comparators included MM and HTx or two different VADs.

Table 8-5: Search results in PubMed for VAD RCTs

Search Query No. ltems

#6 Search ((*Heart-Assist Devices/ AND ( ‘2012/01/01'[PDat] : ‘3000/12/31’[PDat] ))) AND (((((((lvad or 125
biVAD or bvad or vad or vads or rvad).)) AND ( ‘2012/01/01°[PDat] : ‘3000/12/31’[PDat] ))) OR ((((heart
pump or ventricular support or biventricular support or ventric* assist device* or ventric* assist system*
or biventricular assist device* or ventricular assistance or heart assist device*))) AND (
‘2012/01/01°[PDat] : ‘3000/12/31’[PDat] ))) AND ( ‘2012/01/01°[PDat] : ‘3000/12/31°[PDat] )) Filters:
Clinical Trial; Publication date from 2012/01/01

#5 Search ((*Heart-Assist Devices/ AND ( ‘2012/01/01’[PDat] : '3000/12/31°[PDat] ))) AND (((((((ivad or 5591
biVAD or bvad or vad or vads or rvad).)) AND ( ‘2012/01/01°[PDat] : ‘3000/12/31’[PDat] ))) OR ((((heart
pump or ventricular support or biventricular support or ventric* assist device* or ventric* assist system*
or biventricular assist device* or ventricular assistance or heart assist device*))) AND (
‘2012/01/01'[PDat] : ‘3000/12/31’[PDat] ))) AND ( ‘2012/01/01°[PDat] : ‘3000/12/31°[PDat] )) Filters:
Publication date from 2012/01/01

#4 Search (((((lvad or biVAD or bvad or vad or vads or rvad).)) AND ( ‘2012/01/01[PDaf] : 8823
‘3000/12/31'[PDat] ))) OR ((((heart pump or ventricular support or biventricular support or ventric* assist
device* or ventric* assist system* or biventricular assist device* or ventricular assistance or heart assist
device*))) AND ('2012/01/01°[PDat] : '3000/12/31’[PDat] )) Filters: Publication date from 2012/01/01

#3 Search ((heart pump or ventricular support or biventricular support or ventric* assist device* or ventric* 5814
assist system* or biventricular assist device* or ventricular assistance or heart assist device*)) Filters:
Publication date from 2012/01/01

#2 Search ((lvad or biVAD or bvad or vad or vads or rvad).) Filters: Publication date from 2012/01/01 5553

#1 Search *Heart-Assist Devices/ Filters: Publication date from 2012/01/01 6042

45 1) HTA organisations (including the National Institute for Health Research and the National Research Register
Archive); 2) INTERMACS; 3) NHS Blood and Transplant (including the Cardiothoracic Transplant Advisory Group);
4) Ventricular Assist Device Forum, National Specialised Commissioning Team; 5) The International Society Heart
& Lung Transplantation; 6) Eurotransplant; 7) Scandiatransplant; 8) US Transplant; 9) The Transplantation
Society; 10) British Transplantation Society; 11) Medicines and Healthcare products Regulatory Agency; 12) US
FDAS52.
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8.5.2 Registry - INTERMACS description

The Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) enrolled patients
with MCS from the US. The INTERMACS 8™ Annual Report included 22,866 patients receiving from 180
hospitals from 2006 to 2016.(51) The registry includes Food and Drug Administration (FDA)-approved
devices including those as part of a trial. Of the 18,987 implanted devices for left sided support, the
majority have CF pumps for both LVAD and/or RVAD (93%, n=17,634), and the remaining devices are
PF (5%, n=957) and TAH (2%, n=396).

8.5.3 Registry - IMACs description

The International Society for Heart and Lung Transplantation (ISHLT) Mechanically Assisted Circulatory
Support (IMACS) Registry includes individual medical hospitals outside the US that have an active
mechanical circulatory support device program. Australian hospitals including SVHS contribute data.
The first IMACS Registry report was published in 2016(160) and included 5,942 patients from 31
countries*®. Since then the 2" Registry Report was published in 2018 (161) and included 14,062

patients from 35 countries.

Table 8-6: Patient demographics and pre-implant characteristics (Jan 2013-Dec 2014)

IMACs patient characteristic No. (%) (N=5,942)
Age, years
19-39 733 (12)
40-59 2,508 (42)
60-79 2,662 (45)
=80 29 (0.6)
Gender
Female 1,250 (21)
Male 4,633 (78)
Unspecified/missing 59 (1)
Device strategy
Bridge to transplant, listed 1,719 (29)
Bridge to candidacy 1,762 (30)
Destination therapy 2,364 (40)
Other (bridge to recovery, rescue, etc.) 97 (1)

Abbreviations: IMACS, International Society for Heart and Lung Transplantation Registry for Mechanically Assisted Circulatory Support
Source:(160)

46 The reporting centres that contributed to IMACS were from INTERMACS, the European Registry for Patients
with Mechanical Circulatory Support (EUROMACS), the Japanese registry for Mechanical Assisted Circulatory
Support (JMACS) and the UK Registry by NHS Blood and Transplant. The EUROMACS registry enrols patients
using MCS from Austria, Azerbaijan, Belarus, Belgium, Czech Republic, Denmark, France, Germany, Greece,
Hungary, Italy, Kazakhstan, Netherlands, Norway, Poland, Spain, Switzerland and Turkey as of 31 December
2016.(242) Participation in the JIMACS is mandatory for device manufactors in Japan. The first Report for IMACS
has now been published with data from June 2010 to April 2015 consisting of 476 patients from 31 hospitals.(80)
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8.5.4 Registry - ANZCOTR description

The Australia and New Zealand Cardiothoracic Organ Transplant Registry (ANZCOTR) is a registry of
Australian and New Zealand patients with heart and or lung transplant data collected since February
1984.(70, 149, 162, 181) The participating units in Australia are The Prince Charles Hospital in Brisbane,
The Alfred Hospital and The Royal Children's Hospital, both in Melbourne, St Vincent’s Hospital in
Sydney (the coordinating centre) and Fiona Stanley Hospital in Perth. Data from New Zealand was
provided from Auckland City Hospital. HTx recipient data include demographics, waiting times, factors

which may affect survival such as blood group, gender, pre-transplant symptom status, and age.

Table 8-7: Recipient and donor details — 1984-2016

Variable Recipients Donors

Age, mean (min-max), years 4517 (1-73) 32.68 (1-66)

Gender, male (%) N=2,596 N=2,684
1,970 (76) 1,818 (68)

State of origin N=2683 N=2685
ACT=46, 1.7%; ACT=62, 2.3%;
NT=5, 0.2%; NT=24, 0.9%;
NSW=811, 30.2%; NSW=684, 25.5%;
QLD=440, 16.4%; QLD=509, 19%;
VIC=672, 25%; VIC=585, 21.8%;
SA=111, 4.1%; SA=250, 9.3%;
WA=212, 7.9%; WA=192, 7.2%;
TAS=68, 2.5%; TAS=50, 1.9%;
NZ=318, 11.9%; NZ=329, 12.3%;

Abbreviations: ACT, Australian Capital Territory; IDCM, idiopathic dilated cardiomyopathy; NSW, New South Wales; NZ, New Zealand; NT,
Northern Territory; QLD, Queensland; SA, South Australia; TAS, Tasmania; VIC, Victoria; WA, Western Australia;
Source: (149)

Table 8-8: Pre-transplant status for HTx recipients (all ages, OHT and HHT) in Australia and NZ

Year 2010 2011 2012 2013 2014 2015 2016 2017 2018
N 76 76 84 86 95 102 124 117 141
NYHA 1% 30 28 46 35 58 50 58 64 82
NYHA V% 7 8 13 7 6 6 1 8 1
Inotropic support % 4 9 2 7 0 3 8 13 7
IABP % 0 1 0 1 0 0 1 1 1
VAD % 28 29 35 4 31 43 43 31 39
TAH % 1 1 1 0 0 0 0 0 1

Abbreviations: IABP, intra-aortic balloon pump; NYHA, New York Heart Association; TAH, total artificial heart; VAD, ventricular assist device.
Source:(70, 149)

8.5.5 Registry - ISHLT description

The International Society for Heart and Lung Transplantation (ISHLT) reports a registry of heart and
lung transplants from 457 heart transplant centres, 253 lung transplant centres and 177 heart-lung
transplant centres from around the world(80, 163). Most of the data are from North America and
Europe. Australia reports to the registry via ANZCOTR. Between 1 July 2015 and 30 June 2016 there

were 4,763 heart transplant performed, of which 4,119 were conducted in adults.(80)
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8.6 Appendix 6: Quality of life extraction from published data

A generic QoL instrument is a tool that can be used across a range of disease areas such as the EuroQol
EQ-5D (EQ-5D).(243) Utility ranges from 0 to 100 and is used to estimate a quality-adjusted life year
(QALY). In addition to generic instruments there are disease specific instruments such as the Kansas
City Cardiomyopathy Questionnaire (KCCQ) (244), with scores ranging from 0 to 100 (higher scores
indicate better QolL). Quality of life captured in MOMENTUM and INTERMACS via EQ-5D-3L domains
does not link to the total score and hence cannot be used to estimate utilities. The EQ-5D-VAS scores

are not preference based and may bias the utility results unlike the total score.

8.6.1 Quality of life in MOMENTUM 3 and INTERMACS

Secondary endpoints of QoL and functional status were measured from baseline to 24 months. There
were no significant differences between the groups for or QoL assessed with the EQ-5D-5L (Table 8-9),
EQ-5D VAS and KCCQ. However, there were improvements from baseline to 6 months in scores for

KCCQ, EQ-5D-5L and EQ-5D VAS, which remained stable from 6 months onwards.

Table 8-9: EQ-5D-5L Total score over time

Centrifugal flow pump Axial-Flow pump
N EQ-5D-5L score N EQ-5D-5L score
Baseline 180 11.2 160 1.4
3 month 162 8.9 146 8.6
6 month 156 8.4 129 8.6
12month 138 8.3 111 8.6
18 month 118 8.3 89 8.6
24 month 112 8.4 81 8.9

Note: p<0.0001 for treatment over time. No statistically significant difference between treatment arms over time (p=0.47).
Source: adapted from Mehra et al. (2018)(245)

In INTERMACS, the EQ-5D-VAS at baseline, 3 months, 6 months, 12 months, 18 months and 24 months
with an improvement from baseline (35) to around 70 from 3 months onwards.(51)
8.7 Appendix 7: Statistical methods for time-to-event analysis

8.7.1 Time-to-event analyses: Cox Proportional Hazard

The Cox Proportional Hazard (CPH) regression model (166) is a simple regression model for time-to-
event data. The hazard is the instantanaeous rate of the event, with explanatory variables xi, x, and
x3 modelled as:

Log{h(t; x1, X2, x3)} = log {ho(t)} + P1 * X1+ B2 * X2+ B3 * x3

Where hO0(t) is the baseline hazard (the hazard for a reference person), and B1 is the log hazard-ratio
(HR) associated with one-unit difference in xi. This additive model on the log-hazard scale corresponds
to a multiplicative model on the hazard scale:

h(t) X1, X2, X3) = ho(t) * HR1X1 * HRZX2 * HR3X3
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One of the central assumptions is the assumption of proportionality, that is, that the hazard ratio
associated with each covariate is constant over time. The proportional hazards assumption is critical
and the methods employed to assess the assumption regarding the distance between the two curves
(should be equidistant). The log-(-log) of the within-group Kaplan-Meier estimator of the survivorship

versus log-time are plotted and if the plot has parallel curves.(167)

8.8 Appendix 8: St. Vincents Hospital Sydney Add Value dataset analyses

8.8.1 Add Value cohort subgroup

Figure 8-2: Add Value, number deaths of patients with LVAD (top) and subgroups (bottom)

Baseline WL (n=77)
||

LVAD no LVAD (n=52;

(n=25;32%) 68%)

= Alive = Alive
(n=14; 56% ) (n=38; 73%)

Died Died
End of study (n=11; 44%) (n=14; 27%)

Baseline WL (n=77)
|
BTC/BTT VAD no HTx HTx only OMM (n=10;
(n=19; 25%) (n—6 8%) n=42; 55%) 13%)
Alive (n=12; Alive (n=2; Alive (n=34; Alive (n=4;
63%) 33%) 81%) 40%)
Died (n=7; Died (n=4 Died (n=8 Died (n=6
End of study 37%) 67%) 19%) 60%)

Abbreviations: BTC, bridge to candidacy; BTT, bridge to transplant; HTx, heart transplant; OMM, optimal medical management; VAD,
ventricular assist device; WL, waiting list

8.8.2 Add Value demographic and prognostic data by subgroup

Table 8-10: Summary table of demographics and prognostic data by treatment strategy at baseline

Characteristics Sub-category BTT/BTC VAD no HTx  HTxonly OMM (n=10) p-valuet
(n=19) (n=6) (n=42)
Sex Male n (%) 13 (68) 5(83) 28 (67) 7(70) ns
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Age (year)

NYHA at baseline

IMACs at baseline

LVEF (%)

Albumin (g/L)

Cardiac Output
(L/min)

Ischaemic Heart
Disease

Biventricular pacing
at baseline

ICD at baseline

IABP at baseline

IV inotropic medicine
at baseline

Female n (%)
Mean (SD)
Median
Min-Max
In (%)

Il n (%)
lln (%)
IVn (%)
Missing
1n (%)
2n (%)
3n (%)
4n (%)
5n (%)

6 n (%)
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Abbreviations: IABP, intra-aortic balloon pump; ICD, Implantable Cardioverter Defibrillator; LVEF, left ventricular ejection fraction (%); min,
minimum; max, maximum; n, number of observations; N, Number of sample; SD, standard deviation.

8.8.3 AddValue demographic and clinical variables tests for normality assumption

Plots to assess normality assumption of variables at baseline are presented in Figure 8-3. The variables

age, albumin and cardiac output are normally distributed; however, left ejection fraction does not

appear to be normally distributed.
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Figure 8-3: Graphical test for normality, histogram and standardized normal probability plot Age at

activation onto waitlist, left ejection fraction, albumin and cardiac output at baseline
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8.8.4 Add Value New York Heart Association analyses

Table 8-11: Change in NYHA between baseline and followup, all patients

4
Inverse Normal

NYHA at follow-up

I I 1] v Total
I 0 0 0 0 0
NYHA at baseline Il 0 5 3 3 11
1] 0 1 20 5 26
v 6 9 1 13 29
Total 6 15 24 21 66

Note: NYHA_1 =71 at baseline and NYHA_2 = 65 at follow-up, cross-tab, whole Add Value sample

Change in NYHA score in subgroups

The cross-tabulations in the subgroups (see Table 8-12 to Table 8-15) have small sample sizes, so
caution should be used when drawing conclusions on the impact of interventions. The variation in
timing of follow-up measurements limits the usefulness of these finding. For patients who received an
LVAD followed by a HTx, there were 15 patients with both baseline and follow-up NYHA data. At
baseline (pre-LVAD) all 15 patients were in NYHA IV; however, at follow-up post-HTx, only 1 patient

was in NYHA IV and the rest had improved.
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Table 8-12: Change in NYHA at baseline and follow-up in HTx recipients bridged with a VAD
NYHA at follow-up

I I 1] v Total
I 0 0 0 0 0
NYHA at baseline |l 0 0 0 0 0
1] 0 0 0 0 0
v 6 8 0 1 15
Total 6 8 0 1 15

tab nyha_1 nyha_2 if lvad==1 & htx_excl==
For LVAD only recipients, 6 patients all started in NYHA IV; however, at follow-up, 2 patients had

improved their status (Table 8-13).

Table 8-13: Change in NYHA at baseline and follow-up in LVAD only
NYHA at follow-up

I I Il v Total
I 0 0 0 0 0
NYHA at baseline Il 0 0 0 0 0
1] 0 0 0 0 0
vV 0 1 1 4 6
Total 0 1 1 4 6
Note: tab nyha_1 nyha_2 if lvad==1 & htx_excl==2
Table 8-14: Change in NYHA at baseline and followup in HTx patients
NYHA at follow-up
I I 1] v Total
I 0 0 0 0 0
NYHA at baseline Il 0 4 3 2 9
1] 0 0 18 2 20
vV 0 0 0 7 7
Total 0 4 21 11 36
Note: tab nyha_1 nyha_2 if lvad==2 & htx_excl==1
Table 8-15: Change in NYHA at baseline and follow-up in OMM patients
NYHA at follow-up
I I 1] v Total
I 0 0 0 0 0
NYHA at baseline Il 0 1 0 1 2
Il 0 1 2 3 6
W% 0 0 0 1 1
Total 0 2 2 5 9

Note: LVAD==2; htx_excl==
8.8.5 Time-to-event - Study entry to LVAD

Table 8-16: Cox Proportional Hazard model — time from waitlist activation to VAD all VAD
Variable Single
Age_act HR: 0.98; p=0.281
Gender HR: 1.12; p=0.798

Note: Breslow method for ties.
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Figure 8-4: KM plots for time from VAD to waitlist activation in BTC patients by gender (left) and HTx
(right)

Time to waitlist activation from VAD receipt Time to waitlist activation from VAD receipt
censor death or studyend

censor death or studyend

1.00
!

Proportion
000 025 050 075 1.00
L
Proportion
0.00 025 050 0.75

\ — —

T T T T T
0 260 460 660 sc')o il oloo 0 200 400 600 800 1000
Time (days) Time (days)

Number at risk Number at risk
gender=0 6 3 2 2 1 1 htx=no 3 1 1 0 0 0
gender=1 12 1 1 0 0 0 htx =yes 15 3 2 2 1 1

htx = yes |

htx = no

gender =0 gender =1 | ‘

Based on Add Value SVHS data, p=ns Based on Add Value SVHS data, p=ns

Table 8-17: Cox Proportional Hazard model — time from VAD to waitlist activation for BTC

Variable Single

Age_act HR: 0.98; p=0.583

Gender HR: 3.12; p=0.103

HTx HR: 1.07; p=0.927
Note: Breslow method for ties.

Figure 8-5: KM plots from waitlist to VAD in BTT by gender (left) and HTx (right)
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Table 8-18: Cox Proportional Hazard model — time from waitlist activation to VAD for BTT

Variable Single

Age_act HR: 0.88; p=0.33
Gender HR: 3.62; p=0.58
HTx HR: 8.93; p=0.23

8.9 Appendix 9: Costs in linked administrative APDC and EDDC from Add
Value

8.9.1 Descriptive statistics for APDC variables

Table 8-19: Descriptive statistics of APDC variables

Variable Options Obs Sample
Demographic variables
Patient identifier AV or PPN 1,983 77 patients
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Variable Options Obs Sample
Age Years 1983  Mean 49.6 (SD 12.18),
Median 51.84 (Min-Max
19.6-73.8)
Sex 1 = male; 2=female; 9 = unspecified. 1,983  1:1,801 (67%)
2: 886 (33%)
9:1 (0.04%)
Hospital variables
Area identifier 15 different area identifiers in the sample. 1,983  X700: 133 (6.71%)
X690, St Vincent's Health Network; X770, Central Coast LHD; X710: 219 (11.05%)
X710, South Western Sydney LHD; X720, South Eastern X720: 160 (8.07%)
Sydney LHD; X730, lllawarra Shoalhaven LHD; X740, Western X730: 26 (1.31%)
Sydney LHD; X750, Nepean Blue Mountains LHD; X760, X740: 193 (9.74%)
Northern Sydney LHD; X770, Central Coast LHD; X800, Hunter X750: 33 (1.66%)
New England LHD; X810, Northern NSW LHD; X820, Mid North X760: 505 (25.48%)
Coast LHD; X830, Southern NSW LHD; X840, Murrumbidgee X770: 149 (7.52%)
LHD; X850, Western NSW LHD X800: 220 (11.1%)
X810: 50 (2.52%)
X820: 39 (1.97%)
X830: 97 (4.89%)
X840: 140 (7.06%)
X850: 17 (0.86%)
X980: 1 (0.05%)
Hospital Type 1=Public hospital, 2=Private hospital 1983  Public 1665 (84%)
Private 318 (16%)
Unit Type on The designation of each bed, in terms of type of care or group 1982
admission of patients, which the patient is accommodated in during his/her
stay in hospital.
1 General-mixed 1: 873 (44.05%)
2 Rehabilitation 2:52 (2.62%)
15 General Intensive Care 15: 8 (0.4%)
17 Emergency Department-Level 3 and Above 17: 462 (23.31%)
19 unknown 19: 32 (1.61%)
25 Hospital in the Home - General 25:5(0.25%)
29 Collaborative Care Service Provider - General 29: 4 (0.2%)
33 Coronary Care 33: 204 (10.29%)
34 High Dependency Care 34:1(0.05%)
39 Same Day Renal Dialysis 39: 114 (5.75%)
46 Medical 46: 24 (1.21%)
47 Surgical 47: 8 (0.4%)
58 Emergency Department - Level 1 and 2 58: 34 (1.72%)
67 Operating Theatre/Recovery 67:2(0.1%)
72 Sleep Disorder (<24 hour care) 72: 4 (0.2%)
75 Same Day Not Elsewhere Classified 75: 13 (0.66%)
76 Transit Lounge 76: 1 (0.05%)
81 Same Day Surgical 81:7(0.35%)
87 Medical Asessment Unit 87:1(0.05%)
99 Lodger / Boarder 99: 133 (6.71%)
Facility Type The category of the facility through which the health service is 1983
delivered.
C Public Hospital, Privately Managed under Contract C: 1(0.05%)
D Private Day Procedure Centre D: 55 (2.77%)
H Public hospital, Recognised (Non-Psych), NSW H: 1659 (83.66%)
M Public Multi-Purpose Service, Admitting Entity M: 6 (0.3%)
P Private hospital, Admitting Entity P: 261 (13.16%)
z Private Sleep Disorder Centre, Admitting Entity Z:1(0.05%)
Facility identifier ~ The specific hospital, nursing home or day procedure centre 1983

reporting the inpatient episode of care.
A208  Royal Prince Alfred
A209  Sacred Heart

A208: 17 (0.86%)
A209: 41 (2.07%)
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Variable Options Obs Sample
A212 St Vincent's - Public A212: 1193 (60.16%)
A237  Concord A237: 5 (0.25%)
B202  Gosford B202: 24 (1.21%)
B206  Wyong B206: 9 (0.45%)
B210  Hornsby B210: 3 (0.15%)
B212  Manly B212: 6 (0.3%)
B214  Mona Vale B214: 10 (0.5%)
B218  Royal North Shore B218: 32 (1.61%)
B224  Ryde B224: 4 (0.2%)
B226  NSCCAHS Acute and Post-acute Centre (APAC) B226: 3 (0.15%)
C208  Prince of Wales C208: 7 (0.35%)
C213 St George C213: 6 (0.3%)
C214  Sutherland C214: 8 (0.4%)
D201 Auburn D201: 3 (0.15%)
D203  Blacktown D203: 10 (0.5%)
D206  Fairfield D206: 3 (0.15%)
D209  Liverpool D209: 24 (1.21%)
D210 Nepean D210: 12 (0.61%)
D215  Campbelltown D215: 24 (1.21%)
D218  Mount Druitt D218: 3 (0.15%)
D224  Westmead (all) D224: 31 (1.56%)
D227  Bankstown/Lidcombe D227: 6 (0.3%)
H201  Ballina H201: 6 (0.3%)
H208  Coffs Harbour H208: 10 (0.5%)
H214  Lismore H214: 4 (0.2%)
H272  Port Macquarie H272: 1 (0.05%)
J216  Tamworth J216: 9 (0.45%)
J225 Manning J225:7 (0.35%)
L201 Bathurst L201: 3 (0.15%)
M215  Tumbarumba M215: 6 (0.3%)
N201 Batemans Bay N201: 11 (0.55%)
N215  Queanbeyan N215; 3 (0.15%)
P202  Bulli P202: 1 (0.05%)
P205  Milton-Ulladulla P205: 1 (0.05%)
P207  Shoalhaven P207: 1 (0.05%)
P211 Shellharbour P211: 1 (0.05%)
PRIV  PRIVATE PRIV: 318 (16.04%)
Q206  Maitland Q206: 3 (0.15%)
Q209  Muswellbrook Q209: 4 (0.2%)
Q211 Newcastle Mater Q211: 2 (0.1%)
Q214  Belmont Q214: 1 (0.05%)
Q216 Scone Scott Memorial Q216: 2 (0.1%)
Q230  John Hunter Q230: 38 (1.92%)
R205  Griffith R205: 14 (0.71%)
R215  Narrandera R215: 12 (0.61%)
R218  Tumut R218: 3 (0.15%)
R219  Wagga Wagga R219: 25 (1.26%)
R221  Cootamundra R221: 13 (0.66%)

Acute Flag Indicates whether or not the patient received the service atan 1983
acute facility. N= 362 (18%)
N = No; Y=yes Y= 1,621 (82%)

Peer Group#’ Facility Peer Grouping 1665

A1
Ala
A1b
A3

Principal Referral
Principal Referral Group A
Principal Referral Group B
Ungrouped Acute

A1: 1166 (70.03%)
Ala: 210 (12.61%)
A1b: 18 (1.08%)
A3: 2 (0.12%)

47 Categorisation of hospitals into groups with similar characteristics (size, location etc. to allow comparisons).
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Variable Options Obs

Sample

B Major Metropolitan or Major Non-Metropolitan
B1 Major Metropolitan

B2 Major Non-Metropolitan

BM Major Metropolitan

BNM Major Non-Metropolitan

C1 District Group 1

C2 District Group 2

D1a Community with surgery

D1b Community without surgery

B: 63 (3.78%)
B1: 30 (1.8%)
B2: 12 (0.72%)
BM: 22 (1.32%)
BNM: 15 (0.9%)
C1: 21 (1.26%)
C2: 29 (1.74%)
D1a: 27 (1.62%)
D1b: 3 (0.18%)

F3 Multi-Purpose Services (current) F3: 6 (0.36%)
F4 Multi-Purpose Services (future) F4: 41 (2.46%)
Local Health X700  Sydney LHD 1982  X700: 133 (6.71%)

District 2010 code X710  South Western Sydney LHD
X720  South Eastern Sydney LHD
X730 llawarra Shoalhaven LHD
X740  Western Sydney LHD
X750  Nepean Blue Mountains LHD
X760  Northern Sydney LHD
X770 Central Coast LHD
X800  Hunter New England LHD
X810  Northern NSW LHD
X820  Mid North Coast LHD
X830  Southern NSW LHD
X840  Murrumbidgee LHD
X850  Western NSW LHD
X980  Australian Capital Territory

X710: 219 (11.05%)
X720: 160 (8.07%)
X730: 26 (1.31%)
X740: 193 (9.74%)
X750: 33 (1.66%)
X760: 505 (25.48%)
X770: 149 (7.52%)
X800: 220 (11.1%)
X810: 50 (2.52%)
X820: 39 (1.97%)
X830: 97 (4.89%)
X840: 140 (7.06%)
X850: 17 (0.86%)
X980: 1 (0.05%)

Referral or Separation

Mode of 1 discharged by hospital 1983  1:1680 (84.72%)
separation 2 discharged at own risk 2:4(0.2%)

5 transferred to other hospital 5:182 (9.18%)

6 died (autopsy) 6: 6 (0.3%)

7 died (no autopsy) 7:13 (0.66%)

8 transferred other accommodation 8:3(0.15%)

9 type change separation 9:6 (0.3%)

10 discharge on leave 10: 6 (0.3%)

11 transferred to palliative care unit/hospice 11: 83 (4.19%)
AR-DRG mode of Private hospitals. Status at separation of person (discharge / 318 1: 39 (12.26%)
separation ~ for transfer / death) and place to which the person is released 4:3(0.94%)
private (where applicable). Mode of separation has been re-coded by 5:1(0.31%)

removing the leading zero from values 0-9. 9: 275 (86.48%)

1 discharged by hospital

4 transferred to psychiatric hospital

5 transferred to other hospital

9 type change separation

Facility transfer The hospital, nursing home or day procedure centre the patient 251
from was transferred from.

A209  Sacred Heart

A212 St Vincent's - Public

B202  Gosford

A209: 55 (21.91%)
A212: 67 (26.69%)
B202: 8 (3.19%)

B206  Wyong B206: 3 (1.2%)
B210  Hornsby B210: 1 (0.4%)
B214  Mona Vale B214: 1 (0.4%)
B218  Royal North Shore B218: 4 (1.59%)
B224  Ryde B224: 1 (0.4%)
B753  Royal Rehabilitation - Weemala Nursing Home B753: 1 (0.4%)
C208  Prince of Wales C208: 4 (1.59%)
C213 St George C213: 1 (0.4%)
C214  Sutherland C214:1(0.4%)
D201 Auburn D201: 1 (0.4%)

239



Variable Options Obs Sample
D203  Blacktown D203: 3 (1.2%)
D206  Fairfield D206: 1 (0.4%)
D209  Liverpool D209: 4 (1.59%)
D215  Campbelltown D215: 3 (1.2%)
D224  Westmead (all) D224: 6 (2.39%)
H201  Ballina H201: 1 (0.4%)
H208  Coffs Harbour H208: 4 (1.59%)
H214  Lismore H214: 1 (0.4%)
J216  Tamworth J216: 3 (1.2%)
J225  Manning J225: 4 (1.59%)
M215  Tumbarumba M215: 3 (1.2%)
N201 Batemans Bay N201: 1 (0.4%)
PRIV Private PRIV: 40 (15.94%)
Q209  Muswellbrook Q209: 2 (0.8%)
Q214  Belmont Q214: 1 (0.4%)
Q216  Scone Scott Memorial Q216: 1 (0.4%)
Q230  John Hunter Q230: 2 (0.8%)
R215  Narrandera R215: 5 (1.99%)
R219  Wagga Wagga R219: 8 (3.19%)
R221  Cootamundra R221:5(1.99%)
T202  Unknown T202: 5 (1.99%)

Facility transferto  The hospital, nursing home or day procedure centre the patient 260
was transferred to.
A209  Sacred Heart A209: 84 (32.31%)
A212 St Vincent's - Public A212: 60 (23.08%)
B202  Gosford B202: 4 (1.54%)
B206  Wyong B206: 1 (0.38%)
B214  Mona Vale B214: 1 (0.38%)
B218  Royal North Shore B218: 4 (1.54%)
C208  Prince of Wales C208: 6 (2.31%)
C213 St George C213: 2 (0.77%)
D206  Fairfield D206: 1 (0.38%)
D209  Liverpool D209: 2 (0.77%)
D210  Nepean D210: 1 (0.38%)
D215  Campbelltown D215: 2 (0.77%)
D224  Westmead (all) D224: 1 (0.38%)
H201  Ballina H201: 1 (0.38%)
H214  Lismore H214: 1 (0.38%)
H222 St Vincent's Rehab Lismore* H222: 1 (0.38%)
L222 St Vincent's Community Hospital L222: 2 (0.77%)
PRIV Private PRIV: 60 (23.08%)
Q211 Newcastle Mater Q211: 1 (0.38%)
Q230  John Hunter Q230: 2 (0.77%)
R215  Narrandera R215: 1 (0.38%)
R218  Tumut R218: 3 (1.15%)
R219  Wagga Wagga R219: 16 (6.15%)
T202  Unknown T202: 2 (0.77%)
T207  Unknown T207: 1 (0.38%)

Contract_status_  An indication whether or not the admitted patient service being 1665

public

provided during this stay in hospital is being performed under a
contractual agreement with another facility or health service.

0 Single Facility Admitted Patient Care 0: 1503 (90.27%)
2 Not a Contract Service Provided at this Facility 2: 66 (3.96%)

3 Full Care Purchased from a Private Facility 3:2(0.12%)

4 Part Care Purchased from a Private Facility 4:5(0.3%)

5 Part Care Obtained from another Public Facility 5:13(0.78%)

7 Part Care Provided for another Public Facility 7:45 (2.7%)

8 Part Care Provided for a Private Facility 8:15(0.9%)

E Unknown E: 8 (0.48%)
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Variable Options Obs Sample
0] Unknown 0:3(0.18%)
P Unknown P: 1 (0.06%)
R Community Residential R: 4 (0.24%)
Contract  status 1 Contract Service Provided at this Facility 318 1:6 (1.89%)
Private 2 Not a Contract Service Provided at this Facility 2:312 (98.11%)
Source of referral ~ The source from which the person was referred to the hospital. 1,983
Source of referral has been re-coded, by adding a leading zero
to values 0-9.
1 Emergency Department 1: 466 (23.5%)
2 Community Health 2:1(0.05%)
3 Outpatients 3: 756 (38.12%)
4 Hospital in same Health Service 4:151 (7.61%)
5 Other Hospital/Day Procedure Centre 5:94 (4.74%)
6 Nursing Home/ Residential Aged Care Facility 6:1(0.05%)
7 Medical Practitioner other than Private Psychiatric 7: 393 (19.82%)
Practice 8: 90 (4.54%)
8 Other Agency 9:6 (0.3%)
9 Type Change Admission 13:1(0.05%)
13 Relative 14: 12 (0.61%)
14 Self 15: 3 (0.15%)
15 Unknown 33: 9 (0.45%)
33 Code unknown
Episode of care
Episode start date  The date on which an admitted patient completes an episode of 1983  Various
care, by either a formal discharge from the hospital or by a
statistical type change to a subsequent episode.
Episode end date  The time on which an admitted patient completes an episode of 1983  Various
care, by either a formal discharge from the hospital or by a
statistical type change to a subsequent episode.
Episode day stay Hours. The number of hours a patient who is admitted and 1983  Mean, 1.6 (2.46), min 0 and
length of stay separated on the same day is admitted to the hospital. 950 if max17
excl.0 Excl. 0 (same-day), mean
3.44 (2.55), min 1 and max
17
Episode length of The number of days the patient spends in the hospital i.e. the 1983  Mean 5.85 (SD 12.56); min
stay number of days between the episode start date and episode end 1 and max 178
date (inclusive) minus the number of leave days i.e. los = 811 if Excl. 1. Mean 12.84, (SD
episode end date —episode start date — leave day. excl 1  17.40); min 2 and max 178.
Cost_weight_a Public hospitals. The estimated value of the relative resource 1665  Various
requirements for a given separation, where the total costs are
calculated based upon the current cost of care standards.
AR-DRG AR-DRG code applied to each episode of care. 1983  Various.
Major Diagnostic 1 Nervous System 1,983  1:51(2.57%)
code 2 Eye 2:18 (0.91%)
3 Ear, Nose and Throat 3:16 (0.81%)
4 Respiratory System 4:116 (5.85%)
5 Circulatory System 5: 863 (43.52%)
6 Digestive System 6: 94 (4.74%)
7 Hepatobiliary System and Pancreas 7:12(0.61%)
8 Musculoskeletal System and Connective Tissues 8:16 (0.81%)
9 Skin, Subcutaneous Tissue and Breast 9:26 (1.31%)
10 Endocrine,Nutritional and Metabolic 10: 18 (0.91%)
11 Kidney and Urinary Tract 11: 167 (8.42%)
12 Male Reproductive System 12:2(0.1%)
13 Female Reproductive System 13:5(0.25%)

14 Pregnancy,Childbirth and the Puerperium

16 Blood & Blood Forming Organs & Immunity

17 Myeloproliferative Disorders & Poorly Differentiated
Neoplasms

14: 3 (0.15%)
16: 17 (0.86%)
17:13 (0.66%)
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Variable Options Obs Sample

18 Infectious and Parasitic Diseases 18: 47 (2.37%)
19 Mental Diseases and Disorders 19:6 (0.3%)

20 Substance Use & Substance Induced Organic Mental 20: 1(0.05%)
Disorders

21 Injury,Poisoning and Toxic Effects of Drugs 21:20 (1.01%)
23 Factors Influencing Health Status & Other Contacts 23: 472 (23.8%)

with Health Services

Clinical Codeset ~ An identifier to identify the current classification scheme a 1983  ICD10V6 =460 (23%)
procedure or diagnosis has been mapped to ICD1-V7= 1,375 (69%)
ICD10V8= 148 (7%)

Note: Major Diagnostic coding has been simplified and does not separated the Pre-MDC codes or ‘unrelated operating room DRGs'.
Abbreviations: SD, standard deviation.

8.9.2 Categorising admissions by VAD or HTx date

Admissions were divided into the following categories for those who received an LVAD and/or HTx; 1)
pre-intervention with two groups; 2) intervention, and 3) post-intervention into three groups. There
were six groups in total for patients who received VAD followed by HTx (‘post-VAD and pre-HTx’), or
no HTx (‘post-VAD no HTx’) and patients who received neither intervention during the study period

(‘OMM’).

Table 8-20: Categorisation of APDC observations

Category No. of patients No. of admissions  Average admissions per patient
Pre-LVAD 25 209 8

Post-LVAD (no-HTx) 5 40 8

Post-LVAD and pre-HTx 19 123 6

Pre-HTx (no LVAD) 42 399 10

Post-HTx (bridged and not bridged) 62 1,068 17

OMM 10 144 14

Abbreviations: HTx, heart transplant, OMM, optimal medical management, VAD, ventricular assist device.
Note: Categorised using episode start date, episode end date from APDC and AR-DRG code A10Z (VAD implant), A05Z (heart transplant)

8.9.3 Estimating the cost of an admission

Admissions were costed using the cost weights for the ARDRG codes as provided by the National
Hospital Cost Data Collection (NHCDC). The cost weight are the estimated value of the relative
resource requirements for a given separation, where the total costs are calculated based upon the
current cost of care standards. Cost groups are split into direct and overhead: imaging, allied health,
pharmacy, critical care, operating rooms, emergency departments, supplies, special procedure suites.
The average component costs consist of prostheses, on-costs, hotel and depreciation. The national
cost weight for the average AR-DRG is equal to 1.00, with more costly AR-DRGs having a cost weight

greater than 1.00 and vice versa.

The AR-DRG codeset for public hospitals was Version 6 (2010/2011). Private admissions (n=318) cost
weights were taken from Round 18 private sector (2013/13) national consolidation cost weight
tables(246). On average, these cost-weights were slightly higher than public cost weights for the same

AR-DRG. The reference cost weight, i.e. cost weight=1.00 in 2015/2016 NHCDC Cost Report for AR-
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DRG version 8.0 was $5,198.70 (2016 Australian dollars)(170). The reference cost ($) was multiplied
to both public and private hospital admissions AR-DRG cost weights. Admission in private hospitals

reported ‘.’ for cost_weight_a (n=49 observations) requiring private sector cost weights.

Table 8-21: Total costs of all admitted patient episodes of care

Obs. Mean SD Median Min Max
Total 1983 $15,465 $40,551 $3,160 $416 $377,020
Public 1665 $15,453 $41,780 $3,062 $416 $377,020
Private 318 $15,525 $33,557 $3,206 $698 $234,754
VAD admission 25 $260,654 $39,552 $245119 $220,185  $377,020
HTx admission 61 $126,333 $54,928 $103,080 $96,379 $355,440

Note: cost weight for VAD is 50.14 and HTx is 24.30.

8.9.4 Urgency and Disposition Group class allocation for ED cost weights

Figure 8-6: Urgency and Disposition Group class allocation for ED cost weights

Is made of Yes Subsequently admitted
separation = 8 or triage category 5
visit type = 10?7

Yes
Is mode of

separation = 67

Did not wait

Is data missing Yes ED only triage category 5
or visit type =
02, 04, 06, 07 or
087

Is mode of Subsequently admitted,
separation = triage category as per
01, 03, 10, 11 triage score

or12?

Is visit type =
01, 03,05 or
og?

ED only, triage category as
per triage score

Source: CHERE Working paper, 2014(179)

8.9.5 Descriptive statistics of EDDC variables

Table 8-22: Summary of EDDC variables, all consented patients

Variable  Options All consented % (N=705)  All admitted % (N=245)
Triage 1 Resuscitation 1=19 (3%) 1=2 (0.8%)
category 2 Emergency 2=179 (25%) 2=44 (18%)
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Variable

Options

All consented % (N=705)

All admitted % (N=245)

3 Urgent

4 Semi urgent
5 Non urgent
U Any or none

3=333 (47%)
4=118 (17%)
5=56 (8%)
U=0

3=87 (36%)
4=73 (30%)
5=39 (16%)
u=0

ED Visit 01 Emergency presentation 01=663 (94%) 01=236 (96%)
Type 02 Return visit - planned 02=4 (0.6%) 02=2 (0.8%)
03 Unplanned return visit for continuing condition ~ 03=5 (0.7%) 03=1(0.4%)
04 Outpatient clinic 04=3 (0.4%) 04=3 (1.2%)
05 Privately referred, non-admitted person 05=1(0.1%) 05=0 (0%)
06 Pre-arranged admission: without ED workup ~ 06=20 (2.8%) 06=0 (0%)
07 Code unknown 07=1(0.1%) 07=1(0.4%)
08 Pre-arranged admission: with ED workup 08=7 (1.0%) 08=1(0.4%)
09 Person in transit 09=0 09=0 (0%)
10 Dead on arrival 10=1(0.1%) 10=1(0.4%)
11 Disaster 11=0 11=0 (0%)
Mode of 1 Admitted: To ward/inpatient unit, not a critical 1 =197 (28%) 1=0
separation  care ward 2 =38 (5.4%) 2=0
2 Admitted and discharged as inpatient within ED 3 =2 (0.3%) 3=0
3 Admitted: Died in ED 4 =225 (31.9%) 4 =225 (92%)
4 Departed: Treatment completed 5=5(0.7%) 5=5(2%)
5 Departed: Transferred to hospital without being  6=7 (1.0%)
admitted to hospital transferred from 7=3 (0.4%) 6=7 (3%)
6 Departed: Did not wait 8=1(0.1%) 7=3 (1%)
7 Departed: Left at own risk 9=4 (0.6%) 8=1(0.4%)
8 Dead on arrival 10=202 (28.7%) 9=4 (1.6%)
9 Departed: For other clinical service location 11=7 (1.0%) 10=0
10  Admitted: To critical care ward (including 12=13 (1.8%) 11=0
HDU/CCUINICU) 13=1(0.1%) 12=0
11 Admitted: Via operating suite 13=0
12 Admitted: Transferred to another hospital
13 Admitted: Left at own risk
8.9.6 Estimating the cost of an ED presentation
Table 8-23: Emergency Department cost weights by Urgency and Disposition Group
udg Urgency and Disposition Group (UDG)  Cost weight  Freq. Percent $ Mean
1 Subsequently Admitted, Triage 1 2.96 15 213 1197.38
2 Subsequently Admitted, Triage 2 1.78 124 17.59 720.06
3 Subsequently Admitted, Triage 3 1.53 209 29.65 618.92
4 Subsequently Admitted, Triage 4 1.33 35 4.96 538.01
5 Subsequently Admitted, Triage 5 0.91 12 1.7 368.11
6 ED Only, Triage 1 1.62 4 0.57 655.32
7 ED Only, Triage 2 1.24 55 7.8 501.60
8 ED Only, Triage 3 1.08 102 14.47 436.88
9 ED Only, Triage 4 0.81 77 10.92 327.66
10 ED Only, Triage 5 0.50 65 9.22 202.26
11 Did not wait 0.18 7 0.99 72.81
Total 705 100
Abbreviations: udg = urgency and disposition group
Source: Table 3; p.18 (171)
Table 8-24: Cost of ED visits, all observations
Obs. Mean Median SD Min Max
Total 705 $529.80 $538.01 $191.13 $72.81 $1,197.38
Subsequently admitted 395 $657.84 $618.92 $130.14 $368.11  $1,197.38
ED only 305 $366.64 $436.88 $118.19 $72.81 $655.32
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It was not possible to discern if the ED visit was linked to the patient’s HF; hence, all visits are included

in the analysis, which may overestimate the costs.

Table 8-25: Number of observations and patients in each hospitalisation group
Patient no. Total Admitted APDC ED only, Obs (Total) Health state

sample  episodes included
Group N Obs Obs Obs Obs
1: pre-VAD 24 301 184 33 217 Wait list
2: intervention-VAD 25 29 26 0 26 Alive with VAD
3:post-VAD and no HTx 4 77 51 5 56 Alive with VAD
4: post-VAD and pre-HTx 18 158 108 20 128 Alive with VAD
5: pre-HTx no VAD 42 616 393 96 489 Wait list
6: intervention HTx 61 104 61 1 62 Alive with HTx
7: post-HTx 56 1207 1019 78 1,097 Alive with HTx
8: omm 10 196 141 12 153 Wait list/ Not eligible
2688 1983 245 2,228

Abbreviations: APDC, Admitted Patient Data Collection; ED, emergency department; HTx, heart transplant, Obs, observation; omm, optimal
medical management; VAD, ventricular assist device

8.9.7 Mean costs in last months of follow-up in those that died vs. those that did not
The final episode of care was higher in those that died compared to those that did not (Figure 8-7).

Figure 8-7: Mean hospitalisations costs in last months of follow-up in patients that died

Mean cost at last follow-up in patients that died
by last month, second last month, third last month and earlier

60,000
1

40,000
1

Mean cost $

20,000
1

dead not dead dead not dead dead not dead dead not dead

last month 2nd last month  3rd last month 4th and later month
Source: Add Value, St Vincent's Hospital Sydney

8.10 Appendix 10: SVHS ‘Mechanical Circulatory Support’ dataset analyses

8.10.1 Variables in MCS dataset

Table 8-26: Demographic, prognostic variables and device details at baseline in MCS Registry
Type Variable
Demographic Age, gender
Prognostic INTERMACS at baseline
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Pre-operative support  Intraortic balloon pump use, Extracorporeal membrane oxygenation and ventilation

Device Type Type of flow, Device, Configuration, indication
Surgical Details Concomitant surgery, RVAD site (if applicable), LVAD outflow
Surgical Outcomes Venopulmonary arterial ECMO post-implant, cause of death

Abbreviations: ECMO, extra-corporeal membrane oxygenation; LVAD, left ventricular assist device; RVAD, Right ventricular assist device.

8.10.2 Mechanical Circulatory Support variable tests for normality

Figure 8-8: Graphical test for normality, histogram and standardized normal probability plot Age at

implant
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8.10.3 Demographics for CF vs. non-CF devices

Table 8-27: Demographic and prognostic variables in MICS — full sample and by CF device

100

Characteristics Sub-category All (n=204) CF (n=161) Non-CF (n=43) p-value2

Sex Male n (%) 162 (79) 128 (80) 34 (79) ns
Female n (%) 42 (21) 17 (20) 9(21)

Age (year) Mean (SD) 50.40 (14.58) 51.76 (14.17) 45.30 (15.09) p<0.01
Median 53.67 54.80 51.00
Min-Max 12.34-75.70 12.34-75.70 12.72 -64.80

IMACs at baseline 1n (%) 68 (33) 49 (30) 19 (44) ns
2n (%) 113 (56) 90 (56) 23 (53)
3n (%) 23 (11) 22 (14) 1(2)

IABP at baseline No n (%) 150 (74) 111 (69) 39 (91) p<0.01
Yes n (%) 54 (26) 50 (31) 4(9)

ECMO at baseline No n (%) 180 (88) 139 (86) 41 (95) ns
Yes n (%) 24 (12) 22 (14) 2 (5)

Ventilation at baseline No n (%) 174 (85) 141 (88) 33 (77) ns
Yes n (%) 30 (15) 20 (12) 10 (23)

Abbreviations: CF, continuous-flow; ECMO, extra-corporeal membrane oxygenation; IABP, intra-aortic balloon pump; IMACS, International

Society for Heart and Lung Transplantation Registry for Mechanically Assisted Circulatory Support; SD, standard deviation

a.Comparison between CF vs. non-CF

Table 8-28: Details of LVAD implant and surgery — included patients

Variable Sub-category Included (n=137)
LVAD Device HVAD n (%) 104 (76)
MVAD n (%) 2(1)
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VentrAssist n (%) 31(23)

Configuration LVAD n (%) 135 (98)
MVAD n (%) 2(1)
Indication BTC n (%) 2(1)
BTT n (%) 127 (93)
Destination n (%) 8 (6)
LVAD outflow Aorta n (%) 134 (98)
Subclavian n (%) 3(2)
Venopulmonary arterial ECMO post-implant Yes n (%) 11 (8)
No n (%) 126 (92)
Outcome Alive on pump n (%) 18 (13)
Transplanted n (%) 77 (56)
Died on pump n (%) 41 (30)

Abbreviations: BTC, bridge to candidacy; BTT, bridge to transplant; ECMO, extra-corporeal membrane oxygenation; HVAD, HeartWare™
HVAD™ System; LVAD, left ventricular assist device; MVAD, HeartWare® Miniaturized Ventricular Assist Device (MVAD®).

8.10.4 Time to event -VAD to death

Figure 8-9: Kaplan-Meier plots of survival for days alive on pump, by Gender (top left), INTERMACS (top
right) and ECMO (bottom left), event death
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Table 8-29: Cox Proportional Hazard Model — VAD to death in MCS

Variable HR; p-value

Age_Impl HR: 1.01; p=0.27
Gender HR: 1.28; p=0.53
ECMO_pre HR: 0.55; p=0.13
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INTERMACS HR: 0.77; p=0.27

Breslow model for ties.
Note: Gender: 1 = male; 2 = female. INTERMACS 1 to 3, with 3 being less severe.

8.11 Appendix 11: SVHS ‘CPR-CHF’ dataset analyses

8.11.1 Time to event - waitlist to HTx in CPR

Table 8-30: Cox Proportional Hazard Model — waitlist to death - CPR

Time to HTx Time to Death
Variable HR; p-value HR; p-value
VAD HR: 0.14; p=0.000 HR: 6.91; p=0.099

8.11.2 Time to event - VAD to HTx with competing risk of death

Table 8-31: Summary statistics of time from VAD to HTx or Death

Time to HTx Failure HTx Failure death
Subjects, n 28 28

Failures, n 4 3

Survival time: 25%, 50%; 75% 744; NE; NE NE; NE; NE
10% remaining at risk; SE (95% CI) 6; 2.98 (0.001, 19) 32; NE (32,368)

Figure 8-10: Kaplan-Meier plots of survival with VAD, event HTx (left) or death (right)
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Figure 8-11: Alive with pump waiting for HTx with competing risk death
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8.12 Appendix 12: Technical appendix for digitisation and extrapolation of
published survival curves

8.12.1 Parameterisation of distributions for extrapolation

The distributions fitted in the model are presented in Table 8-32. In the Weibull model, alpha is the
scale parameter which determines the fitted hazard rate (and hence transition probabilities) are
increasing or decreasing over time. A scale parameter (a or A) > 1 means increasing hazard; o < 1
means decreasing hazards and a = 1 produces a constant hazard which produces a constant hazard
which is equivalent to an exponential model. The beta (B or y) is the shape parameter and determines
the fitted slope of the curve, this is also known as the gamma (y). The Weibull model also nests the

exponential as a special case when gamma = 1 with the formula: tp(t,) = 1 — exp(A(t-p)y-At2y) (200).
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Table 8-32: Distributions

Hazard function Parameter Nonzero initial Nonmonotonic increasing/ Location =~ PH/AFT Notes
hazard decreasing hazard param.
Exponential A A>0 Yes No Rate PH Constant hazard
Weibull Aytrt A > 0 (scale) No No Rate AFT  y > 1, hazard rate monotonically 1
with time.
y > 0 (shape)
y < 1, hazard rate monotonically |
with time.
y = 1, hazard is flat. When y = 0,
Weibull is equivalent to exponential.
- u Hu ime i
Log-normal o(n(t) —5)/at[1 — p(n(t) -5 M (scale) Yes Meanlog AFT Log of evept tllme is normally
o o distributed
o (shape)
Log-logistic [ (ﬁ) (t)ﬁ‘l] t\A a > 0 (scale) Yes Yes Scale AFT Monotonic change followed by
DE e ) |
2\ /l 7) | 8 > 0 (shape) gradual decreasing
Gompertz aelft a > 0 (scale) Yes No Rate PH Monotonically increasing or
$ > 0 (shape) decreasing
Generalised  exp(—In(ot) + In|x| + k™2 In(k™2) + U (scale) Yes Mu AFT
gamma K2 (K * In(t) — g —exp (K * In(t) — o (shape)
g)) —In| T2, ) / S(t) K (sign)

Abbreviations: AFT, accelerated failure time; param; PH, proportional hazards

@ is the cumulative standard normal distribution.
Source: https://cran.r-project.org/web/packages/flexsurv/flexsurv.pdf; http://installers.treeagesoftware.com/treeagepro/PDF/Parameterization-STATA-SAS-R.pdf; (30)
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8.12.2 How to generate survival curves from published Kaplan-Meier curves for the

purpose of extrapolating and use in a Markov model

1. Paste image of published Kaplan-Meier curve into Enguage Digitizer®.

Figure 8-12: Pasted into Enguage Digitizer (left) and published in Kirklin et al. (2017) (right)
IntermC‘cs Interm&cs  Continuous Flow LVAD/BIVAD Implants: 2008 - 2016, n=17633

Bridgs to Transplant Listed and Destination Therapy by Era (n=12150)
Devce Srategy % Suvival sostimolant
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20-
- Figure 9 Kaplan-Meier survival curves, stratified by device
strategy and era. Depiction is as in Figure 3. LVAD, left ventricular
1 1 1 1 L 1 1 1 1 1 1 1 - - - . . . .
o assist device; BiVAD, biventricular assist device.
0 6 1R B 24 30 36 42 48 54 60 66 72

Source: (51)
2. Define axes (0,0; x-axis and y-axis).
3. Click on segment fill and manually click on sections to connect using blue crosshairs.
4. Export data as a csv. Should have x-values and y-values.
5. Create a scatter plot to check against published plot (Figure 8-13). This chart does not report
numbers at risk at various time intervals.

Figure 8-13: Digitised survival curve of INTERMACS Kaplan-Meier data

Continuous flow LVAD/BiVAD implant BTT 2013-2016
n=2839, deaths= 470
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Source: Figure 9, Kirklin 2017(51)

6. The x-values (time) from Engauge Digitizer will not be in discrete months as they when events
occurred. Use the VLOOKUP function in Excel to apply linear interpolation to generate the y
values that correspond to the x (time/month) values in discrete monthly intervals. The

expression in Excel =VLOOKUP(‘column time’,’matrix of x and y values’,’column 2’).
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Figure 8-14: Digitised survival curve from INTERMACS Kaplan-Meier data and linear interpolation

Continous flow LVAD/BIiVAD implant BTT 2013-2016
n=2839, deaths= 470
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Note: digitised from Figure 9, Kirkin 2017(51).

7. Access Hoyle and Henley Excel Excel spreadsheet.(201) The spreadsheet has a built in
template to add in the digitised empirical survival probability in the sheet titled ‘Number
events & censored’. The sheet includes start time from 0 to 18, in 0.75 increments, ensure
that linear interpolation of y-values are for these x-values.

8. Estimated the numbers at risk as they were not reported in the published Kaplan-Meier curve.
Hoyle and Henley Excel spreadsheet recommended the use of Tierney et al. (2007)
spreadsheet.(202) Instructions are: the numbers at risk are not provided, fill in the Start Time
(column B) in worksheet ‘Number events & censored’ and paste the expected numbers of
events and censorships from the Tierney et al. (2007) spreadsheet into columns K and N. In
column H, Number at risk R(t) has available cells to input the number at risk at certain time
points.

9. Using the Tierney et al. (2007) spreadsheet, use the ‘(2a)_Curve_Data’ sheet and add start-
time (3/4 months) as this corresponds with the cells available for data in the Hoyle and Henly
Excel spreadsheet. Add in survival probability at the start of time defined. Add in study size,
e.g. n=2,839 and expected events, e.g. 470 reported from the Kirklin 2017 paper (52). The
published Kaplan-Meier curve reported that there were 470 deaths (event defined as
censored at transplant and device cessation). From the estimated data so far, the total
number of events at the end of 24 months was 446. Therefore, underestimated by 24 deaths
(5.11% difference [(470-446)/470]. Finally, in cell M5 of sheet ‘(2a)_Curve_Data’ reports the
final survival proportion for patients (S((ts) at the end of the study and the corresponding chart.
Chose to fit the first 24 months of data. The Tierney et al. (2007) spreadsheet estimated the

number event-free at start of t, effective no. at risk and effective no. censored (Table 8-33).
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Table 8-33: Estimated number at risk, events and censored from INTERMACS digitised Kaplan-Meier
data using Tierney et al. (2007)

Month Survival prob at Effective number Effective number Effective number of Effective  number
start of t (%) event-free at start of t atrisk duringt events during t censored during t

ts Sr(ts) Rr(ts) Rr(t) Dr(t) Cr(t)
0 100 2839 2795 16 44
0.75 99 2779 2734 0 45
15 99 2734 2688 165 46
2.25 93 2524 2480 0 44
3 93 2480 2436 0 44
3.75 93 2436 2391 0 45
45 93 2391 2345 0 46
5.25 93 2345 2298 76 47
6 90 2222 2175 0 46
6.75 90 2175 2128 0 47
75 90 2128 2080 48 48
8.25 88 2032 1983 0 48
9 88 1983 1934 0 50
9.75 88 1934 1883 0 51
10.5 88 1883 1830 50 52
11.25 86 1780 1728 0 52
12 86 1728 1674 0 54
12.75 86 1674 1618 0 56
13.5 86 1618 1560 0 58
14.25 86 1560 1500 0 60
15 86 1500 1438 50 63
15.75 83 1388 1324 0 63
16.5 83 1324 1258 0 66
17.25 83 1258 1188 0 70
18 83 1188 1114 0 74
18.75 83 1114 1034 0 80
19.5 83 1034 948 0 86
20.25 83 948 853 0 95
21 83 853 747 35 107
21.75 79 712 593 0 119
225 79 593 445 0 148
23.25 79 445 223 6 223
24 77 217 217 0 0.00

10. From the Hoyle and Henley spreadsheet, save the sheet titled ‘R data’ as a CSV (Table 8-34).
Titled ‘VAD survival’. The start_time_event and end_time_event represents the start time and
end time period for the number of events in 0.75 months. The start_time_censor and
end_time_censor represents the time period for the number of censorings in 0.75 month:s.
The method assumed that the maximum end time was 10,000 months meaning that by the
end of the time period, all patients would have been censored.

Table 8-34: The R data from Hoyle and Henley et al. (2011)

start_time_event start_time_censor end_time_event end_time_censor n_events n_censors
0.0001 0.375 0.7499 10000 16 45
0.75 1.125 1.5 10000 0 45
1.5 1.875 225 10000 162 45
2.25 2.625 3 10000 0 45
3 3.375 3.75 10000 0 46
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Note: event is death, censor is alive at time-point

11.

Open R Studio.

12. Parametric model fitting analysis (247) was conducted using the ‘estimated’ patient-level

13.

data. Using the ‘R code’ from Henly and Hoyle to run the model using different functional

forms(201). The choice of the most appropriate survival distribution for long-term projections

was based on the relative goodness-of-fit of these distributions using Akaike’s Information

Criterion (AIC) and Bayesian Information Criterion (BIC), the lower the number the better the

fit.(248) Collect intercept and log_scale which can be used to calculate shape and scale

parameters.

Amend and run the provided R code for exponential distribution. Text with # preceding are

notes. Text in green are specific to the current example. Additional explanatory notes added

from R help documentation.

#set-up dataset
rm(list=Is(all=TRUE))

library(

)

# Update directory name and text file name in line below (make sure directory has two backslashes or one forward slash)

setwd(‘

data<- read.csv('
attach(data)

data

)
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#generating time variables; ¢ function to combine values into a vector or list; rep function to replicate elements of vectors and
lists

times_start <-c( rep(start_time_censor, n_censors), rep(start_time_event, n_events) )
times_end <-¢( rep(end_time_censor, n_censors), rep(end_time_event, n_events) )
# adding times for patients at risk at last time point; at last time point number at risk (not applicable if none at risk)

times_start <- c(times_start, rep( )

times_end <- c(times_end, rep( )

# Step 5. choose exponential function forms (one of 5, see below for code)

model <- survreg(Surv(times_start, times_end, type='interval2’)~1, dist="exponential’) ~ # Exponential function, interval
censoring

# Compare AIC values

n_patients <- sum(n_events) + sum(n_censors)

-2*summary(model)$loglik[1] + 1*2 # AIC for exponential distribution

-2*summary(model)$loglik[1] + 1*log(n_patients) # BIC exponential distribution

intercept <- summary(model)$table[1] # intercept parameter

log_scale <- summary(model)$table[2] # log scale parameter

14. Run code for Weibull distribution.
rm(list=Is(all=TRUE))
library( )
setwd( )
data<- read.csv( )
attach(data)
data
times_start <-c( rep(start_time_censor, n_censors), rep(start_time_event, n_events) )
times_end <-¢( rep(end_time_censor, n_censors), rep(end_time_event, n_events) )
model <- survreg(Surv(times_start, times_end, type='interval2')~1, dist="weibull’) # Weibull function, interval censoring
#it statistics for other functional forms
n_patients <- sum(n_events) + sum(n_censors)
-2*summary(model)$loglik[1] + 2*2 # AIC for 2-parameter distributions
-2*summary(model)$loglik[1] + 2*log(n_patients) # BIC for 2-parameter distributions
# output for the example of the Weibull distribution
lambda <- 1/ (exp(intercept))* (1/exp(log_scale)) # | for Weibull, where S(t) = exp(-It*g)
gamma <- 1/exp(log_scale) # g for Weibull, where S(t) = exp(-It'g)

(1/lambda)*(1/gamma) * gamma(1+1/gamma) # mean time for Weibull distrubtion

15. Run code for lognormal and log-logistic distribution (see below). The function survreg does

not support Gompertz or Generalised Gamma. The function flexsurvreg supports these
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flexible functional forms. Installed new package in R by typing install.packages (‘flexsurv’)

[insert ref: ftp://cran.r-project.org/pub/R/web/packages/flexsurv/flexsurv.pdf].

model <- survreg(Surv(times_start, times_end, type='interval2’)~1, dist="lognormal’) # Lognormal, interval censoring

model <- survreg(Surv(times_start, times_end, type='interval2')~1, dist="loglogistic’) # Loglogistic, interval censoring

16. Present the AIC and BIC to choose the model with the best fit. Lower AIC and BIC is preferable,
intercept, log_scale, parameter 1 and 2 (if applicable). The models for Generalised Gamma
and Gompertz not converging with flexsurvreg in R due to interval censoring. However,
managed to get log-likelihoods and can consequently estimate the AIC and BIC.

Table 8-35: INTERMACS VAD survival for 45 months, fit statistics and parameters for distributions

Weibull Log-normal Log-logistic Exponential  Generalised gamma
Log-likelihood -2487.45 -2499.93 -2509.40 -2497.78 -2481.61
AlC 4978.90 5003.866 5022.814 4997.551 4969.227
BIC 4990.655  5015.619 5034.568 5003.427 4978.98
_cons 4.784 4.368 4214 4.428 4.788
Parameter 1 0.195 0.620 -0.037 4.243 1.696
Parameter 2 0.473

Abbreviations: AIC, Akaike’s information criterion; BIC, Bayesian information criterion.

17. Calculate the transition probability of mortality as a function of time in Excel. PDeath(t) = 1 -
EXP(lambda*(TA"gamma — (T+1)*gamma))“®. Estimate the probability of survival using Weibull
Estimated Survival (S(t) = exp(-lambda*(T*gamma)).(240)

18. Estimating discrete time transition probabilities from instantaneous hazard rates.(200) The
baseline transition probability of the event of interest defined as one minus the ratio of the
survivor function at the end of the interval to the survivor function at the beginning of the
interval(200): tp(t.) = 1 — S(t)/S(t-u) which is equivalent to 1 — exp{H(t-u)-H(t)} where H is the
culmulative hazard function. The extrapolated transition probabilities using the different

distributions were plotted over time (Figure 8-15).

8 https://mbounthavong.com/blog/2018/3/15/generating-survival-curves-from-study-data-an-application-for-
markov-models-part-1-of-2
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Figure 8-15: Extrapolated survival analysis of VAD survival data from INTERMACS(51)

Extrapolated fitted curves of VAD survival from INTERMACS (2013-2016, BTT)
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Abbreviations: BTT, bridge to transplant; KM, Kaplan-Meier.
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8.13 Appendix 12: Markov model inputs

8.13.1 Transition probability Australian Bureau of Statistics Life Table

This life table was used to inform the transitions probabilities for the following health states:

‘Ineligible’ to ‘Death (Other)’

‘Waiting list’ to ‘Death (Other)’

‘Removed’ to ‘Death (Other)’

‘Alive Post-HTx’ to ‘Death (Other)’
‘“Alive Post-VAD’ to ‘Death (Other)’

Table 8-36: Australian Bureau of Statistics Life Table 2015-2017 and Add Value weighted cohort

_Age males females weighted lower upper SE a ]
50 0.00298 0.00184 0.0026 0.003 0.003 0.000 65798 25036101
51 0.00321 0.002 0.0028 0.003 0.003 0.000 71009 25030890
52 0.00347 0.00217 0.0031 0.003 0.003 0.000 76815 25025084
53 0.00378 0.00234 0.0033 0.003 0.003 0.000 83480 25018419
54 0.00412 0.00252 0.0036 0.004 0.004 0.000 90737 25011162
55 0.00448 0.00272 0.0039 0.004 0.004 0.000 98493 25003406
56 0.00486 0.00292 0.0042 0.004 0.004 0.000 106590 24995309
57 0.00527 0.00315 0.0046 0.005 0.005 0.000 115434 24986465
58 0.00573 0.00341 0.0050 0.005 0.005 0.000 125368 24976531
59 0.00622 0.00368 0.0054 0.005 0.005 0.000 135892 24966007
60 0.00676 0.00396 0.0059 0.006 0.006 0.000 147348 24954551
61 0.00732 0.00425 0.0063 0.006 0.006 0.000 159219 24942680
62 0.00792 0.00457 0.0069 0.007 0.007 0.000 172005 24929894
63 0.00857 0.00494 0.0074 0.007 0.007 0.000 186030 24915869
64 0.00929 0.00538 0.0080 0.008 0.008 0.000 201789 24900110
65 0.0101 0.0059 0.0088 0.009 0.009 0.000 219701 24882198
66 0.01099 0.00653 0.0096 0.010 0.010 0.000 239822 24862077
67 0.012 0.00725 0.0105 0.010 0.011 0.000 262675 24839224
68 0.01317 0.00805 0.0115 0.011 0.012 0.000 288858 24813041
69 0.01449 0.00891 0.0127 0.013 0.013 0.000 318037 24783862
70 0.01602 0.00988 0.0140 0.014 0.014 0.000 351607 24750292
71 0.01776 0.01098 0.0155 0.015 0.016 0.000 389706 24712193
72 0.01972 0.01223 0.0172 0.017 0.017 0.000 432636 24669263
73 0.02191 0.01367 0.0192 0.019 0.019 0.000 480848 24621051
74 0.0243 0.0153 0.0213 0.021 0.021 0.000 533803 24568096
75 0.02699 0.01717 0.0236 0.024 0.024 0.000 593539 24508360
76 0.03006 0.01931 0.0264 0.026 0.026 0.000 661581 24440318
77 0.03358 0.02179 0.0295 0.029 0.030 0.000 739564 24362335
78 0.03758 0.02467 0.0330 0.033 0.033 0.000 828346 24273553
79 0.04216 0.028 0.0370 0.037 0.037 0.000 929849 24172050
80 0.04752 0.0319 0.0418 0.042 0.042 0.000 1048121 24053778
81 0.05366 0.03646 0.0472 0.047 0.047 0.000 1183583 23918316
82 0.06054 0.04178 0.0532 0.053 0.053 0.000 1336023 23765876
83 0.06828 0.04793 0.0601 0.060 0.060 0.000 1507571 23594328
84 0.07722 0.05503 0.0679 0.068 0.068 0.000 1704149 23397750
85 0.08735 0.06311 0.0767 0.077 0.077 0.000 1925167 23176732
86 0.09862 0.07221 0.0864 0.086 0.087 0.000 2169397 22932502
87 0.1109 0.08258 0.0970 0.097 0.097 0.000 2435797 22666102
88 0.12427 0.09437 0.1086 0.108 0.109 0.000 2725809 22376090
89 0.13867 0.10778 0.1211 0.121 0.121 0.000 3038909 22062990
90 0.15409 0.1229 0.1344 0.134 0.135 0.000 3374479 21727420
91 0.17078 0.13957 0.1488 0.149 0.149 0.000 3733967 21367932
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92
93
94
95
96
97
98
99
100

0.18851
0.20688
0.22531
0.23916
0.25101
0.26474
0.28313
0.31095
0.34231

0.15789
0.17768
0.19844
0.21042
0.23459
0.25393
0.27387
0.29699
0.31683

0.1639
0.1794
0.1950
0.2056
0.2180
0.2300
0.2444
0.2641
0.2842

0.164
0.179
0.195
0.205
0.218
0.230
0.244
0.264
0.284

0.164
0.180
0.195
0.206
0.218
0.230
0.245
0.264
0.284

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

4113342
4504500
4895314
5161627
5472048
5773551
6134916
6628262
7134206

20988557
20597399
20206585
19940272
19629851
19328348
18966983
18473637
17967693

Note: Australian population in September 2018 N = 2510900(249), weighted from Add Value gender distribution of male (69%): female

(31%)
Source:(203)

8.13.2 Transition probability ‘ineligible’ to VAD’, Add Value

Table 8-37: Add Value, time-to-event ‘ineligible’ to ‘VAD’ BTC, N=18

Month Year Survival % with Trans Lower Upper SE a B
function VAD prob

0 50.00 1.000 0.000 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
1 50.08 0.611 0.389 0.389 0.179 0.623 0.115 6.611 10.389
2 50.17 0.611 0.389 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
3 50.25 0.611 0.389 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
4 50.33 0.500 0.500 0.222 0.065 0.441 0.098 3.777 13.223
5 50.42 0.444 0.556 0.100 0.010 0.276 0.071 1.701 15.299
6 50.50 0.444 0.556 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
7 50.58 0.222 0.778 0.286 0.105 0.514 0.106 4857 12.143
8 50.67 0.222 0.778 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
9 50.75 0.167 0.833 0.067 0.003 0.220 0.059 1.132 15.868
10 50.83 0.167 0.833 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
11 50.92 0.167 0.833 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
12 51.00 0.167 0.833 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
13 51.08 0.167 0.833 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
14 51.17 0.111 0.889 0.063 0.002 0.213 0.057 1.063 15.937
15 51.25 0.111 0.889 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
16 51.33 0.111 0.889 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
17 51.42 0.111 0.889 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
18 51.50 0.111 0.889 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
19 51.58 0.111 0.889 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
20 51.67 0.111 0.889 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
21 51.75 0.111 0.889 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
22 51.83 0.111 0.889 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
23 51.92 0.111 0.889 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
24 52.00 0.111 0.889 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
25 52.08 0.111 0.889 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
26 5217 0.056 0.944 0.059 0.002 0.206 0.055 0.999 16.001
27 52.25 0.056 0.944 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
28 52.33 0.056 0.944 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
29 52.42 0.056 0.944 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
30 52.50 0.056 0.944 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
31 52.58 0.056 0.944 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
32 52.67 0.056 0.944 0.000 0.000 0.000 0.000 #DIVIO!  #DIVIO!
33 52.75 0.056 0.944 0.000 0.000 0.000 0.000 #DIV/O!  #DIV/O!
34 52.83 0.000 1.000 0.056 0.001 0.200 0.054 0.945 16.055
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8.13.3 Transition probability ‘wait list’ to ‘Removed’, CPR

Table 8-38: CardioPulomary Registry, time-to-event — ‘Waitlist’ to ‘Removed’, N = 102

Year Month Survival Function  Trans Prob Lower Upper SE a ]
50.00 0 1 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
50.08 1 0.9699 0.0301 0.01 0.07 0.02 3.04 97.96
50.17 2 0.9583 0.0120 0.00 0.04 0.01 1.21 99.79
50.25 3 0.9583 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
50.33 4 0.9445 0.0144 0.00 0.04 0.01 1.45 99.55
50.42 5 0.9132 0.0331 0.01 0.08 0.02 3.35 97.65
50.50 6 0.9132 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
50.58 7 0.8777 0.0389 0.01 0.08 0.02 3.93 97.07
50.67 8 0.8053 0.0825 0.04 0.14 0.03 8.33 92.67
50.75 9 0.7856 0.0245 0.00 0.06 0.02 247 98.53
50.83 10 0.7638 0.0277 0.01 0.07 0.02 2.80 98.20
50.92 1 0.7188 0.0589 0.02 0.11 0.02 5.95 95.05
51.00 12 0.6708 0.0668 0.03 0.12 0.02 6.74 94.26
51.08 13 0.6201 0.0756 0.03 0.13 0.03 7.63 93.37
51.17 14 0.5366 0.1347 0.08 0.21 0.03 13.60 87.40
51.25 15 0.5366 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
51.33 16 0.5366 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
51.42 17 0477 0.1111 0.06 0.18 0.03 11.22 89.78
51.50 18 0.477 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
51.58 19 0.4452 0.0667 0.03 0.12 0.02 6.73 94.27
51.67 20 0.4452 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
51.75 21 0.4452 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
51.83 22 0.4081 0.0833 0.04 0.14 0.03 8.42 92.58
51.92 23 0.4081 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
52.00 24 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
52.08 25 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
5217 26 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
52.25 27 0.4081 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
52.33 28 0.4081 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
52.42 29 0.4081 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
52.50 30 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
52.58 31 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
52.67 32 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
52.75 33 0.4081 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
52.83 34 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
52.92 35 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
53.00 36 0.4081 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
53.08 37 0.3498 0.1429 0.08 0.22 0.03 14.43 86.57
53.17 38 0.3498 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
53.25 39 0.3498 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
53.33 40 0.3498 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
53.42 41 0.2915 0.1667 0.10 0.24 0.04 16.83 84.17
53.50 42 0.2915 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
53.58 43 0.2915 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
53.67 44 0.2915 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
53.75 45 0.2332 0.2000 0.13 0.28 0.04 20.20 80.80
53.83 46 0.2332 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
53.92 47 0.2332 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
54.00 48 0.2332 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
54.08 49 0.1749 0.2500 0.17 0.34 0.04 25.25 75.75
5417 50 0.1749 0.0000 0.00 0.00 0.00 #DIV/O!  #DIV/O!
54.25 51 0.1166 0.3333 0.25 0.43 0.05 33.67 67.33
54.33 52 0.1166 0.0000 0.00 0.00 0.00 #DIV/0!  #DIV/O!
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8.13.4 Transition probability ‘wait list’ to ‘Alive Post-HTx’, CPR

Table 8-39: CardioPulomary Registry, time-to-event — ‘Waitlist’ to ‘Alive post-HTx’, N = 53

Year Month Survival function % onWL  Trans prob Lower  Upper SE a B
50.00 0 0 1 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
50.08 1 0.120 0.880 0.1202 0.048 0220 0.045 6.250  45.750
5017 2 0.192 0.808 0.0812 0.024 0.168  0.038 4.220  47.780
5025 3 0.273 0.727 0.1013 0.036 0.196 0.041 5267  46.733
50.33 4 0.325 0.675 0.0713 0.019 0.154  0.035 3706  48.294
5042 5 0.389 0.611 0.0939 0.031 0.186  0.040 4.834  47.116
5050 6 0.399 0.601 0.0176 0.000 0.066 0.018 0914  51.086
5058 7 0.432 0.568 0.0537 0.011 0129 0.031 2790  49.210
50.67 8 0.467 0.533 0.0620 0.014 0.141  0.033 3224 48776
50.75 9 0.467 0.533 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
50.83 10 0.505 0.495 0.0721 0.019 0.156  0.036 3.750  48.250
5092 11 0.545 0.455 0.0808 0.024 0.168  0.037 4.200  47.800
51.00 12 0.574 0.426 0.0637 0.015 0.143  0.034 3310  48.690
51.08 13 0.589 0.411 0.0353 0.004 0.099 0025 1.833  50.167
5117 14 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
5125 15 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
5133 16 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
5142 17 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/O! #DIV/O!
5150 18 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/O! #DIV/O!
5158 19 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
5167 20 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
5175 21 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
51.83 22 0.589 0.411 0.0000 0.000 0.000  0.000 #DIV/O! #DIV/O!
5192 23 0.649 0.351 0.1459 0.065 0253 0.048 7585 44415
52.00 24 0.649 0.351 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/O!
52.08 25 0.680 0.320 0.0891 0.029 0179  0.039 4.633  47.367
5217 26 0.680 0.320 0.0000 0.000 0.000  0.000 #DIV/0! #DIV/0!

8.13.5 Transition probability ‘wait list’ to ‘Alive Post-VAD’, Add Value

Table 8-40: Transition probabilities — ‘waiting list’ to ‘Alive post-VAD’ in Add Value, N=7
Year Month Survival % with Trans Lower Upper SE a B

function VAD Prob

0 50.00 1 0 0.000 0 0 0 0 #DIV/0!
1 50.08 0.7143 0.2857 0.286 0.286 0.034 0.668 0.171 1.714
2 50.17 0.5714 0.4286 0.200 0.200 0.010 0.568 0.151 1.200
3 50.25 0.2857 0.7143 0.500 0.500 0.147 0.853 0.189 3.000
4 50.33 0.1429 0.8571 0.500 0.500 0.147 0.853 0.189 2.999
5 50.42 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
6 50.50 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
7 50.58 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
8 50.67 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
9 50.75 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
10 50.83 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
11 50.92 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
12 51.00 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
13 51.08 0.1429 0.8571 0.000 0 0 0 0 #DIV/0!
14 51.17 0 1 1.000 1.0 #DIV/O!  #DIVIO! 0.0 #DIV/0!
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8.13.6 Transition probability ‘VAD’ to ‘Removed’, CPR

Table 8-41: Transition probabilities — ‘Alive Post-VAD’ to ‘Removed’ in CPR, N=28

Year Month Survival %Removed  Trans prob Lower  Upper SE a B
Function

50.00 O 0 1 0 0.00 0.00 0.00 0.00  #DIV/O!
50.08 1 0 1 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5017 2 0.037 0.963 0.037 0.04 0.00 0.13 0.04 1.00
5025 3 0.037 0.963 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5033 4 0.074 0.926 0.039 0.04 0.00 0.14 0.04 1.04
5042 5 0.074 0.926 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5050 6 0.113 0.887 0.042 0.04 0.00 0.14 0.04 113
50.58 7 0.113 0.887 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5067 8 0.113 0.887 0.000 0.00 0.00 0.00 0.00  #DIV/O!
50.75 9 0.190 0.810 0.087 0.09 0.01 0.22 005 235
50.83 10 0.230 0.770 0.050 0.05 0.00 0.16 0.04 1.35
5092 11 0.311 0.689 0.105 0.11 0.02 0.24 006 284
51.00 12 0.352 0.648 0.059 0.06 0.01 0.17 0.04 1.59
51.08 13 0.352 0.648 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5117 14 0.482 0.519 0.200 0.20 0.07 0.37 008 540
5125 15 0.529 0.471 0.091 0.09 0.02 0.22 005 245
5133 16 0.623 0.377 0.200 0.20 0.08 0.37 0.08 540
5142 17 0.623 0.377 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5150 18 0.623 0.377 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5158 19 0.623 0.377 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5167 20 0.717 0.283 0.250 0.25 0.11 043 008 6.75
5175 21 0.717 0.283 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5183 22 0.717 0.283 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5192 23 0.717 0.283 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5200 24 0.717 0.283 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5208 25 0.717 0.283 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5217 26 0.717 0.283 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5225 27 0.811 0.189 0.333 0.33 0.17 0.52 009 899
52.33 28 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5242 29 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5250 30 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5258 31 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
52.67 32 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
52.75 33 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5283 34 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5292 35 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.00 36 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.08 37 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5317 38 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5325 39 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.33 40 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5342 41 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5350 42 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.58 43 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.67 44 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.75 45 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.83 46 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
53.92 47 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
54.00 48 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
54.08 49 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5417 50 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5425 51 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5433 52 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5442 53 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
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5450 54 0.811 0.189 0.000 0.00 0.00 0.00 0.00  #DIV/O!
5458 55 1.000 0.000 1.000 1.00 #DIV/O!  #DIV/0!  0.00  #DIV/O!
8.13.7 Transition probability ‘VAD’ to ‘HTx’, INTERMACS
Table 8-42: Transition probabilities ‘Alive post-VAD’ to ‘Alive - Post HTx’
INTERMACS IMACS MOMENTUM 3 Add Value MCS

Year Month % Trans % Trans % % Trans prob. Trans % Trans %  Trans

prob. prob. centrifugal axial centrifugal prob. prob. prob.

axial

500 0 0 0 0 0 0 0 0 0 0.00 0.00 0.00 0.00
50.1 1 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
50.2 2 003 0.02 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01
50.3 3 005 0.02 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01
50.3 4 0.10 0.05 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.04 0.02
504 5 0.14 0.04 0.09 0.03 0.02 0.05 0.00 0.04 0.00 0.00 0.06 0.02
50.5 6 0.17 0.04 0.09 0.00 0.03 0.06 0.01 0.00 0.08 0.08 0.11 0.05
506 7 021 0.04 047 0.08 0.05 0.07 0.02 0.01 0.12 0.04 0.16 0.06
50.7 8 024 003 0417 0.00 0.06 0.07 0.01 0.01 024 012 020 0.04
508 9 027 0.02 0.21 0.05 0.08 0.10 0.02 0.02 0.24 0.00 0.23 0.03
50.8 10 030 003 024 0.03 0.10 0.11 0.03 0.02 0.24 0.00 0.23 0.00
50.9 11 032 002 026 0.02 0.10 0.12 0.00 0.01 0.24 0.00 0.29 0.06
51.0 12 033 001 028 0.02 0.10 0.12 0.00 0.00 0.32 0.08 0.32 0.03
511 13 035 002 0.28 0.00 0.12 0.14 0.02 0.02 0.36 0.04 0.35 0.03
512 14 038 0.02 0.31 0.03 0.13 0.16  0.01 0.01 0.40 0.04 0.38 0.03
513 15 039 0.01 0.31 0.00 0.14 0.16  0.01 0.00 0.44 0.04 040 0.03
51.3 16 040 001 033 0.02 0.17 0.18 0.03 0.02 0.48 0.04 044 0.03
514 17 042 002 034 0.01 0.17 020 0.00 0.02 0.52 0.04 0.44 0.00
515 18 043 0.01 0.36 0.02 0.17 0.20 0.00 0.00 0.52 0.00 0.44 0.01
516 19 044 001 0.36 0.00 0.17 0.22 0.00 0.02 0.56 0.04 046 0.02
51.7 20 045 0.01 0.39 0.02 0.19 022 0.02 0.00 0.60 0.04 0.48 0.02
51.8 21 046 0.01 0.39 0.00 0.19 024 0.00 0.02 0.60 0.00 0.49 0.01
51.8 22 048 0.01 040 0.01 0.20 024 0.01 0.00 0.64 0.04 0.49 0.00
519 23 048 0.00 040 0.00 0.21 0.24 0.0 0.00 0.64 0.00 050 0.01
520 24 048 0.00 042 0.02 0.21 0.24 0.00 0.00 0.64 0.00 051 0.01
521 25 0.43 0.01 0.64 0.00 052 0.01
522 26 0.44 0.02 0.64 0.00 0.54 0.02
52.3 27 0.44 0.00 0.69 0.05 0.56 0.03
523 28 0.44 0.00 0.69 0.00 0.57 0.01
524 29 0.46 0.02 0.69 0.00 0.60 0.03
525 30 0.46 0.00 0.69 0.00 0.60 0.00
526 31 0.46 0.00 0.69 0.00 0.61 0.01
52.7 32 0.46 0.00 0.69 0.00 0.61 0.00
52.8 33 0.47 0.01 0.69 0.00 0.61 0.00
52.8 34 047 0.00 0.69 0.00 0.61 0.00
529 35 0.49 0.02 0.69 0.00 0.62 0.01
53.0 36 0.49 0.00 0.77 0.08 0.62 0.00
531 37 0.50 0.01 0.77 0.00 0.62 0.00
532 38 0.50 0.00 0.77 0.00 0.62 0.00
53.3 39 0.51 0.01 0.77 0.00 0.62 0.00
53.3 40 0.51 0.00 0.77 0.00 0.62 0.00
534 41 0.52 0.01 0.77 0.00 0.62 0.00
53.5 42 0.52 0.00 0.77 0.00 0.63 0.01
53.6 43 0.52 0.00 0.77 0.00 0.63 0.00
53.7 44 0.52 0.00 0.64 0.01 0.64 0.01
53.8 45 0.53 0.01 0.64 0.00 0.64 0.00
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53.8 46
53.9 47
54.0 48

0.53
0.53
0.53

0.00
0.00
0.00

0.65 0.01

0.65 0.01

0.65 0.00 0.65 0.00
0.65 0.00 0.65 0.00

Source: Digitised from Figure 5, Kirklin 2017(51), Figure A3, Kirklin 2018(161) and S11 Mehra 2018

Table 8-43: Transition probabilities ‘Alive post-VAD’ to ‘Alive - Post HTx’, SVHS MCS, N=137

Year Month % transplanted  Trans Prob Lower  Upper SE a B

5000 O 0.000 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
50.08 1 0.000 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
50.17 2 0.007 0.007 0.000  0.027 0.007 0.993 135.007
50.25 3 0.015 0.007 0.000  0.027 0.007 0.993 135.007
50.33 4 0.037 0.022 0.005 0.053 0.013 3.052 132.948
5042 5 0.060 0.023 0.005 0.054 0.013 3.121 132.879
5050 6 0.106 0.046 0.018  0.087 0.018 6.271 129.729
50.58 7 0.161 0.055 0.023  0.099 0.019 7.488 128.512
50.67 8 0.201 0.040 0.014  0.078 0.017 5.382 130.618
50.75 9 0.233 0.032 0.009  0.067 0.015 4.333 131.667
50.83 10 0.233 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
50.92 11 0.291 0.058 0.026  0.103 0.020 7.954 128.046
51.00 12 0.316 0.025 0.006  0.057 0.013 3.409 132.591
51.08 13 0.350 0.034 0.011  0.070 0.015 4.622 131.378
51.17 14 0.376 0.025 0.006  0.058 0.013 3.467 132.533
51.25 15 0.401 0.025 0.006  0.058 0.013 3.467 132.533
51.33 16 0.436 0.035 0.011  0.071 0.016 4.725 131.275
5142 17 0.436 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
51.50 18 0.445 0.009 0.000  0.030 0.008 1.213 134.787
51.58 19 0.463 0.018 0.003  0.046 0.011 2.462 133.538
51.67 20 0.481 0.018 0.003  0.047 0.011 2.498 133.502
5175 21 0.490 0.009 0.000  0.031 0.008 1.249 134.751
5183 22 0.490 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
51.92 23 0.500 0.009 0.000  0.031 0.008 1.249 134.751
52.00 24 0.509 0.009 0.000  0.031 0.008 1.249 134.751
52.08 25 0.518 0.009 0.000  0.031 0.008 1.249 134.751
5217 26 0.536 0.018 0.003  0.047 0.011 2.498 133.502
52.25 27 0.564 0.028 0.007  0.061 0.014 3.746 132.254
5233 28 0.573 0.009 0.000 0.031 0.008 1.249 134.751
52.42 29 0.601 0.028 0.007  0.061 0.014 3.746 132.254
52.50 30 0.601 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
5258 31 0.610 0.009 0.000  0.031 0.008 1.249 134.751
5267 32 0.610 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
5275 33 0.610 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
52.83 34 0.610 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
52.92 35 0.619 0.009 0.000  0.031 0.008 1.249 134.751
53.00 36 0.619 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
53.08 37 0.619 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
5317 38 0.619 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
53.25 39 0.619 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
53.33 40 0.619 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
53.42 41 0.619 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
5350 42 0.628 0.009 0.000  0.031 0.008 1.249 134.751
53.58 43 0.628 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
53.67 44 0.637 0.009 0.000  0.031 0.008 1.249 134.751
53.75 45 0.637 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
53.83 46 0.647 0.009 0.000  0.031 0.008 1.249 134.751
5392 47 0.647 0.000 0.000  0.000 0.000 #DIV/0! #DIV/O!
5400 48 0.647 0.000 0.000  0.000 0.000 #DIV/0! #DIV/0!
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8.13.8 Transition probability ‘VAD’ to ‘Death’, INTERMACS

Table 8-44: Transition probabilities ‘Alive post-VAD’ to ‘Death’, INTERMACS, base, N=2,839

Year Survival  Trans Lower Upper SE a B Survival
function  Prob MCS (n=137)

50.0 1.00 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 1.000
50.1 0.99 0.0056 0.003 0.009 0.001 16.01 2821.99 0.964
50.2 0.99 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.949
50.3 0.93 0.0613 0.053 0.070 0.005 174.01 2663.99 0.942
50.3 0.93 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.904
50.4 0.93 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.896
50.5 0.90 0.0332 0.027 0.040 0.003 94.29 2743.71 0.873
50.6 0.90 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.842
50.7 0.90 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.842
50.8 0.88 0.0231 0.018 0.029 0.003 65.61 2772.39 0.826
50.8 0.88 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.826
50.9 0.86 0.0275 0.022 0.034 0.003 78.04 2759.96 0.817
51.0 0.86 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.817
511 0.86 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.792
51.2 0.86 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.792
51.3 0.86 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.783
51.3 0.83 0.0348 0.028 0.042 0.003 98.88 2739.12 0.775
514 0.83 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.766
515 0.83 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.766
51.6 0.83 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.766
51.7 0.83 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.766
51.8 0.83 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.748
51.8 0.79 0.0463 0.039 0.054 0.004 131.40 2706.60 0.748
51.9 0.79 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.738
52.0 0.77 0.0250 0.020 0.031 0.003 70.96 2767.04 0.738
521 0.77 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.729
52.2 0.76 0.0132 0.009 0.018 0.002 37.40 2800.60 0.720
52.3 0.76 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.711
52.3 0.74 0.0215 0.017 0.027 0.003 61.12 2776.88 0.702
524 0.74 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.702
525 0.73 0.0144 0.010 0.019 0.002 40.88 2797.12 0.702
52.6 0.73 0.0077 0.005 0.011 0.002 21.82 2816.18 0.702
52.7 0.72 0.0093 0.006 0.013 0.002 26.41 2811.59 0.702
52.8 0.71 0.0125 0.009 0.017 0.002 35.60 2802.40 0.702
52.8 0.7 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.702
52.9 0.70 0.0174 0.013 0.023 0.002 49.47 2788.53 0.702
53.0 0.68 0.0250 0.020 0.031 0.003 71.07 2766.93 0.692
53.1 0.68 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.674
53.2 0.68 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.674
53.3 0.67 0.0140 0.010 0.019 0.002 39.85 2798.15 0.674
53.3 0.67 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O! 0.665
534 0.65 0.0294 0.023 0.036 0.003 83.37 2754.63

53.5 0.65 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O!

53.6 0.65 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O!

53.7 0.64 0.0199 0.015 0.025 0.003 56.40 2781.60

53.8 0.64 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O!

53.8 - 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O!

53.9 0.0000 0.000 0.000 0.000 #DIV/O! #DIV/O!

54.0 - 0.0090% 0.006 0.013 0.002 25.54 2812.46

Source: T (96).(51), SVHS MCS data based on 137 individuals, assumptions as in base case.

Note: Assume post 4 years, annual probability of death is 3% p.a.
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Table 8-45: Transition probabilities ‘Alive post-VAD’ to ‘Death’, INTERMACS, extrapolated, N=2,839

% Generalised
Age  survival Observed Weibull Log-normal Log-logistic  Exponential gamma obs+wei
50.0  100.0%  0.000 0.000 0.000 0.000 0.000 0.000 0.000
50.1  99.4% 0.006 0.019 0.009 0.012 0.012 0.016 0.006
502  99.4% 0.000 0.015 0.015 0.013 0.012 0.016 0.000
503  93.3% 0.061 0.014 0.016 0.013 0.012 0.015 0.061
503  93.3% 0.000 0.013 0.016 0.013 0.012 0.014 0.000
504  93.3% 0.000 0.012 0.015 0.013 0.012 0.013 0.000
505  90.2% 0.033 0.012 0.015 0.013 0.012 0.013 0.033
506  90.2% 0.000 0.011 0.015 0.013 0.012 0.012 0.000
50.7  90.2% 0.000 0.011 0.014 0.013 0.012 0.012 0.000
508  88.2% 0.023 0.011 0.014 0.013 0.012 0.012 0.023
508  88.2% 0.000 0.011 0.013 0.013 0.012 0.011 0.000
509  85.7% 0.027 0.011 0.013 0.012 0.012 0.011 0.027
510 85.7% 0.000 0.010 0.013 0.012 0.012 0.011 0.000
511 85.7% 0.000 0.010 0.012 0.012 0.012 0.010 0.000
512  85.7% 0.000 0.010 0.012 0.012 0.012 0.010 0.000
513  85.7% 0.000 0.010 0.012 0.012 0.012 0.010 0.000
513  827% 0.035 0.010 0.012 0.012 0.012 0.010 0.035
514  827% 0.000 0.010 0.011 0.012 0.012 0.010 0.000
515 827% 0.000 0.010 0.011 0.012 0.012 0.009 0.000
516 827% 0.000 0.010 0.011 0.012 0.012 0.009 0.000
517  827% 0.000 0.009 0.011 0.011 0.012 0.009 0.000
518  82.7% 0.000 0.009 0.010 0.011 0.012 0.009 0.000
518  78.9% 0.046 0.009 0.010 0.011 0.012 0.009 0.046
519  78.9% 0.000 0.009 0.010 0.011 0.012 0.009 0.000
520  76.9% 0.025 0.009 0.010 0.011 0.012 0.009 0.025
521  76.9% 0.000 0.009 0.010 0.011 0.012 0.008 0.009
522  75.9% 0.013 0.009 0.010 0.011 0.012 0.008 0.009
523  75.9% 0.000 0.009 0.009 0.011 0.012 0.008 0.009
523  74.3% 0.022 0.009 0.009 0.011 0.012 0.008 0.009
524  T74.3% 0.000 0.009 0.009 0.010 0.012 0.008 0.009
525 73.2% 0.014 0.009 0.009 0.010 0.012 0.008 0.009
526  72.7% 0.008 0.009 0.009 0.010 0.012 0.008 0.009
527  72.0% 0.009 0.009 0.009 0.010 0.012 0.008 0.009
528 71.1% 0.013 0.009 0.009 0.010 0.012 0.008 0.009
528 71.1% 0.000 0.009 0.008 0.010 0.012 0.008 0.009
529  69.8% 0.017 0.009 0.008 0.010 0.012 0.007 0.009
530 68.1% 0.025 0.008 0.008 0.010 0.012 0.007 0.008
531  68.1% 0.000 0.008 0.008 0.010 0.012 0.007 0.008
532  68.1% 0.000 0.008 0.008 0.010 0.012 0.007 0.008
533  67.1% 0.014 0.008 0.008 0.010 0.012 0.007 0.008
533  67.1% 0.000 0.008 0.008 0.010 0.012 0.007 0.008
534  65.2% 0.029 0.008 0.008 0.009 0.012 0.007 0.008
535  65.2% 0.000 0.008 0.008 0.009 0.012 0.007 0.008
536  65.2% 0.000 0.008 0.008 0.009 0.012 0.007 0.008
53.7  63.9% 0.020 0.008 0.007 0.009 0.012 0.007 0.008
538  63.9% 0.000 0.008 0.007 0.009 0.012 0.007 0.008
538 0.0% 0.000 0.008 0.007 0.009 0.012 0.007 0.008
539  0.0% 0.000 0.008 0.007 0.009 0.012 0.007 0.008
540  0.0% 0.000 0.008 0.007 0.009 0.012 0.007 0.008
541  0.0% 0.000 0.008 0.007 0.009 0.012 0.007 0.008
542  0.0% 0.000 0.008 0.007 0.009 0.012 0.006 0.008
543 0.0% 0.000 0.008 0.007 0.009 0.012 0.006 0.008
543  0.0% 0.000 0.008 0.007 0.009 0.012 0.006 0.008
544  0.0% 0.000 0.008 0.007 0.009 0.012 0.006 0.008
545  0.0% 0.000 0.008 0.007 0.008 0.012 0.006 0.008
546  0.0% 0.000 0.008 0.007 0.008 0.012 0.006 0.008
547  0.0% 0.000 0.008 0.007 0.008 0.012 0.006 0.008
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54.8
54.8
54.9
55.0
55.1
55.2
556.3
55.3
55.4
95.5
55.6
55.7
55.8
55.8
55.9
56.0

0.0%
0.0%
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Source: Digitised from Figure 9, Kirklin 2017

8.13.9 Transition probability ‘HTx' to ‘death’

Figure 8-16: Kaplan-Meier survival post-HTx, bridged with CF-LVAD and not-bridged
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Note: p-value = not significant.
Source: (163)
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Table 8-46: Cutler-ederer survival recipient 50-59 years all hearts (1984 to 2018) in ANZCOTR, N=1,021

Year % Survival % death  Trans prob Lower Upper SE a B

50 100% 0% 0.000 0.000 0.000 0.000 0.00 0.00

51 88% 12% 0.123 0.104 0.144 0.010 12546  894.54
52 85% 15% 0.029 0.019 0.040 0.005 29.08 990.92
53 84% 16% 0.019 0.011 0.028 0.004 19.15 1000.85
54 81% 19% 0.036 0.025 0.048 0.006 36.60 983.40
55 79% 21% 0.019 0.011 0.028 0.004 18.98 1001.02
56 76% 24% 0.037 0.026 0.049 0.006 37.40 982.60
57 73% 27% 0.039 0.028 0.052 0.006 40.16 979.84
58 70% 30% 0.040 0.029 0.052 0.006 40.41 979.59
59 67% 33% 0.041 0.030 0.054 0.006 42.08 977.92
60 64% 36% 0.050 0.038 0.065 0.007 51.45 968.55
61 62% 38% 0.034 0.024 0.046 0.006 35.06 984.94
62 57% 43% 0.074 0.059 0.091 0.008 75.92 944.08
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8.14 Appendix 13: Discrete event simulation inputs

8.14.1 Patient attribute - weight

The frequency of weight from HILDA is presented in Figure 8-17.

Figure 8-17: Frequency of weight distribution in persons aged 15 to 50 years in HILDA

Abbreviations: SCQ = self-completed questionnaire.
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8.14.2 Gompertz distribution for Australian age-related mortality

Mortality was estimated using a Gompertz mortality function (250) using STATA code.* In this
analysis, custom empirical distributions were utilised in AnyLogic for age-related mortality and post-
HTx survival. The implication of not using the Gompertz was that extrapolation over the time horizon
was not possible; however, given ABS data is up to 100 years old this was unlikely to be a problem.

The Gompertz distribution for age-related mortality are presented in Table 8-47 and Figure 8-18.

Table 8-47: Gompertz distribution for age-related mortality for age 50 years and over, by Gender

Male Female
_Cons Shape -6.084982 -6.704759
Parameter_1 Scale 0.1030622 0.1121725

Figure 8-18: Age-related mortality fitted with Gompertz distribution males (left) and females (right)

Age-Specific Mortality and Gompertz Fit Age-Specific Mortality and Gompertz Fit
ABS Males 2015-2017 ABS Females 2015-2017

1 .2.34
L
1.2.34

Hazard
Hazard

observed
Gompertz

observed

Gompertz

0 20 ) 60 80 100 0 20 40 60 80 100
age age
8.14.3 Gompertz distribution for Cutler-Ederer survival curves post-HTx

The Gompertz distribution for HTx survival are presented in Table 8-48 and Figure 8-19Table 8-47,

data was available to 25 years post-HTx from ANZCOTR so not applying Gompertz is unlikely to be a

problem.

Table 8-48: Gompertz distribution for ANZCOTR Cutler-Ederer survival curves aged 50 years and over

All adults
_Cons Shape -3.136763
Parameter_1 Scale .0897521

4 https://data.princeton.edu/eco572/us2002gompertz
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Figure 8-19: Post-HTx survival fitted with Gompertz distribution
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8.14.4 Parameterisation of time-to-event curves for DES

The sample size for the transitions to the ‘Removed’ health states from ‘Alive post-VAD’ and ‘Waiting

List’ were 28 (Table 8-49) and 102 respectively from the SVHS CPR dataset. Due to the small number

of events a custom empirical distribution using the Kaplan-Meier curves were used instead of applying

parametric distributions.

Table 8-49: Parametric distributions of time-to-event ‘Alive post-VAD’ to ‘Removed’

Weibull Log normal  Log logistic Ggamma Exponential  Gompertz
loglikelihood -29.144489 -28.758602  -28.277399 -28.527968  -31.362244 -30.547377
AIC 62.288978 61.517204 60.554798 61.055936 66.724488 65.094754
BIC 64.95338702  64.18161302 63.21920702  63.72034502 69.38889702  67.75916302
_cons -9.706339 6.153376 -6.156123 6.281792 -6.510102 0.0010963
parameter_1 1.496594 0.8194502 0.4446909 0.7543578 0.0007866
parameter_2 0.385898

The parameterisation of the time-to-event transition from ‘Waiting List’ to ‘Removed’ resulted in

poorly fitting curves (Table 8-50). The lowest AIC and BIC was from the generalised gamma model, and

compared to the KM data, there should be a distinct change in rate before Month 4.

Table 8-50: Parametric distributions of time-to-event ‘Waiting List’ to ‘Removed’

Weibull Lognormal  Log logistic Ggamma Exponential  Gompertz
loglikelihood -78.918902  -88.123967 -81.723328 -78.409401  -79.257571 -78.508058
AIC 161.837804 180.247934 167.446656  160.818802  162.515142  161.016116
BIC 167.087749 1854978796  172.6966016 166.0687476 167.7650876  166.2660616
_cons -7.492811 6.545189 -6.438503 6.934593 0.001084 0.0009034
parameter_1 1.103681 1.647176 0.7373046 0.7792934 0.0003714
parameter_2 1.379948
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The parameterisation of ‘Ineligible’ to ‘Alive post-VAD’ or the BTC transition was based on 18 patients
and resulted in poorly fitting curves; the best fit based on visual inspection were Weibull and
Exponential (Table 8-51). Overall, Generalised Gamma produced the lowerst AIC and BIC but did not
fit the data well based on visual inspection; between Weibull and exponential, Weibull had the lower

AIC and BIC. A custom empirical distribution was applied.

Table 8-51: Parametric distributions of time-to-event ‘Ineligible’ to ‘Alive post-VAD’ - BTC

Weibull Log normal _Log logistic  Ggamma Exponential  Gompertz
loglikelihood -34.212 -34.157 -35.043 -34.051 -36.204 -35.320
AIC 72.425 72.314 74.086 72.102 76.408 74.639
BIC 74.206 74.095 75.866 73.883 78.189 76.420
_cons 0.0264 4.309 4375 4.666 0.00489 0.00676
parameter_1 0.7126 1.614 0.988 1.553 -0.00135
parameter_2 0.445

The transition from ‘Alive post-VAD’ to ‘Alive post-HTx’ was based on the 3,642 patients in IMACs
dataset (Table 8-52). A custom empiricial distribution was applied in the cross-validation model. The
lowest AIC and BIC was based on the log-normal distribution and, based on visual inspection, it was a
good fit; however, the AnyLogic software does not support this distribution. Similarly, the log-logistic
model appeared to fit the data well. The exponential model appeared to overestimate the KM data at

every timepoint. Therefore, the sensitivity analysis was based on the Weibull distribution.

Table 8-52: Parametric distributions of time-to-event ‘Alive post-VAD’ to ‘Alive post-HTx’

Weibull Log-normal  Log-logistic Ggamma Exponential  Gompertz
Log-likelihood -2487.45 -2499.93 -2509.40 - -2497.78
AIC 8507.342 8398.988 8456.77 - 8590.098
BIC 8519.742577  8411.388577 8469.170577 - 8602.498577
_cons 3.498827 3.279199 3.232385 - 3.739294
Parameter 1 -0.2856126 0.1423775  -0.428587 - 0.03421975

Parameter 2
Note: Generalised gamma and gompertz distribution would not converge in R.

The parameterisation of ‘Alive post-VAD’ to ‘Death’ transition was based on a sample of 2,839 patients
from INTERMACS Table 8-53. Although the Generalised Gamma distribution had the lowest AIC and
BIC, the Weibull distribution resulted in the best visual fit. The use of Weibull distribution extrapolated
to 6 years was applied in Chapter 5 and in this model was applied in the sensitivity analysis. The base

case model relied on a custom empirical distribution.

Table 8-53: Parametric distributions of time-to-event ‘Alive post-VAD’ to ‘Death’

Weibull Log-normal Log-logistic Ggamma  Exponential  Gompertz
Log-likelihood -2487 .45 -2499.93 -2509.40 248161  -2497.78 -
AIC 4978.90 5003.866 5022.814 4969.227  4997.551
BIC 4990.655 5015.619 5034.568 4978.98 5003.427
_cons 4.783948 4.367869 4.214219 4787800  4.428038
Parameter 1 0.195002 0.620416 -0.036568 1.695500  4.243435
Parameter 2 0.473

Note: Gompertz distribution would not converge in R.
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The parameterisation of ‘Waiting List’ to ‘Alive post-VAD’ was based on a sample of 102 patients from
SVHS CPR Table 8-54. Based on visual inspection, the Weibull, log-normal, log-logistic and generalised
gamma curve appears to overestimate the KM data from Month 5 onwards. Both exponential and
Gompertz overestimate the risk of HTx for the entire period. Therefore, a custom empirical

distribution was applied.

Table 8-54: Parametric distributions of time-to-event ‘Waiting List’ to ‘Alive-Post HTx’

Weibull Log-normal Log-logistic Ggamma Exponential  Gompertz
Log-likelihood -163.73341  -167.972 -162.50336 -163.48736  -179.94041 -162.96537
AIC 331.46682 339.944 329.00672 330.97472 363.88082 329.93074
BIC 336.7167656  345.1939456  334.2566656 336.2246656  369.1307656  335.1806856
_cons -3.731273 5.857969 -5.747179 6.339797 -6.339377985  0.0039453
Parameter 1 0.5762122 2.726135 1.345783 1.890209 -0.0032829
Parameter 2 6.339797

Given the poor fit of the distributions based on the sample size of 7 for the BTT analysis (Table 8-55),
none of the parametric distributions were applied in the sensitivity analysis. A custom empirical

distribution was applied.

Table 8-55: Parametric distributions of time-to-event ‘Waiting List’ to ‘Alive-Post VAD’

Weibull Log-normal  Log-logistic Ggamma Exponential  Gompertz
Log-likelihood -11.444592  -11.12768 -11.248237 -11.122229  -11.518384  -11.367903
AIC 26.889184  26.25536 26.496474 26.244458  27.036768 26.735806
BIC 26.7810043  26.1471803 26.3882943 26.1362783  26.9285883  26.6276263
_cons 0.0163111 3.985076 4.006449 4.052074 0.0097493 0.0120881
Parameter 1 0.8999527 1.186171 0.6827007 1.182725 -0.0018867
Parameter 2 0.1130535

8.14.5 Survival probability Australian Bureau of Statistics Life Table

Table 8-56: Australian Bureau of Statistics Life Table 2015-2017, Add Value weighted cohort for DES

_Age % Death Lower Upper
18 0.000392 0.000384 0.0004
19 0.000436 0.000428 0.000445
20 0.000464 0.000456 0.000472
21 0.000478 0.000469 0.000486
22 0.000491 0.000483 0.0005
23 0.000508 0.0005 0.000517
24 0.000518 0.000509 0.000527
25 0.000528 0.000519 0.000537
26 0.000545 0.000536 0.000554
27 0.000562 0.000553 0.000571
28 0.000586 0.000576 0.000595
29 0.000613 0.000603 0.000622
30 0.00065 0.00064 0.00066
31 0.00069 0.000679 0.0007
32 0.000726 0.000716 0.000737
33 0.000776 0.000765 0.000787
34 0.000823 0.000812 0.000834
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50

0.00088

0.000937
0.000991
0.001055
0.001132
0.001223
0.001327
0.001435
0.001552
0.001672
0.001797
0.001944
0.002095
0.002256
0.00243

0.002621

0.000868
0.000926
0.000979
0.001042
0.001119
0.001209
0.001313
0.00142

0.001537
0.001656
0.00178

0.001927
0.002078
0.002238
0.002411
0.002601

0.000892
0.000949
0.001004
0.001068
0.001146
0.001237
0.001341
0.001449
0.001567
0.001688
0.001813
0.001962
0.002113
0.002275
0.00245

0.002641

Note: Australian population in September 2018 N = 2510900(249), weighted from Add Value gender of male (69%): female (31%)

Source:(203)

8.14.6 Survival probabilities ‘ineligible’ to ‘VAD’, Add Value

Table 8-57: Add Value, time-to-event ‘ineligible’ to ‘VAD’ BTC, N=18

Month % Implant Lower Upper

0 0 0 0

1 0.3889 0.179409 0.623134
2 0.3889 0.179409 0.623134
3 0.3889 0.179409 0.623134
4 0.5 0.272235 0.727765
5 0.5556 0.323103 0.775705
6 0.5556 0.323103 0.775705
7 0.7778 0.559239 0.935012
8 0.7778 0.559239 0.935012
9 0.8333 0.629336 0.964245
10 0.8333 0.629336 0.964245
1 0.8333 0.629336 0.964245
12 0.8333 0.629336 0.964245
13 0.8333 0.629336 0.964245
14 0.8889 0.70743 0.986678
15 0.8889 0.70743 0.986678
16 0.8889 0.70743 0.986678
17 0.8889 0.70743 0.986678
18 0.8889 0.70743 0.986678
19 0.8889 0.70743 0.986678
20 0.8889 0.70743 0.986678
21 0.8889 0.70743 0.986678
22 0.8889 0.70743 0.986678
23 0.8889 0.70743 0.986678
24 0.8889 0.70743 0.986678
25 0.8889 0.70743 0.986678
26 0.9444 0.800201 0.998758
27 0.9444 0.800201 0.998758
28 0.9444 0.800201 0.998758
29 0.9444 0.800201 0.998758
30 0.9444 0.800201 0.998758
31 0.9444 0.800201 0.998758
32 0.9444 0.800201 0.998758
33 0.9444 0.800201 0.998758
34 1 1 1
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8.14.7 Survival probability ‘Waiting list’ to removed, CardioPulmonary Registry

Table 8-58: Waiting List to Remove, n=102

Month % Remove Lower Upper
0 0 0 0

1 0.0301 0.0064 0.0710
2 0.0417 0.0121 0.0882
3 0.0417 0.0121 0.0882
4 0.0555 0.0200 0.1075
5 0.0868 0.0404 0.1486
6 0.0868 0.0404 0.1486
7 0.1223 0.0662 0.1925
8 0.1947 0.1239 0.2769
9 0.2144 0.1404 0.2991
10 0.2362 0.1590 0.3233
11 0.2812 0.1983 0.3723
12 0.3292 0.2414 0.4234
13 0.3799 0.2882 0.4761
14 0.4634 0.3675 0.5607
15 0.4634 0.3675 0.5607
16 0.4634 0.3675 0.5607
17 0.5230 0.4258 0.6193
18 0.5230 0.4258 0.6193
19 0.5548 0.4575 0.6500
20 0.5548 0.4575 0.6500
21 0.5548 0.4575 0.6500
22 0.5919 0.4950 0.6853
23 0.5919 0.4950 0.6853
24 0.5919 0.4950 0.6853
25 0.5919 0.4950 0.6853
26 0.5919 0.4950 0.6853
27 0.5919 0.4950 0.6853
28 0.5919 0.4950 0.6853
29 0.5919 0.4950 0.6853
30 0.5919 0.4950 0.6853
31 0.5919 0.4950 0.6853
32 0.5919 0.4950 0.6853
33 0.5919 0.4950 0.6853
34 0.5919 0.4950 0.6853
35 0.5919 0.4950 0.6853
36 0.5919 0.4950 0.6853
37 0.6502 0.5551 0.7397
38 0.6502 0.5551 0.7397
39 0.6502 0.5551 0.7397
40 0.6502 0.5551 0.7397
41 0.7085 0.6166 0.7925
42 0.7085 0.6166 0.7925
43 0.7085 0.6166 0.7925
44 0.7085 0.6166 0.7925
45 0.7668 0.6800 0.8436
46 0.7668 0.6800 0.8436
47 0.7668 0.6800 0.8436
48 0.7668 0.6800 0.8436
49 0.8251 0.7456 0.8924
50 0.8251 0.7456 0.8924
51 0.8834 0.8144 0.9381
52 0.8834 0.8144 0.9381
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8.14.8 Survival probability ‘wait list’ to ‘Alive Post-VAD’, Add Value

Table 8-59: Waiting List to VAD, n=7

Month %Implant Lower Upper
0 0 0 0
1 0.2857 0.033985 0.66814
2 0.4286 0.101231 0.800241
3 0.7143 0.33186 0.966015
4 0.8571 0.513777 0.997479
5 0.8571 0.513777 0.997479
6 0.8571 0.513777 0.997479
7 0.8571 0.513777 0.997479
8 0.8571 0.513777 0.997479
9 0.8571 0.513777 0.997479
10 0.8571 0.513777 0.997479
1 0.8571 0.513777 0.997479
12 0.8571 0.513777 0.997479
13 0.8571 0.513777 0.997479
14 1 1 1

8.14.9 Survival probability ‘wait list’ to ‘Alive Post-HTx’, CPR

Table 8-60: Waiting List to Heart Transplant, n=53
Month %Transplant Lower Upper
0 0 0 0
1 0.120202 0.047508 0.220359
2 0.191599 0.097711 0.307892
3 0.273475 0.162424 0.401018
4 0.325249 0.206139 0.457091
5 0.388622 0.262051 0.523312
6 0.399365 0.271177 0.534297
7 0.431595 0.301323 0.566855
8 0.466833 0.334298 0.601786
9 0.466833 0.334298 0.601786
10 0.505283 0.371055 0.639126
1 0.545241 0.410106 0.677078
12 0.574192 0.438948 0.704027
13 0.589203 0.454088 0.717816
14 0.589203 0.454088 0.717816
15 0.589203 0.454088 0.717816
16 0.589203 0.454088 0.717816
17 0.589203 0.454088 0.717816
18 0.589203 0.454088 0.717816
19 0.589203 0.454088 0.717816
20 0.589203 0.454088 0.717816
21 0.589203 0.454088 0.717816
22 0.589203 0.454088 0.717816
23 0.649125 0.515831 0.771553
24 0.649125 0.515831 0.771553
25 0.680389 0.548924 0.798712
26 0.680389 0.548924 0.798712
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8.14.10Survival probability ‘VAD’ to ‘Remove’, CardioPulmonary Registry

Table 8-61: VAD to Remove, n= 28

Month % Remove Lower Upper

0 0 0 0

1 0 0 0

2 0.037 0.000969 0.132202
3 0.037 0.000969 0.132202
4 0.0741 0.009464 0.19641
5 0.0741 0.009464 0.19641
6 0.1127 0.025205 0.253538
7 0.1127 0.025205 0.253538
8 0.1127 0.025205 0.253538
9 0.1898 0.068452 0.354379
10 0.2303 0.095266 0.403024
11 0.3113 0.154806 0.494245
12 0.3519 0.187093 0.537484
13 0.3519 0.187093 0.537484
14 0.4815 0.299289 0.666309
15 0.5286 0.343261 0.709922
16 0.6229 0.436409 0.792143
17 0.6229 0.436409 0.792143
18 0.6229 0.436409 0.792143
19 0.6229 0.436409 0.792143
20 0.7172 0.537043 0.866936
21 0.7172 0.537043 0.866936
22 0.7172 0.537043 0.866936
23 0.7172 0.537043 0.866936
24 0.7172 0.537043 0.866936
25 0.7172 0.537043 0.866936
26 0.7172 0.537043 0.866936
27 0.8114 0.6471 0.932306
28 0.8114 0.6471 0.932306
29 0.8114 0.6471 0.932306
30 0.8114 0.6471 0.932306
31 0.8114 0.6471 0.932306
32 0.8114 0.6471 0.932306
33 0.8114 0.6471 0.932306
34 0.8114 0.6471 0.932306
35 0.8114 0.6471 0.932306
36 0.8114 0.6471 0.932306
37 0.8114 0.6471 0.932306
38 0.8114 0.6471 0.932306
39 0.8114 0.6471 0.932306
40 0.8114 0.6471 0.932306
41 0.8114 0.6471 0.932306
42 0.8114 0.6471 0.932306
43 0.8114 0.6471 0.932306
44 0.8114 0.6471 0.932306
45 0.8114 0.6471 0.932306
46 0.8114 0.6471 0.932306
47 0.8114 0.6471 0.932306
48 0.8114 0.6471 0.932306
49 0.8114 0.6471 0.932306
50 0.8114 0.6471 0.932306
51 0.8114 0.6471 0.932306
52 0.8114 0.6471 0.932306
53 0.8114 0.6471 0.932306
54 0.8114 0.6471 0.932306
55 1 1 1
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8.14.11Survival probability ‘VAD’ to ‘HTx, INTERMACS

Table 8-62: VAD to HTx, n=3642

Month % Transplant Lower Upper
0 0.00 0.00 0.00
1 0.00 0.00 0.01
2 0.02 0.02 0.02
3 0.02 0.02 0.02
4 0.05 0.05 0.06
5 0.09 0.08 0.10
6 0.09 0.08 0.10
7 0.17 0.16 0.18
8 0.17 0.16 0.18
9 0.21 0.20 0.23
10 0.24 0.23 0.26
11 0.26 0.25 0.27
12 0.28 0.27 0.30
13 0.28 0.27 0.30
14 0.31 0.30 0.33
15 0.31 0.30 0.33
16 0.33 0.32 0.35
17 0.34 0.33 0.36
18 0.36 0.35 0.38
19 0.36 0.35 0.38
20 0.39 0.37 0.40
21 0.39 0.37 0.40
22 0.40 0.38 0.41
23 0.40 0.38 0.41
24 042 0.40 043
25 043 0.41 0.44
26 0.44 043 0.46
27 0.44 043 0.46
28 0.44 043 0.46
29 0.46 0.44 047
30 0.46 0.44 047
31 0.46 0.45 0.48
32 0.46 0.45 0.48
33 047 0.46 0.49
34 047 0.46 0.49
35 0.49 0.48 0.51
36 0.49 0.48 0.51
37 0.50 0.48 0.52
38 0.50 0.48 0.52
39 0.51 0.49 0.53
40 0.51 0.49 0.53
41 0.52 0.50 0.53
42 0.52 0.50 0.53
43 0.52 0.50 0.53
44 0.52 0.51 0.54
45 0.53 0.52 0.55
46 0.53 0.52 0.55
47 0.53 0.52 0.55
48 0.53 0.52 0.55
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