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Abstract

Background: Treating refractory cardiogenic shock (RCS) adult patients with extracorporeal
membrane oxygenation (ECMO) consumes considerable resources with questionable effec-
tiveness. By assessing microcirculatory system of individual patients, a new health care tech-
nology oxygen delivery index (ODIN) may aid to increase the efficacy and efficiency of the
costly ECMO treatment. The aim of this thesis was to build a conceptual framework for
ECMO treatment that can be used to approach the early health technology assessment

(HTA) of ODIN for RCS adult patients during ECMO treatment.

Method: A decision tree and a Markov model have been utilized to construct the conceptual
model. It has been revised at every stage of the model development by systematic literature
review and experts’ opinion. After finalizing the conceptual model, suggestions for defining
and obtaining parameter data and assumptions about how ODIN might affect parameter

estimates were concluded using basic economic evaluation knowledge and experts’ opinion.

Result: The conceptual model consists of a decision tree and a Markov model. It starts with a
decision tree with the RCS patients receiving the ECMO treatment for the first time. There
are four clinical responses: total or partial recovery, receiving more durable mechanical
heart pump assistance, receiving heart transplant and death. The distribution of the re-
sponses was assumed to be affected by age, the clinical causes for receiving ECMO. All the
patients who survived the therapy entered the Markov model. It included four described
health states: the first remission, the relapse, the second remission, and death. Patients with
different clinical responses have different transition probabilities in every health state. The
key estimation parameters were: state cost, state utility, transition probability and discount-

ing rate.

Conclusion: The conceptual frame developed in this thesis can be used to do early HTA of
ODIN when more data become available. The conceptual model can also be used to guide
the personalized care of ODIN and ECMO and to develop more specific and customized

models for solving more problems.
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Chapter 1

Introduction

Cardiogenic shock is the severest acute heart failure. Cardiogenic shock patients who are
refractory to conventional treatments are usually critically ill. Some are treated with extra-
corporeal membrane oxygenation (ECMQO), a temporary artificial heart and lung machine
which mechanically circulates the blood from a patient’s body [1,2]. However, Refractory
cardiogenic shock (RCS) patients who are treated with the ECMO face high risk of mortality
and fatal complications [1]. The clinical benefits of the ECMO treatment are controversial
and not rigorously proven. Additionally, the ECMO treatment requires considerable
healthcare resources in the form of personnel, blood products and specialized locations. The
ECMO treatment can be very costly with questionable effectiveness to treat RCS adult pa-
tients. Patients’ selections for the ECMO (i.e. inclusion of the “right” patients who are most
likely to benefit from the ECMO) by monitoring individual patients become more and more

important in order to offer more cost-effective approaches to use the costly ECMO [2].

Current clinical monitoring techniques are limited and not capable of yielding reliable overall
prognostic information. It is a challenge to monitor the irreversible damage to circulatory
system soon after the ECMO therapy is started. Patients who have normal monitoring pa-
rameters with current monitoring tools often end up with fatal consequences after lengthy
ECMO therapy, the average length of time on ECMO is about 10 days [2]. Compared with
existing methods, more reliable diagnosis and prognosis may be made by monitoring the
microcirculatory system, i.e. the transportation system of oxygen to the cells of the body [2,
3, 4]. By assessing the important microcirculatory system of individual patients, we can make
the best use of the ECMO and conventional treatments while decreasing the total cost of

overuse of ECMO and other futile therapy.

However, monitoring the microcirculation is a novel tool and not proven routinely in clinical
practice due to the monitoring complexity, lack of applicable technologies and key opinion

leaders’ knowledge. Oxygen delivery index (ODIN) is a new health technology that could
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make it possible to routinely assess the microcirculatory system of individual patients in clin-
ical practice in the future to yield more favorable clinical outcomes for patients, and to bet-

ter guide informed decisions and tailored therapies when utilizing the ECMO as a treatment

[2].

The objective of this master thesis was to build a conceptual framework to guide and sup-
port the early health technology assessment of the ODIN to analyze whether using the ODIN
and the ECMO together to support the treatment of refractory cardiogenic shock adult pa-
tients is cost-effective alternative compared to using the ECMO only. To achieve this objec-

tive, a conceptual model for the ECMO treatment was built.

There is limited good quality data and publications about clinical and economic facts of
ECMO treatment. Only two randomized controlled clinical trials to analyze the prognostic
value of microvascular assessments in patients treated with ECMO have been done. Only
one trial’s results are published. The trial only includes eight patients [3]. In addition, the
ECMO treatment is difficult to study in a randomized controlled trial. Because the refractory
cardiogenic shock adult patients are very ill and the decision to use the ECMO is usually
made instantaneously, which makes it almost impossible to do research-specific procedures
like randomization or informed consent [5]. This might be one of the reasons why only a few
clinical or economic evaluation papers to assess the treatment of ECMO for cardiogenic
shock adult patients were found during the systematic literature review. There is also very
little information about the clinical pathway of current ECMO treatment, which makes it
difficult to conceptualize the model. Therefore, at present, limited relevant and reliable data
is available about the effectiveness and no previous relevant models are available to be used
in economic evaluation to check the impact that the ODIN might have on the effectiveness

and cost of the ECMO treatment.

The quality of data significantly affects the model’s credibility, so as we cannot compromise
the credibility of the model by adding the data with questionable quality. Even though the
data, especially key parameters such as effectiveness of the intervention and diagnostic fea-
tures, are key elements of a model, the conceptual framework of the health technology
analysis model should be determined by the decision problem and research question instead

of data availability or quality [6].



Furthermore, even though models play an important role in economic evaluation, it has
been noted that the economic evaluation papers rarely report the model’s structure, how
and why the model is built in a particular way and what influence it has on the final results of
the model. The development of their models in many healthcare economic papers might be
hardest to undertake and least well understood [7, 8]. Most of the economic evaluation
studies only focus on presenting the implementation of the final model with statistical analy-
sis and technical evaluation methods. The readers commonly have little understanding of
the credibility of the model because of lack of systematic reports and transparency, i.e. why
certain parameters were selected for inclusion (and why others have been excluded), why
and how the model structure has been determined etc [9]. “Models should be subjected to
rigorous verification. The verification methods should be described in the non-technical doc-
umentation of the model.” [10 p798]. So, another objective of this thesis is to give a system-
atical and detailed report of the development and verification of the conceptual model, so
its credibility and validation can be checked and the results of the future health technology

assessment of ODIN based on this conceptual model will be more reliable.

To my knowledge, this might be the first conceptual model for decision analytic modelling
for the ECMO treatment in adult patients with refractory cardiogenic shock. | am not aware
of any published conceptual models for VA-ECMO treatment for adult patients. Even though
most of the data is not available, we can design the conceptual model based on the research
problem itself, and then later we can use the model to guide the collection of data [11]. The
conceptual model can be beneficial as guidance to select and collect appropriate evidence-
based clinical and economic data for estimating benefits, costs and transitional probability
for populating the model. In addition, since a large scale of economic studies are trial-based
economic evaluation, the conceptual model might have reference value for clinical research-
ers to design randomized clinical trials which are very important to generate medical evi-

dence for the evaluation of healthcare interventions and medical development.

Furthermore, conceptual model encompasses more general and complex evidence. When
doing health technology assessment of the ODIN technology, the future researchers and
policymakers can use the conceptual model as a reference or a foundation to construct
more customized model for different specific modalities, settings and subpopulation. They

can also do heterogeneity analysis which can guide personalized healthcare for individual



patients, which the ODIN is associated with. Besides, the results of economic evaluation
hinge on the model whose structure is determined by its chosen perspective, choice of pa-
rameters, data collection etc. If a new health intervention was not considered cost-effective,
we can check each element of the economic evaluation, especially the model, to find the
major cause in order to provide a foundation to the future development of the technology
and concept. Therefore, a conceptual model which represents the reality with important
relevant factors included can not only be useful for economic evaluation but also for the

development of the new healthcare intervention like the ODIN technology.

Therefore, the conceptual model for the ECMO treatment developed and discussed in this
paper will assist public health experts, future researchers and policy-makers to perform eco-
nomic evaluation of the ODIN technology and ECMO treatment, and support developers’
decision about further development and assessment of this new medical technology, when

more data become available.

The master thesis consists of seven chapters.

The second chapter is background which elaborated important medical and economic evi-

dences such as cardiogenic shock, ECMO, microcirculation and ODIN.

The third chapter is method which explained in detail of the steps and methods that were

taken to develop this conceptual framework.

The fourth chapter discussed the results in detail, which presented and explained the con-
ceptual model and how it is developed, and what we can do to define certain parameters

and collect data or assign value to them.

The fifth chapter is discussion mainly about what the early health technology assessment of
the ODIN concept could achieve by populating the model when more data become available,
and how the conceptual model could serve for guiding the personalized healthcare and how

it could be modified to become more customized model for more specific problems.

The six chapter describes the limitations of the conceptual model.

The final chapter is the conclusion.



Chapter 2

Background

2.1 Cardiogenic shock and extracorporeal membrane oxygenation
(ECMO)

Acute heart failure is defined as a quick onset or worsening of symptoms and signs of heart
failure, which can be either a new-onset heart disease or an acute decompensation of chron-
ic heart failure [12]. The most severe form of acute heart failure is cardiogenic shock. It is
commonly defined as a condition with low cardia output, sustained hypotension and organ
hypoperfusion [2, 13-15]. It is a grave cardiac dysfunction. Even though less than 10 percent
acute heart failure patients fulfill the criteria of cardiogenic shock, the average in-hospital
mortality rates of the cardiogenic shock patients can be as high as 40% to 50% [16, 17, 18].

The mortality rate can reach to about 100%, if without proper and timely treatment [2].

The conventional treatment for cardiogenic shock is based on pharmacological therapy. It
can optimize heart rhythm and contractility, adjust intravascular blood volume and pressure.
[2, 19]. If the low cardia output and hypotension persists with adequate pharmacological
and volume treatments, a short-term mechanical circulatory support (MCS) can be used to
stabilize the patients to gain more time to plan more definitive therapy, such as longer term

MCS and heart transplant [2, 12].

Extracorporeal membrane oxygenation (ECMO) is a form of short-term MCS. It’s a mechani-
cal technology to temporarily support or replace the heart and lung function [2, 12]. There
are two forms of ECMO: veno-arterial (VA) ECMO and veno-venous (VV) ECMO. VV-ECOM is
used to treat respiratory failure only and do not provide cardia support. VA-ECMO is used to
treat acute heart failure and its corresponding lung failure [2, 20, 21]. The VA-ECMO uses
extracorporeal technique to mechanically circulate the blood from a patient’s body [12]. The
blood is drained from the central vein before reaching the right side of the heart (right atri-
um) into an extracorporeal circuit. The blood stream then passes through a mechanical

pump (artificial heart) and a membrane oxygenator (artificial lung) and is returned into the



body though a large artery. The blood pump creates the driving force for the circulation. The
membrane oxygenator removes the carbon dioxide from the blood and adds oxygen into it

[2]. This process is presented in diagram 1 and 2.

Gy
A
-

Diagram 1: VA-ECMO [22 p1].
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Diagram 2: VA-ECMO system [23 p1].



Cardiogenic shock is the most common indication to use the VA-ECMO. When patients who
have cardiogenic shock are refractory to conventional pharmacological therapy, the VA-
ECMO treatment can be considered to provide temporary mechanical cardiopulmonary sup-
port [2, 19]. The ECMO treatment usually lasts for up to one or two weeks until recovery of
the heart function or death because of irreversible end organ failure [2, 12]. It also works as
a “bridge to decision’ (BTD) to give time to do an assessment for the possibility of either a

more durable MCS device or heart transplant [12].

Over the recent years, the ECMO technology has made progression and it became more
commonly used to treat critically ill patients suffering from refractory cardiogenic shock. [2]
However, the clinical outcome of the ECMO treatment is poor with severe complication and

the costs of the ECMO treatment is quite high.

In a study of the use of ECMO for post cardiotomy heart failure (heart failure following open
heart surgery) in 517 patients 63% were successfully weaned from ECMO, but only 25% of
patients were discharged from the hospital alive [24]. Cumulative survivors were only 17.6%
after 6 months, 16.5% after 1 year, and 13.7% after 5 years [24]. Other studies reported that
the average survival rate among patients who received the VA ECMO ranged from 20% to
30%, which means about one of three cardiogenic shock patients can survive from ECMO

treatment [1, 21].

In addition, many patients using ECMO experienced severe complications including life-
threatening bleedings, end organ failure (e.g. renal failure) and neurological injury (e.g.
stroke) [2, 24, 25]. And, the VA ECMO usually has more complications than the VV-ECMO
and adult patients generally have more complications than the children do [1]. So, tempo-
rary MCS like ECMO is not recommended as a proven and efficacious treatment option for

cardiogenic shock by official guidelines [9].

Further, the ECMO treatment is a resources-demanding procedure. The average of total in-
hospital costs of ECMO treatment can be within the range from USD 42554 to 537554 in
2013 values [6]. In Norway, the estimated average total hospital costs were USD 213246 and
the mean estimated cost for the ECMO procedure itself was USD 73122 in 2007 values, and
the cost of the VA-ECMO treatment for an individual adult patient could be more than USD

400000, and the average cost of the VA-ECMO treatment for adult patients was about USD



235000[27]. The personnel costs contributed to the largest part of totally cost, since the
ECMO treatment is a complicated procedure that is not easy to implement, which need addi-
tional resources and an experienced clinical team including physicians, perfusionists and

nurses [26, 27].

Furthermore, most patients with heart failure are elderly patients. They account for 80% of
total heart failure patients [28]. One of the dominant reasons of hospitalization in patients
above the age of 65 years is the acute heart failure and thereby there is an increasing risk for
individuals over 65 years old to get cardiogenic shock [28]. Just like many other European
countries, Norway also faces an ageing population with increasing number of elderly citizens.
More than 1/4 of inhabitants older than 67 years will be expected in 1/3 of Norwegian mu-
nicipalities in 2030, and One of five people in Norway will be 70 years or older in 2060 [29,
30]. Therefore, the demand for using the expensive ECMO is expected to increase in the

years to come.

The ECMO treatment might continue being a large consumption of healthcare resources.
Therefore, it is important to use the VA-ECMO treatment in a cost-effective way. Patient
selections is important since some patients might have better chance to survive after the
ECMO treatment [15]. Techniques for patient monitoring during the ECMO treatment play
important role for patient selection, which can optimize the outcome for the individual pa-

tient and thereby might make the ECMO treatment become more cost-effective.

The outcomes of cardiogenic shock patients who are treated with the support of ECMO is
determined by three elements. The first one is how skilled and experienced the ECMO team
is. The second is how good is the level of resources and support from other hospital, includ-
ing supports from the blood bank, infections medicine department, etc. The third is how sick
the patient is the moment he or she receive the support of ECMO [2, 32]. Currently, the se-
verity of the heart failure and the accompanying circulatory failure of a cardiogenic shock
patients is assessed by the medical history and findings during examination, including as-
sessments of blood pressures(hemodynamics), biochemical examinations of blood samples,
and specialized examinations with ultrasound and radiological techniques [2, 26]. However,
even with the best equipment and supports handled by a very experienced and skilled ECMO

team, the mortality rate of the ECMO treatment is still very high [2]. An explanation can be



that the information (such as blood pressures, biochemical examinations, etc) detected by
the current monitoring devices used for selection of patients cannot precisely represent the
true medical condition of the patients under the ECMO treatment and thereby cannot assess
the efficacy of the treatment [2]. Therefore, patients with normal monitoring parameters
detected by current monitoring devices may still die. A more precise monitoring device
might offer more reliable parameters to guide the use of the ECMO treatment in a more

cost-effective way.

2.2 Microcirculation and Oxygen Delivery Index
Microcirculation is the circulation of the blood in the smallest vessels in organ tissues [2,33].

The main function of the microcirculation is the delivery of oxygen and nutrients for the me-
tabolism of the cells in the body [2,33]. Macrocirculation, in contrast, is the circulation of

blood among the organs [33].

Cardiogenic shock causes damage in both microcirculatory and macrocirculatory system. It
leads to reduced blood flow to the end organs and accordingly reduced blood supply to the
microcirculation within organs [2]. The ECMO technology is used to improve the macrocircu-
latory function. The current devices used routinely in clinical practice can only monitoring
the macrocirculatory system. Even with the normal monitoring parameters like blood pres-
sure and cardiac output, the patients still die on the ECMO treatment. Maybe because the
hemodynamic situation in the macrocirculation and microcirculation is not always coherent,
that is to say, improvement or stabilization in macrocirculaiton in the ECMO treatments can-
not guarantee an equal improvement in microcirculation [2,3,4]. And without a proper mi-
crocirculatory function, oxygen delivery for cell metabolism will be reduced, and cells func-
tion will deteriorate and eventually cells may die, leading to insufficient organ functions, and

death of the patient [2].

Even though monitoring microcirculation might be more effective to assist the treatment
and improve the clinical outcome of critically ill patients and to help allocate the healthcare
resource in a more appropriate way, so far, no medical devices for direct assessments of the
microcirculatory function is available for routine intensive care medicine [2]. The complexity

of structure and lack of applicable technologies were the reasons [34].



Recently, a new technology, Oxygen Delivery Index, might have the potential to provide an
assessment of the microcirculatory system of individual patients for bedside use [35]. It can
be used to quantify the function of the microcirculatory system, make a prognosis of the
condition of the patient (whether the dysfunction of the circulatory system is reversible or
not), and to quantify and thereby assess the efficacy of the current treatments [2,35]. The
ODIN technology mainly comprises two technological platforms. The first part is the Micro-
vascular Laboratory, mLab (see picture 1). It is a noninvasive bedside technology to collect
microcirculatory data, which can be done by trained clinical or technical personnel. Then the
mlLab software automatically encrypts and transfers the data to the second part of the ODIN
technology, the Central Laboratory, cLab (see picture 2). It can conduct advanced analysis
and assessment of the function of microcirculatory system of the individual patients by ex-

tracting a series of parameters from the data sent from the mLab. [35]

Picture 1: The Microvascular Laboratory, mLab, for getting data of microcirculatory system

bed side. [35]
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Picture 2: The Central Laboratory, cLab, for analyzing and assessing of the data from mLab to

extract a set of parameters that can be used to evaluate the microcirculatory system. [35]

By assessing the microcirculation, the ODIN might be a very useful technological device
which might be used routinely in clinical practice for the first time to assist individual pa-
tients’ management. However, ODIN is a new technology that is under development.
Whether it is a cost-effective way to improve the efficacy of the ECMO treatment for RCS
adult patients, we can find out the answer by doing early health technology assessment

(HTA).

2.3 The research objective

The objective of this master thesis was to develop a conceptual framework to guide the early
HTA of the ODIN by building a conceptual model for ECMO treatment and giving suggestions
about how to obtain important parameter estimates. When more data become available, by
following this conceptual framework we will be able to populate the conceptual model to do
early HTA more quickly to check what the impact that the ODIN will have on the efficacy and

cost of the ECMO treatment for refractory cardiogenic shock patients.
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Chapter 3

Method

Two steps are involved in building this conceptual framework to guide the early health tech-

nology assessment of the ODIN when more important parameter data become available.

The first and the more important step is to build a conceptual model. To prepare for popu-
lating the conceptual model to do the early HTA of the ODIN technology in the future, the
second step is to discuss how we can collect data to estimate the value of important param-
eters (such as cost, utility and transition probability, discounting rate,), and how the ODIN

can affect those parameter estimates by using basic economic evaluation knowledge.

3.1 Early health technology assessment (early HTA)

Early HTA plays an important role in development and diffusion of a new healthcare inter-
vention [36]. Research and development (R&D) for a new health technology is expensive.
Early HTA can be conducted along with phase | and Il clinical trials to help design randomized

clinical trial, guide market access and set acceptable price [37].

There are many definitions of early HTA. But early HTA is most frequently defined as a form
of HTA to assess the potential cost-effectiveness of the new health technology under devel-
opment and clinical assessment before its implementation in clinical practice by using the
frame work of economic evaluation [36]. Early stage health economic modelling is the most
common method to conduct early HTA. Other methods, such as headroom analysis and
stakeholder preference elicitation and multicriteria decision analysis also need be taken into
consideration when doing an early HTA. Headroom analysis can discover the highest price of
the technology based on the willingness to pay thresholds. Stake holder preference elicita-
tion and multicriteria decision analysis can be used to estimate value for certain parameters,
such as transition probabilities and effectiveness in health economic model [36]. All these

three methods are within the framework of economic evaluation.
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3.2 Economic evaluation

Economic evaluation represents a comparative analysis of at least two health interventions
by assessing the costs and benefits of the different health interventions. Healthcare re-
sources are limited; thus, we need make decisions about allocating the resources by priori-
tizing the implementation of available healthcare interventions in order to maximize the
health of the society while taken equity into consideration [11]. Economic evaluation pro-
vides a systematic framework to analyze the effectiveness and costs of healthcare interven-
tions in order to offer information for decision makers to assess whether implementation of

an intervention will be cost-effective utilization of the scare health resource [38].

Randomized clinical trials can provide good source of evidence for economic evaluation. It
captures patient-level data. This data can identify patient heterogeneity, quantify the covari-
ance between costs and effectiveness, and be reliable foundation to build and extrapolate
models [61]. Trials can also help to guide economists to decide what types of resource use
and information of effectiveness should be collected [61]. And the cost for adding an eco-
nomic evaluation alongside a randomized clinical trial is relatively low [61]. However, eco-
nomic evaluations that is only based on randomized clinical trials have certain weakness.
Because most trials contain limited comparisons, short follow up and limited information to
evaluate the dynamics in the health system. Even longest and largest clinical trial cannot
offer all the important evidence needed to do economic evaluation [61]. So, the decision
models that not only include relevant evidence and options from all existing trials but also
from published studies, surveys, and other sources are preferable for economic evaluation

[11].

Decision model is a schematic way to represent of all the clinical and economic evidence of a
decision problem [11]. Economic evaluation focuses on expected costs and effects, and un-
certainty in them [11]. Therefore, most models that are commonly used in economic evalua-
tion are cohort models that offer mathematical approaches to capture the experience of the
average patients. They usually contain decision alternatives, clinical and economic conse-
guences and its sequence, and the likelihood of each consequence. The most common types

of cohort models are the decision tree and the Markov model [11].
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The decision tree usually consists of three main components. The first part is decision nodes,
which is usually at the start of a tree and enumerates alternative options [11]. The second
part is the chance nodes which indicate the possible consequences of a certain alternative
option [11]. And the third part is the pathways which are mutually exclusive sequent conse-
guences and the routes in the tree [11]. Each pathway has a certain probability which repre-

sents the likelihood of the alternatives and consequences [11].

For recurring remitting disease over a long time, a decision tree is not enough to reflect the
complexity of the reality. The Markov model can be used to capture the larger number of
possible consequences over a longer period [11]. It comprises several mutually exclusive
health states and their transition probabilities, under the assumption that all patients in the

same state having the same cost, the same utility and the same transition probabilities [11].

Cost in economic analysis is usually referred to opportunity cost: the benefit lost by giving up
using those resources when using its best alternative instead [38]. Before collecting the data
of cost, what type of perspective that the economic evaluation is based on can decide what
type of resources is important to the study. Usually there are two types of perspective:
healthcare payer perspective and societal perspective. When the societal perspective is cho-
sen, all resource, including direct and indirect costs within and outside health care field,
need to put into consideration. While the health care payer’s perspective will only consider
the direct healthcare costs which usually indicate in-hospital costs [40]. Direct costs include
health care resources which usually contain staffing, consumables (e.g., drugs), overheads
(e.g., administration, heat, light, cleaning which are usually shared by more than one pro-
gram), capital (e.g. buildings and equipment), related services such ambulance services (e.g.
for accident and emergency), etc. Indirect costs commonly consist of lost productivity due to
morbidity (i.e. the days off work due to illness), premature mortality (i.e. foregone earnings
due to early death. Societal perspective can be controversial. For example, the early death

can also reduce health service costs) and other costs external to health services [38].

How to define and quantify the health benefits is important for economic evaluation. To
decide in what way health outcomes should be measured can directly determine what kind
of economic evaluation will be used to assess healthcare intervention [9]. There are general-

ly three types of economic evaluation: cost effectiveness analysis (CEA), cost utility analysis
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(CUA) and cost benefit analysis (CBA). CEA usually measures clinical outcomes in “natural
units” such as life years gained that is usually based on survival results from studies, disabil-
ity days avoided, or cases detected, etc. CUA’s consequences are usually measured in terms
of preference-based measures of health that can combine quality of life with quantity of life
(duration), such as quality adjusted life years (QALY) or disability adjusted life years. CUA is
usually considered as a special case of CEA. CBA’s consequences are commonly valued in
monetary units [9]. For this conceptual framework we choose quality adjusted life year to
represent the state utilities, so the CUA will be used to do the economic evaluation when

more data is available.

When we have the results of the costs and effectiveness of the new intervention and its
comparator, we can measure the cost effectiveness by using the incremental cost-
effectiveness ratio (ICER), where the incremental costs (cost of the new health technology
minus the cost of the comparator that is usually the current best practice) is divided by the
incremental effectiveness (effectiveness of the new health technology minus the effective-

ness of the comparator) [10]:

Cost of the new intervention—Cost of the comparator
Effectiveness of the new intevention—Ef fectiveness of the comparator

ICER=

the incremental cost

" the incremental ef fectiveness

Then we place the results of the ICER in the cost-effectiveness plane (it is presented in Figure
1), where the y-axis represents the incremental costs of the intervention under study and x-
axis represents the incremental effectiveness. If the ICER is in the south-east quadrant, it
means the new health intervention has higher effectiveness and lower cost, which means it
dominates the comparator intervention and should be chosen by the decision maker. If the
ICER falls in the north-west quadrant, it means the new intervention has lower effectiveness
with higher cost, which will not be recommended to be used. If the ICER is in other two
guadrants, decision maker might choose the intervention that has higher effectiveness with
acceptably higher cost or the intervention that has lower costs with slightly lower effective-
ness. The willingness to pay (WTP) threshold is usually used to represent the highest value of
cost that the decision maker willing to pay for one additional year in perfect health (the ef-

fectiveness). If the ICER of the new intervention (it can be presented as the slope of the
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straight line from the origin that passes through the point: the incremental effectiveness, the
incremental cost.) is less than the acceptable threshold ratio (WTP threshold), the new

treatment can be adopted by the decision maker [10].

Cost difference

L

WTP threshold

New intervention is New intervention is
more costly and more costly but

less effective moré effective
« (the incremental effectivenss, the incremental cost)

-

Effectiveness difference  +

New intervention is
less-costly but less
effective

New intervention is
less costly and
more effective

Figure 1: Cost effectiveness plane

All the outcomes, cost and effectiveness/utility, that have been discussed above for doing
cost effectiveness analysis are expected value of outcomes, which is the sum of the out-

comes of each consequence weighted by the probabilities of that consequence.

n
Expected cost = Z(cost)k(probability)k
k=1

n
Expected effectiveness = Z (ef fectiveness), (probability);
k=1
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Probabilities represent the likelihood of an event occurring in the future which affect the
health and costs of a health intervention. It can be shown as the proportion of homogenous
patient cohorts expected to experience the event [11]. One of the most critical part of tran-
sition probability is to present how much time passes until an event occurs, i.e. the time
spent in a certain health states, for example how long it lasts for refractory cardiogenic
shock patients to stay in remission until their next relapse, how it affects the patient’s sur-
vival if the patients stay in a certain state for a longer time, how the patients’ heterogeneity
can affect the time to events. We need to find out whether the transition probabilities vary
according to the time [11]. There are generally two types of time dependency in transition
probabilities in Markov models. One is probabilities that vary according to time in model
where transition probabilities differs as the cohort ages. Another type is probabilities which
change in line with the time a patient staying in a certain health state. To model a medical
process where the current event will affect the future event, we can add more states to the
model (too simplified model usually cannot reflect the time to event) and to add time de-
pendency into transition probabilities [11]. We can estimate the relationship between the
transition probability and time by obtaining patient-level data which usually come from clini-
cal trial and cohort study with records of the time to one or more events for each patient by
doing survival analysis or we can get the information directly from performed and published

survival analysis [11].

Since many choices based on different sources and assumptions must be made to structure
a model, every economic evaluation will contain some degree of uncertainty. One of the
most important requirements for economic evaluation for decision making is to demon-
strate the uncertainty in the available evidence and how it affects the decision uncertainty.
[11]. Sensitivity analysis is a popular way to capture the uncertainty in the results of econom-
ic evaluations and to inform the impact of structural choices, which also helps to generalize
the evaluation to other settings [10]. One-way simple sensitivity analysis (univariate analy-
sis), multiway simple sensitivity analysis (scenario analysis) and probabilistic sensitivity anal-
ysis are commonly used in economic evaluation. When more data become available for this
conceptual model, we can perform heterogeneity analysis to gain insight into how the re-
sults vary according to the variation of patients’ characteristics. We can also do probabilistic

sensitivity analysis by assigning certain probability distributions (usually including beta, di-
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richlet, gamma, and the normal distribution) to certain type of parameters to check the ef-
fect of variations in parameter values on the cost effectiveness results [38]. And with a large
sample of outcomes created by probabilistic sensitivity analysis, we can create a cost-
effectiveness acceptability curves which can help to inform different stakeholders which
healthcare intervention is most probably cost-effective under different willingness to pay
thresholds. Probabilistic sensitivity analysis can also be used to find out the expected value

of perfect information [11].

3.3 Conceptualize the model

A conceptual model needs adequately to capture all the key factors of a disease history and
interventions’ impact on the cost, effectiveness and other outcomes [11]. However, it is im-
possible to build a model that include all aspects of the treatment. Model is a simplified rep-
resentation of the reality. The simplification and abstraction of the model makes it possible
to observe the complex clinical real-world phenomenon. However, too simplified model af-
fects the model’s transparency which means to which extent that interested parties can re-
view the structure, equations, parameter values, and assumptions of a model [41]. Besides,
it affects face validity that means to which extent that an expert in relative field can confirm
that a model including its assumption and application reflects current science and evidence
[41]. Therefore, it leads to potentially wrong and misleading results about the cost effective-
ness of certain healthcare intervention [11]. Credibility is always more important compared
to simplicity [42]. “Failure to account for the complexities of the decision problem may result
in the development of models which are mathematically sophisticated but contextually na-
ive.” [43 p.6]. The conceptual model should display a certain degree of complexity to guaran-
tee the credibility and keep the face validity to clinical expert, and can be further developed

with more complexity to be used by policy makers for solving many problems [44].

According to “Conceptualizing a model a report of the ISPOR-SMDM modeling good research
practices task force—2” and Briggs’s book about decision modelling for health economic
evaluation, the development and construction of this conceptual model generally consists of

two parts [11, 44].
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The first part is to conceptualize the research problem. It is done by first gaining knowledge
of specific disease and health care intervention, such as refractory cardiogenic shock treated
by ECMO and their specific clinical and economic characteristics. Afterwards, the infor-
mation was transferred to represent the specific research problem and capture the key fac-
tors of the research problem. By doing this part, we can define the specific disease spec-
trum, the relevant analytic perspective, the target population, the alternative interventions
including the new technology, the health outcomes, and how the costs and health outcomes
can be expressed, and the time horizon, etc. [44]. The second part is to build the conceptual
model by making the certain analytic model with their specific characteristics and attributes
to meet the requirements of the research problem. [3, 44] For example, by doing the first
part, | identified that certain characteristics, such as age, different causes of refractory cardi-
ogenic shock, might have significant impact on the outcomes of ECMO treatment, so in the
second part, | incorporated those factors in the conceptual model. Both parts have been

revisited and modified in every stage of the model development.

It is usually not common to build a decision analytic model by gathering relevant medical
and economic evidence from a single source. Evidence to inform their parameters are neces-
sary in all decision analytic models, such as disease natural history and certain clinical
events, resource utilization, treatment effects including health-related quality of life, survival
and other time-to-event outcomes, and transitional probabilities. However, which parame-
ters should be considered as relevant and important factor and how these parameters
should be presented is very important evidence as well. Building a model requires to make
many choices about what type of factors should be included in the model and how they are
related to one another. Developing a useful mathematical decision analytic models need not
only mathematical ability but also ability to capture the complexity of the process of the dis-
ease and to make choices to translating the understanding of complexity into the credible
conceptual and mathematical model [45]. Those choices include choices about which events
and their sequences, health states should be put into the model’s structure, about which the
intervention and its comparators, and about which evidence sources can be used to inform
the model parameters, etc. Choices about what is relevant to the decision problem are usu-

ally based on subject judgements and limited evidence, which can be wrong because of ab-

19



sence of perfect information. So, the choices have close relation on the model’s credibility

and interpretation [45].

To make well-informed choices to develop a credible and valid conceptual model for the
ECMO treatment for adult patients in refractory cardiogenic shock, systematic literature re-
view and consultation with experts to gain more professional medical and economic opinion
by meetings and emails were performed. As more information and evidence gathered
through literature review, emails and meetings with experts, different choices were made at
every stage during the process of the model development. The detailed process of the con-

ceptual model development can be seen in the flow chart in Figure 2.
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Investigate the decision problem by systematic literature review and
experts’ opinion via meetings and emails

onstruct the first draft of the conceputal model based on evidences
from published studies, clinical guidelines, opinion from one clinical
expert and one economic expert

Present and discuss the first draft of the conceptual model in a meeting
with three experts

Revising the first draft of the model by systematic literature review and
feedbacks from the meeting.

Send the second draft of the conceptual model to the three experts via
emails

Revising the second draft of the model based on more systematic
literature review and feedbacks from the experts via emails.

Final conceptual model

Figure 2: the flow chart of the development and construction process of the conceptual mod-

el

The first draft of the model was made during March 2018 by incorporate all the evidence |
gathered through literature review and discussion with a clinical expert and a health econo-
mist via meetings and emails. Then | presented the first draft to the experts in April 2018
during a meeting. Afterwards | revised the first draft based on the opinions from the experts
and more literature review. Then | sent the second draft to the experts by emails and revised

it based on their feedbacks and more literature reviews to get the final conceptual model.
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3.4 Gather information of relevant evidence

3.4.1 Literature review
A literature review was conducted to assist the construction and development of the con-

ceptual model for refractory cardiogenic shock adult patients treated by ECMO. All the tar-
geted literature searches were conducted online in search engine Google. The literature
Searches were conducted during the period from January 2018 to April 2018. Only articles
published in English language in the past 15 years (2003—2018) were selected into the litera-

ture review.

The literature search strategies can be divided into two parts: the clinical/medical part and
the economic part, and they are developed and modified timely to meet the needs to offer
adequate information to build the conceptual model. For clinical part, search terms such as
“acute heart failure”, “cardiogenic shock”, “ECMO”, “microcirculation”, “macrocirculation”,
“oxygen delivery index” , “ProECMO” and the different combination of them have been used
in order to gain more understanding of the cardiogenic shock disease, microcirculation, the
ECMO treatment and the ODIN by searching for clinical guidelines and medical literatures,
and to identify the existing treatment pathways of refractory cardiogenic shock by obtaining
available real world evidence in clinical studies and reviews. For the economic part, search
terms such as “ECMO cost effectiveness”, “ECMO cost”, “ECMO economic evaluation”,

n u

“ECMO cost utility”, “cardiogenic shock economic evaluation” ,“cardiogenic shock cost effec-
tiveness” ,“cardiac economic” and so on were used to find out the existing economic anal-
yses of ECMO and cardiac disease. Most of the literatures that have been chosen to review
were found through literature search strategies. Most literatures have a reference list. Sev-
eral literatures that offer important information for developing this conceptual frame are

also found in other articles’ reference list.

3.4.2 Expert opinion
During the process of the model development, one clinical expert, one health economists,

and an expert in the pharmaceutical, biotechnology and clinical laboratory industries, were
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consulted by emails and two meetings during the period from February 2018 to May 2018.

One meeting was held in February 2018 and another one meeting was held in April 2018.

By consulting the experts, it is helpful to make choices about which part of reality should be
considered to be relevant to the decision problem and be put into the model to appropriate-
ly represent the clinical process and characteristics of refractory cardiogenic shock treated
by ECMO, and to gain face validity for the conceptual model to make sure that the model
under development can be revised timely based on the input of the experts in order to en-
sure that the experts can understand how the conceptual model capture the nature of the
problem and the impact of the ODIN on costs, utility and transition probabilities and to en-

sure that the model is good enough to address the decision problem.

By consulting with experts during March, the four clinical responses and the three medical
causes of the VA-ECMO treatment for refractory cardiogenic shock adult patients were con-
sidered as important clinical characteristics that need to be put into the conceptual model to
address the research question. | presented the first draft to the experts during the meeting
in April and explained the structure of the conceptual model. We discussed the events in-
cluded in the model on the short or long term and other topics that appeared after more
systematic literature review. The model was revised based on the opinion of the experts.
The second draft of the model was revised by the experts. Then the final model was built by

revising the second draft based on their feedbacks.
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Chapter 4

Results

Since the systematic literature reviews were conducted during the whole process of building
the model, | didn’t record the total number of all the literatures that | found, because new
literatures with relevant information constantly appeared at every stage of the model devel-
opment. But all the literatures that were used to develop this framework are listed in the

reference.

The conceptual frame work consists of two parts: the conceptual model, and the suggestions
for defining and collecting data of the key parameters and for the possible impacts that the

ODIN technology could have on the value of the selected parameters.

4.1 The conceptual model

The conceptual model for the ECMO treatment is aimed to describe the experience of re-
fractory cardiogenic shock patients treated by VA-ECMO. It can be applied to guide the early
HTA of the ODIN technology. It consists of a decision tree model and a Markov model. By
illustrating the demographic, clinical characteristics, and the possible clinical consequences
over time of the refractory cardiogenic shock patients treated by ECMO, this model helps

identify relevant therapeutic and economic endpoints and states.

The study perspective is healthcare payer perspective. Because the societal perspective can
be controversial and previously raised in the method chapter. An example of this is, prema-
ture mortality can generate foregone earnings, however the early death can also reduce
health service costs. The ECMO treatment is primary for critically ill patients who face high
risk of premature mortality. Most of the published literatures about the ECMO cost took the
healthcare payer perspective. it will be much easier to collect data for costs if we the chose

healthcare payer perspective when we try to implement the model in the future [6].
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Target population is adult patients with clinical characteristics of refractory cardiogenic dis-
ease. Since this model mainly aims to be used in health technology assessment in a
healthcare perspective, the target population for this model is closed which means the pa-

tients can only get involved in the analysis at the beginning [44].

The health intervention of interest in this thesis is treating the refractory cardiogenic shock
patients with the support of ECMO. This is the current best practice that can be offer for

cardiogenic shock patients who are refractory to the conventional treatments.

The patients are assumed to receive the ECMO treatment temporarily the first time in their
life at the beginning of the analysis. The conceptual model is evaluated in a lifetime horizon,

modelling outcomes from the start of the healthcare intervention until the patient dies.

4.1.1 The first part of the ECMO treatment captured by the decision trees

Cardi t ——
ardiac arres ~
~ ——
ot |
Other progressive heart
Age 18-49(1) disease(like myocarditis) _-
~ ——a
1]
Temporary reduced
All RCS heart function ~ _-
patients o e — e
VA ECMO || o]
i —
Cardiac arrest O ]
Age 50 and -
anve(Z) / Other progressive heart
disease(like myocarditis) 0 |
Temporary reduced
heart function ~ -
e —— =
— oz |

Figure 3: the draft of the decision tree that captures the important evidence of the first part

of ECMO treatment.
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The first part of the ECMO treatment is captured in the draft of decision tree that is present-
ed in Figure 3. All RCS patients are assumed to receive the VA-ECMO treatment for the first
time. They are likely to experience four clinical responses: total or partial recovery (denoted
by A in the decision tree), more durable mechanical heart pump assist (denoted by B), and
heart transplant (denoted by C), and death (denoted by D). The first part of ECMO treatment
usually only lasts a few days to a few weeks. Decision trees are suitable for modeling prob-
lems with a short time horizon [11]. They can also outline and capture the constituents of

the research problem. And they are easy to conceptual and modify [11].

The distribution of the four clinical responses are affected by patients’ age, and their medical
causes to use the ECMO treatment. There are two age groups that were identified, with
group 1 being defined as age between 18 to 49 years old and group 2 being defined as age
50 and above. For each age group there are three clinical causes why the VA-ECMO initially
treated the patients: Cardiac arrest, other progressive heart disease (like myocarditis), and

temporary reduced heat function during open heart surgery.

After more literature review, communication with experts, presentation of the model draft
in the second meeting, two parts of the decision tree were thus revised. Firstly, the third
cause “temporary reduced heat function during open heart surgery” was replaced by “post
cardiac surgery”. Because ECMO is not used during open heart surgery but after surgery. A
different but similar type of cardiopulmonary bypass (CPB) is usually used in the operating
room [46]. During open heart surgery CPB is used routinely. This is because the heart is para-
lyzed (cardioplegia) to make the heart stand still for better working conditions for the sur-
geon, and because the surgeons often must open the heart to repair or replace [2]. This
standard procedure with using CPB is used for vale surgery, coronary surgery (can be oper-
ated also without CPB), aortic surgery, heart transplant and for implanting a mechanical as-
sist (LVAD) [2, 5]. CPB is usually used for hours during the heart operations, while the VA
ECMO is usually used for days or weeks [2]. Secondly, patients with three different indica-
tions for using ECMO are further divided into two groups: with or without history of heart
disease, because whether patients have a history of heart disease or not might influence the
survival rate [2, 38]. Therefore, we got the second draft of the decision tree that is repre-

sented in Figure 4.
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Figure 4: The second draft of the decision tree that captures the reality of important charac-

teristics in the first part of the ECMO treatment for RCS adult patients.

However, the second revised draft of the decision tree became very bushy, based on ex-
pert’s opinion, which might make it difficult to program and to present [11]. And the evi-
dence to support the point that the history of heart disease has a significant impact on the
outcomes was not strong and rigorously proven [2,38]. So, | decided to delete them from the

decision tree and we got the final version of the decision tree that is presented in Figure 5.
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Figure 5: the final decision tree that captures the most important characteristics of the first

part of the ECMO treatment.

The reasons why the final decision tree is structured this way is elaborated below in detail:

1. Arguments for dividing the patients into two age groups in the decision tree

Firstly, different age groups have different survival rate and different distribution of clinical
outcomes. For patients treated by ECMO, there is a negative correlation between age and
survival rate. The older the age the patient is, the lower survival rate the patient will have,
and vice versa. In the Mathieu’s paper of SAVE score, it said younger age is a protective
characteristic to predict the survival after the ECMO treatment for refractory cardiogenic
shock, which means the younger the patient is, the higher survival rate the patient will have.
The average hospital survival rate of a RCS patient in age 18 to 38 after ECMO can be higher

than 75%, while the average hospital survival rate of a RCS patient who is older than 63 after
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ECMO can be less than 42% [46]. 2016 ESC Guidelines for the diagnosis and treatment of
acute and chronic heart failure also reported that older adults face a longer hospital length
of stay and higher risk of mortality when admitted in hospital due to heart failure [12]. The
clinical expert also confirmed that older patients might have higher probability of death and
smaller chances to get more invasive management, such as heart transplantation, therefore
young patients tend to have higher chance of having the clinical response heart transplant,

compared to old patients, which leads to different distribution of outcomes [2].

Secondly different age groups are eligible for different treatment options and different dis-
tribution of treatment options, which leads to different cost. Usually older patients tend to
have smaller chance of temporary ECMO treatment, heart transplantation, permanent LVAD
and other open-heart surgery compared with younger patients [2]. And One of the im-
portant challenges for healthcare system is to increase the ability to select appropriate older
patients for invasive management [48]. Besides comorbid conditions, cognitive impairment,
frailty and limited social support, ageing also plays an important role in determining how
complicated a heart failure management can be [12]. For example, drugs recommended for
heart failure are often underused in the elderly patients (angiotensin converting enzyme
inhibitors, beta-blockers and spironolactone are less frequently given to old patients), which

shows a biased management for elderly patients with heart failure [28].

Lastly, the distributions of the three clinical causes for using ECMO to treat refractory cardi-
ogenic shock vary among age groups [28]. This point was validated by the clinical expert dur-
ing the second face to face meeting. When compared with younger patients, elderly patients
usually present a distinct clinical profile and a more complicated course of disease because

of some clinical features common in older population [28].

2. Arguments for three causes of the ECMO treatment.

All patients utilizing VA-ECMO as a means of providing mechanical circulatory support (MCS)
only used it for threatening or established cardiogenic shock [2,5]. However, the underlying
pathophysiologic etiology that causes refractory cardiogenic shock is different and can be

identified and categorized as different causes for the VA-ECMO support.
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Guidelines for Adult Cardiac Failure given by extracorporeal life support organization (ELSO)
listed typical causes of cardiogenic shock for using ECMO that consist of acute myocardial
infarction, myocarditis, peripartum cardiomyopathy, decompensated chronic heart failure,
post cardiotomy shock [47]. One study suggests classifying the underlying reasons leading to
the use of the VA-ECMO into seven categories as: cardiac arrest, acute decompensated con-
gestive heart failure, acute on chronic congestive heart failure, myocardial infarction, acute
PE, right ventricular failure (RVF) not secondary to acute pulmonary embolism (PE), and
post-cardiotomy syndrome (PCS) [5]. In another study, cardiogenic shock patients were di-
vided into twelve diagnostic groups: ‘valvular heart disease’, ‘post-transplantation’, ‘congen-
ital heart disease’, ‘aortic disease’, ‘other post-cardiotomy’,” -acute myocardial infarction’,
‘chronic heart disease’, ‘fulminant myocarditis’, ‘pulmonary embolism’, ‘sepsis’, and ‘refrac-
tory ventricular tachycardia (VT) or ventricular fibrillation (VF)' [46]. However, none of the
classifications of diagnostic causes in the studies are mutually exclusive, which makes them

difficult to be use in a decision analytic model.

After discussing with the clinical expert by emails and meetings, it was decided to include
three mutually exclusive clinical causes leading to refractory cardiogenic shock and utiliza-
tion of the ECMO into the decision tree. They are ‘cardiac arrest (ventricular fibrillation of

systole)’, ‘other progressive heart disease’ and ‘post cardiac surgery’.

Cardias arrest means a sudden failure of heart pump which causes loss of blood flow [49].
The other progressive heart disease comprises conditions like acute coronary syndrome,
cardiac arrhythmic storm refractory to other measures, sepsis with profound cardiac depres-
sion, drug overdose/toxicity with profound cardiac depression, myocarditis, pulmonary em-
bolism, isolated cardiac trauma, acute anaphylaxis, chronic cardiomyopathy [1]. They are
usually treated with conventional therapies. If the patient in progressive heart disease have
an established cardiogenic shock or in a process of deterioration anticipated to end up in a
cardiogenic shock, they will be put on ECMO [2]. And patients who are through recent cardi-
ac surgeries including coronary artery bypass grafting, valvar surgery, and heart transplanta-
tion and so on are usually supported by VA ECMO because they cannot be weaned from car-
diopulmonary bypass in the operating room, or may get cardiogenic shock in the setting of
post-operative course because of complications and other natural sequela of critical illness

[2,5].
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Different reasons leading to refractory cardiogenic shock which needs to be supported by
ECMO differs with their typical treatments, which generates different costs [5]. Cardia arrest
(Ventricular fibrillation or asystole) is the most common form of acute heart failure with car-
diogenic shock. When it happens, the patient might die within minutes, unless cardio-
pulmonary resuscitation (CPR) is started [2, 5]. Next treatment is to give an electrical shock
to restart the normal heart rhythm. If all of them didn’t work, ECMO treatment should be
conducted within 40 minutes [2,50]. On the other hand, the treatment for the progressive
heart disease can be very different. For example, myocarditis is an inflammation in the heart
muscle caused by a virus. Medical treatment is directed towards reducing the inflammation
and the virus infection (like steroids or chemotherapy (Metotrexat)) [2]. But myocarditis has
the effect of harming the heart muscle function temporarily or permanently. The inflamma-
tion can at any stage increase and lead to increased heart failure. It might take weeks before
refractory cardiogenic shock takes place. When it happens, the ECMO treatment might be

used to partly or totally take over the pumping function of the heart [2].

The cost in Norway of the VA-ECMO treatment for an individual adult patient with one of the
progressive heart disease cardiomyopathy was more than USD 400000, while the cost of the
VA-ECMO treatment for an individual adult patient after heart transplant was much less,
about USD 75000 [27]. Another study found out that in Taiwan the estimated total hospital
cost was USD 43245 for average adult patients who had Postcardiotomy shock, which means
they had shock after cardiac surgery, while the cost for other patients was much less, about
USD 28266 [51]. A study conducted in the US found that the total charges for ECMO
treament was about USD 273429 for average adult patients postcardiotomy, about USD
722123 for patients post heart transplant, about USD 352559 for patients with other causes

of cardiogenic shock [52].

And different causes of refractory cardiogenic shock treated by ECMO leads to different sur-
vival rates and distribution of the four clinical responses. The Mathieu’s paper of predicting
survival after ECMO for refractory cardiogenic shock points out that the underlying diagnosis
of cardiogenic shock has significant impact on determining hospital survival [46]. According
to the Extracorporeal Life Support Organization registry, survival rates of cardiac ECMO pa-
tients are ranging from 23% to 71%. The lowest survival rate is seen in patients who had car-

diac arrest, and the highest survival rate is with myocarditis, which can be as high as 71%
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[21]. Patients in cardiac arrest which is usually thought an extreme form of cardiogenic shock
are reported with a worse survival compared to the other cardiogenic shock patients [5].
Patients getting ECMO treatment after getting a cardiac surgery generally face a poor surviv-
al rate compared to other causes of cardiogenic shock too [5]. In a study, 67% mortality rate
was found for patients with refractory cardiogenic shock postcardiotomy [53]. A multicenter
study in the USA found that the average in-hospital mortality rate of the ECMO treatment
was 44.2% for adult patients postcardiotomy, 41.9% for adult patients post heart trans-
plant,64% for adult patients with other causes of the VA-ECMO treatment [52]. According to
the guidelines for adult cardiac failure issued by ELSO, different reasons really generates
different distribution of outcomes. For example, VA ECMO patients in acute Ml after revas-
cularization and myocarditis has higher chance to recover, while patients with unrevascular-
izable acute Ml and chronic heart failure have higher probability to get heart transplant [47].
It is less likely for patients using ECMO after cardiac surgery to get an open-heart surgery
later again either for LVAD or for heart transplant (corresponding to response B and C) com-
pared to patients in other causes (cardia arrest and other progressive heart disease). All of
information listed above indicates that there will be different distributions of the four clinical
responses for different causes leading to refractory cardiogenic shock which needs the sup-

port of ECMO.

3. Arguments for the four clinical responses in the decision tree.

ECMO is a temporary device to take over the insufficient pumping capacity of the heart at
the time when the ECMO is started. ECMO can be used to keep supporting the patient until
the patient either recovers or partially recovers to gets a long-term ventricular assist device
as a bridge to cardiac transplantation, under the assumption that the brain function is nor-
mal or only minimally damaged [1]. As a temporary mechanical circulatory support, the
ECMO increases both the likelihood of recovery and the time to consider the choice of other
treatment options, such as more durable mechanical heart pump assist (for example, a left
ventricular assist device) or heart transplant [21]. ELSO’s guidelines say that ECMO is a

bridge to recovery, transplant and implantable circulatory support [47].
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The clinical expert also confirms that there are generally four possibilities of clinical conse-

guences after using ECMO to assist treatment for refractory cardiogenic shock patients:

A: Total or partial recovery of the heart function, and no need for heart transplant or a Me-

chanical pump (Left ventricular assist device - LVAD). ECMO is a bridge to recovery.
B: ECMO can be a bridge to a more durable mechanical heart pump assist such as LVAD.
C: ECMO can be a bridge to heart transplantation.

D: The patient can die on ECMO.

4.1.2. The second part of the ECMO treatment captured by the Markov model
For longer time horizon, more dynamic modelling methods such as state-transition Markov

model is required. It can reflect a more complex prognosis. The Markov model contains a set
of possible transition between the mutually exclusive health states over a series of discrete
time periods (cycle) [11]. If we keep using decision tree to model all the possible conse-
guences over a longer period, the decision tree will end up with a large quantity of pathways
and nodes, which will make it difficult to present and program the research problems. So

Markov model is a better choice to model the second part of the ECMO treatment [11].

| first started with one specific Markov model, and then revised it twice before | got the op-
timal model. Because | constantly gained more evidence and information about the key fea-
tures of the disease and their clinical impact by systematic literature review, and emails and

meetings with the experts when developing the models.
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Figure 6: the first draft of the Markov model that captured the second part of the VA ECMO

treatment.

The basic structure of the first draft of the Markov model is given in the Figure 6. It captures
the possible clinical consequences over time in a life time horizon of the RCS patients in sec-
ond part of VA ECMO treatment. After getting the first part of ECMO treatment, the patients
who survive include patients who get total or partial recovery of the heart function (denoted
as A in the decision tree), and patients who will receive a durable mechanical heart pump
assist such as LVAD (denoted as B in the decision tree), and patients who will get a heart
transplant (denoted as C in the decision tree). Patients who died in the first part of the
ECMO treatment (denoted as D in the decision tree) will not be modelled in the Markov
model. All the patients who survived from the first part of ECMO treatment will have three
health states. They might stay in survive in the first remission, might get cardiogenic shock
relapse to receive ECMO treatment again, and might die. Patients who get the ECMO treat-
ment again might either survive to get the second remission (which means they might sur-
vive to get recovery, get LVAD or get a heart transplant), or stay in relapse or die. Patients
who are in the second remission might either stay in the second remission or die. The death

is usually caused by two reasons aging or the specific disease refractory cardiogenic shock.
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Therefore, this draft contains four mutually exclusive health states including the first remis-
sion, relapse, the second remission and death. The total numbers of survived patients in re-
sponse group A, B, C in the decision tree can be counted as the total patients in the state of
the first remission. The model is evaluated over 20 years, because it is assumed that after 20
years most of the patients have already died, and modelling the experience of remaining

patients is not going to have significant impact on the final results.

The cardiogenic shock can be a recurring-remitting disease over a period of many years. Re-
fractory cardiogenic shock patients are usually very ill, and based on the feedbacks from the
clinical expert: “many patients may be admitted several times because of cardiogenic shock
and treated each time with drugs, only a few patients are admitted to hospital to receive VA
ECMO treatment several times because of refractory cardiogenic shock.” [2]. | assume that
they can only go through one relapse of refractory cardiogenic shock during their life time.
And For patients in the response B and response C who received the VA ECMO to get a more
durable mechanical circulatory support such as left ventricular assist device or as a bridge to
heart transplant might have a higher possibility to use VA ECMO again (relapse) because
post cardiac surgery is one of the three clinical causes in the decision tree to receive ECMO

as temporary support, therefor they might have higher chance to have a relapse.

With more information from literature review and experts’ opinion, | found that patients in
group B who needs to receive a more durable mechanical circulatory support such as LVAD
and group C who needs a heart transplant will move to cardiac surgery [2]. And in the long
run, a proportion of the recovered and the partially recovered patients (denoted as A in the
decision tree) might experience complication or progression of disease and will need to go
through cardiac surgery to get more durable mechanical circulation device or to get a heart
transplant. Some patients in group A will become patients in group B and C to get cardiac
surgery. All of them might have higher chance to get first relapse to receive VA ECMO again
due to complications or the natural sequela of critical illness after surgery, compared to oth-
er patients [5]. So, the transition probability of relapse from remission is higher for patients
in group B and C, compared to the group A patients. The other transition probabilities might
be different as well. Further, since B and C patients who will undergo cardiac surgery after
getting ECMO, their quality of life in health state of remission and relapse might be different

from other patients. Since Markov model is memoryless, and do not account for the pa-
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tients’ history of disease, we can relax the Markov assumption by adding additional health
states. So, the first draft of the Markov model was revised and a second version was built. It

is displayed in Figure 7.

Response A : recovery
or partial recovery

Response B and C: for
LVAD and Heart
transplant

Figure 7: the second draft of the structure of the Markov model which captures the second
part of the ECMO treatment. The dotted line indicates where the patients in the first remis-
sion initially come from. Becomes patients who have recovered or partially recovered (denot-
ed as A in the decision tree) entering the second part of the ECMO treatment will have differ-
ent transition probability and cost and utility for the four health states (the first remission,
relapse, the second remission and death), compare to the patients who enter into Markov
model for LVAD and heart transplant (patients in group denoted as B and C and a proportion

of patients in group denoted as A in the decision tree.)

The additional health states have added to the second draft of the Markov model to help
reflect the influence of patients’ history on the future transition probability, costs and
health-related quality of life. Because patients in Recovery group (Response A) and patients
in the cardiac surgery group to get LVAD (Response B) or heart transplant (Response C)
might have different transition probability, costs and utility for the four mutually exclusive
health states that include the first remission from the first part of the ECMO treatment, the
relapse to get the ECMO treatment again, and the second remission after the second ECMO
treatment, and death. In this model, part of the patients in response group A will become

patients in B and C, because the condition of the patients who recover from the ECMO
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treatment might get worse, which might cause them to get relapse to receive the ECMO
treatment again, or make them become patients in B and C group to get LVAD or heart
transplant. And patients in group B and C, they might stay in the first remission before and
after the cardiac surgery to get LVAD or heart transplant. They might get relapse to ECMO

treatment again after the first remission, either before or after the cardiac surgery.

After getting more information from literature review, | found evidence that the time that
patients in group B and C spend in waiting before they receive cardiac surgery might have a
significant influence in the future transition probability, costs and utility of different health
states. Patients with different response (to get LVAD or heart transplant) might have differ-
ent time waiting for cardiac surgery. The waiting time for heart transplant is often more than
six months. And all waiting times vary because of factors such as: blood type, geographic
area, a shortage of donor hearts [54]. In addition, patients who need get heart transplant
and patients who only need LVAD might have different level of severity of illness. If the dif-
ference of the waiting time for cardiac surgery and the difference of the degree of illness
between group B (LVAD) and group C (heart transplant) is significant, and the transition
probability and quality of life is highly dependent on how long the patient must wait before
they get the surgery and severity of their illness, we can add more health states in the Mar-
kov model to reflect the difference between LVAD patients and heart transplant patients.
Furthermore, as we know LVAD is also a bridge to heart transplantation, which means a
proortion of patients in group B might become patients in group C to get heart transplant in
the years to come [55]. To capture those difference and features, | revised the second draft

in Figure 7 and get the modified final Markov model in figure 8 by adding more health states.
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Response A: q

Recoveryor [~ q

Response B:for | q q q

LVAD

— /

heart transplant

Figure 8: the final structure of the Markov model that captured the second part of the ECMO
treatment for refractory cardiogenic shock adult patients treated by ECMO. The dotted line
indicates where the patients in the first remission initially come from. Because patients that
come from different response group (denoted as A or B or C in the decision tree) will have
different transition probability, cost and utility for each health states, including the first re-

mission, relapse, the second remission and death.

Model in the Figure 8 is the final Markov model which got modified on the basis of the sec-
ond draft in Figure 7. The additional health states considered the details of the history of the
patients and their influence for the future costs, utility and transition. Patients who used the
first part of ECMO treatment as a bridge to LVAD (including patients in response group B and
a proportion of patients in response group) might have different waiting time and severity of
disease before they get the cardiac surgery to receive the LVAD, when compared to patients
who used the first part of ECMO treatment as a bridge to heart transplant (including patients
in response group C and a proportion of patients in group A and B from the decision tree).
Therefore, they might have different transition probability for different health states, for

example, probability to staying in the first remission before or after the surgery, and transi-



tion probability from the first remission to the relapse due to cardiogenic shock they got
again before or after the surgery, etc. And they might generate different cost and have dif-

ferent quality of life in different health states.

4.2 Parameters

Before conducting an economic evaluation of ODIN by implementing the conceptual models,
we need to collect data to estimate the effectiveness and costs associated with each part of
the conceptual model. Parameters need to be estimated in all decision models. There are
usually four categories of parameters involved to populate the model. They are state costs,
state utilities in every health state in the conceptual model and transition probabilities
(chance of moving from one health state to another or the likelihood of a certain outcome
following an event.), and discounting rate [11]. Several suggestions and assumptions were
made below for defining and collecting data for important parameters, and for the impact
that ODIN might have on the parameters. Those suggestions and assumptions might be use-
ful when we try to populate the conceptual model in the future. All the suggestions and as-
sumptions were made by conforming to the basic principles of evidence based medicine and

economic evaluation.

4.2.1 State cost
As discussed in the third chapter Method, societal perspective can be controversial, for ex-

ample, premature mortality can generate foregone earnings, and however the early death
can also reduce health service costs. ECMO treatment are mainly for critically ill patients
who face high risk of premature mortality. And most of the published literatures about the
ECMO cost took healthcare payer perspective [13]. It might be difficult to get data if we took
the societal perspective. Since the perspective of the evaluation plays a crucial role in de-
termining the necessary data that need to be collected to estimate both the utility and costs
of the intervention, | suggest taking healthcare payer perspective for this conceptual frame-
work. However, if we are more interested in production loss due to ECMO treatment and
allocating resources in different sectors of the society for policy purpose and the total wel-

fare of the society, societal perspective can be chosen.

39



After deciding the costing perspective, we need to find answers to questions like: what kinds
of resources utilization are closely connected to the ECMO treatment of refractory cardio-
genic patients, and how those types of resources can be assessed and valued. By examining
the healthcare intervention process and by conducting a sensitivity analysis that can meas-
ure the costs in detail, we can gain insight into what kinds of resource utilization have signifi-
cant influence on the change of the incremental and total costs and decide what cost units
can be incorporated into the calculation of state cost. For example, in a hospital perspective,
after examining the process of the refractory cardiogenic patient’s treatment journey, we
include costs of medications, ECMO support, ODIN, personnel resources, diagnostic and la-
boratory tests, radiology and operating room procedures, blood products, future medical
charges for survivor post discharged and other overhead costs, etc [13,27]. Then we can
conduct a sensitivity or other kinds of statistical analysis to assess the uncertainty related to
the labelling of cost categories. This type of analysis can also be used to figure out how other
factors such as the diagnosis category, setting and patents demographical characteristics
affects the wide variation in the in-hospital cost of current VA ECMO and future ODINN
treatment [6]. Then we can further filter out the most relevant categories of costs that can
be included to calculate the total state costs and exclude the types of costs that are unlikely
to have significant impact on the results of total costs. Commonly the largest resource utili-
zation of health care resources is related to staffing costs [38]. By analyzing the cost of
ECMO in Riskhospitalet University Hospital the writer found that on average personnel use
comprise 82% of the cost for the total hospital stay [27]. The study in Taiwan also reported
that the personnel use accounted for 41% of the total hospital cost [51]. Therefore, we can
assume that personnel cost contributes as an important cost component of the ECMO
treatment. However, it is very difficult to identify the other important cost components of
the ECMO treatment by literature review. There is a wide variation in the types of cost that
are included to calculate the total cost of the ECMO treatment in different published litera-

tures [13, 27].

Current published papers didn’t differentiate VV-ECMO and VA-ECMO and reported the total
cost of the ECMO that included both types [13, 27]. The small number of papers about the
cost of the ECMO treatment specifically for cardiac conditions are only about children. [56,

57, 58] The range of the total in hospital cost is very large from USD 42554 to USD 537554
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[13]. The clinical expert confirms this large difference of cost between different type of
ECMO treatments and between adult and children patients. "Use of resources varies consid-

erably among children and adults, and is different between VV-ECMO and VA-ECMO.” [2].

However, we could still estimate the cost of the VA-ECMO treatment specifically for adult
patients with different clinical causes of cardiogenic shock with the results reported by three
studies [27,52,53]. One study in Taiwan reported that, for patients with cardiogenic shock
caused by post cardiac surgery, the estimated total hospital cost of the VA-ECMO treatment
is about USD 43235, and the cost is about USD 28266 for patients with other clinical causes
for VA-ECMO use [53]. A study in USA classified the patients using VA-ECMO into different
groups based on the clinical causes (including postcardiotomy, heart transplant, lung trans-
plant other cardiogenic shock), then it reported the total charges of each groups [52]. And
we can also get rough cost data for the VA-ECMO treatment for individual patients from a

study in Norway [27].

However, those papers might only have reference value when we try to assign value to the
cost parameters. There is a large variation in the cost of ECMO among the three different
studies. The variation might be caused by different settings, patents demographical charac-
teristics, and cost perspective. The thesis is in Norwegian setting, however the study in Nor-
way was conducted about 10 years and only contained 5 adult patients using VA-ECMO [27].
We need carefully exam the three studies, if we try to use their results to assign values to
the cost parameters when we try to implement the models. We need specifically check the

cost components, the cost perspective, data collection timeframe etc.

According to the systematic review of the in-hospital cost of ECMO around the world pub-
lished in 2015, the latest paper about calculating the cost of ECMO was published in 2010 in
Taiwan. And according to the systematic literature review, | didn’t find any paper about the
cost of the ECMO published recently within 5 years. The ECMO technology might have been
developed a lot in last 8 years. Therefore, compared to the data in literatures, it might be
more reliable to collect the current cost data of the VA ECMO treatment for adult patients

from hospitals, health insurers or other clinical sources.

In early health technology assessment, since the new healthcare technology such as that of

ODIN is not generally being used in clinical practice yet, we need make assumptions of the
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ODIN’s cost based on expert opinions. One of the functions of mathematical model is to
generating results from one context to another [45]. The generalizability and transferability
of the conceptual model must be checked. A detailed list of resources that are used in the
heath technology interventions modelled (such as the ODIN technology) can help decision
makes to assess how the model can be used to do an economic evaluation of the interven-
tion in another region or country and therefor increase the possibility of successful dissemi-
nation of the new technology. Therefore, it is suggested to have a clear list of the cost com-
ponents of both ECMO treatment and the ODIN technology when we try to implement the

models in the future.

The ODIN technology can identify the irreversible damage to circulatory system soon after
ECMO is started [2]. Patients who have normal monitoring parameters given by current de-
vices often end up with death, which leads to an overuse of the ECMO treatment and other
clinical resources, usually for up to more than one week. ODIN might decrease the unit cost
of ECMO treatment for the patients who will not able to survive by avoid futile treatments
and decreasing the overuse of ECMO which is very resource demanding. By adding ODIN into
the ECMO treatment for refractory cardiogenic shock patients, it will increase the total cost
in short term. But we don’t know to what extent the ODIN can increase the total cost, since
the cost of ODIN has not been valued yet. But even though the additional cost of ODIN might
be high, it might reduce the long-term cost in a life time horizon by less future subsequent
hospital admissions of patients because of less chance of relapse and better quality of life
achieved by better efficacy of treatments and prognosis with the help of ODIN. We can esti-
mate the impact of the ODIN on the total cost of the ECMO treatment by using hospital reg-
ister data about studies such as the ProECMO study in the future. Because it might be possi-

ble to get a detail list of the costs from hospitals in which the clinical trials are conducted.

4.2.2 Health related quality of life
Since many patients using VA ECMO frequently experience complications, such as bleeding,

infection, which might lead to a long-term physical and psychological impairment and high
mortality rate. And refractory cardiogenic shock patients are generally critically ill whose

functional status and quality of life are usually bad with persistent physical and social prob-
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lems even if they survive [59]. Therefore, the health-related quality of life of the cardiogenic
shock patients treated with ECMO are expected very low. Clinical outcomes of the treatment
should be both subjective (such as patients’ quality of life) and objective (such as survival
rate) and reflect the adverse consequences of the healthcare intervention under study. [44]
Quality adjusted life years (QALYs) take account of the fact that a patient may care about
both the quality of their life and the quantity of life [38]. Therefore, QALYs can better repre-
sent the effectiveness of the ECMO intervention for critically ill patients. The health state
utility can be estimated and valued on a scale from o to 1, where 0 is equivalent to death
and 1 is equivalent to perfect health. And the weighting of the QALYs can be done by time

trade off, standard gamble, or visual analogue scale. [43]

We can estimate the QALYS to combine life years gained from ODIN and ECMO treatment
under study that are usually estimated from data gathered from randomized clinical trial
(such ProECMO study) or previously published studies with information on the quality of life
years by collecting data that is estimated either by health care professionals, patients or so-

ciety [38].

There are only a few published studies with good data about the VA-ECMO treatment. How-
ever, two studies might be able to be used when we estimate effectiveness of the ECMO
treatment and collect data for populating the conceptual model. A study in Taiwan reported
that the in-hospital survival rate of the postcardiotomy shock (after cardiac surgery) adult
patients treated by the VA-ECMO was 52 %, the survival rate of non-postcardiotomy adult
patients was 27% [51]. One study in the USA reported that in hospital survival rate for post-
cardiotomy adult patients was 55.8%, for heart transplant patients 58.1%, for lung transplant
patients 46.0%, for other cardiogenic shock patients 36.0% [52]. However, both studies
didn’t report the survival rate of patients with cardiac arrest that usually has the lowest sur-

vival rate.

The study in the US is a very good data source for estimating the effectiveness of the VA-
ECMO treatment in short term. It is a multicenter study by using a database which contains a
large quantity of data, including 8753 patients [52]. However, it is difficult to find long-term
clinical outcomes. The clinical expert also mentioned that it is hard to find good outcome

data. One paper reported short and long term clinical results of the VA-ECMO treatment,
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that 25% of patients were discharged from the hospital alive, Cumulative survivor were
17.6% after 6 months, 16.5% after 1 year, and 13.7% after 5 years [24]. However, this paper
was specifically about the adult postcardiotomy cardiogenic shock patients. Since there
might be significant difference of survival rate of patients with different causes of cardiogen-
ic shock. This result cannot be used to populate this conceptual model which is focus on all
the cardiogenic shock patients with different diagnosis treated by VA-ECMO. And based on
the systematic literature review, no randomized clinical trial of VA-ECMO treatment for adult
patients were found. Therefore, we need collect the data about the effectiveness of the VA -
ECMO treatment for adult patients, especially the long-term clinical results, in the clinical

trials conducted in the future and hospital register data.

The results of the proECMO study can be used when they are published in the future. The
ODIN technology is used with 24 hours after the initial establishment of ECMO in the proE-
CMO study. And following up studies might be done by doing ODIN examination every day
on ECMO to test the stability of the ODIN and for securing optimal additional treatment such
as medicine therapy while on ECMO [2]. And therefore, we can gather reliable data about

the effectiveness of ECMO treatment supported by ODIN from these clinical trials.

4.2.3 Transition probability
The good data for transition parameters of the conceptual model that shows the possibility

of a certain consequence following an event including the proportion of different age group,
the probability of each clinical causes, clinical outcome in the decision tree and transition
probabilities from one health state to anther in Markov model are difficult to obtain from
current published literature. The data might be able to be assumed by gain clinical experts’
opinion. The clinical expert suggested to discuss which probabilities we can use to imple-
ment the model with more clinical experts and then send the results of the discussion to
experts in other countries to gain more opinion when trying to implement the model [2].
And it might also be captured by the results of randomized clinical trials published in the
future, such as ProECMO study. In addition, currently the clinical expert is trying to initiate a
NorECMO database where all patients treated with the ECMO in Norway will be recorded
with clinical data, microvascular data captured by the ODIN and possible health economic
data. If the Norwegian university hospital agrees on creating this database in the future, we
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can get very good data from this database to evaluate the effectiveness and costs of the
ECMO treatment with or without the support of microcirculatory data offered by ODIN [2].
The large database with data from 1998 to 2009 that was used in the US study might have
reference value or be used directly when we try to implement the model, if we are able to

get access to it [52].

It can be expected that in general ODIN might increase the survival rate and quality of life for
patients who receiving VA ECMO treatment by making a better diagnosis and assessing the
efficacy of treatment. When using ODIN, cardiogenic shock patients treated by the VA-ECMO
might not have to suffer extra physical and mental pain which is caused by unnecessary and
futile treatments and patients might also have better survival rates and quality of life by re-
ceiving more effective treatment both in short term and in long term. The transition proba-
bility for the ODIN and ECMO treatment is based on adjustment to the values according to
the treatment effect of ODIN and ECMO treatment relative to the only ECMO treatment. The
treatment effect of ODIN will be represented as a relative risk which can be obtained from
randomized clinical trials (such as ProECMO study). The relative risk of ODIN might reduce
the transition probabilities from one state to any worse state in Markov model and influence
the distribution of the probabilities of the four clinical response pathway including recovery,
receiving heart transplant, receiving a more durable mechanical support, and death in the
decision tree. The value of the relative risk is possible to be gained from experts’ opinion,

future published results from randomized controlled clinical trials, and hospital database.

4.2.4. Discounting rate
Discounting costs and utilities of healthcare interventions can occur at different times. For

example, by using ODIN, the additional costs are incurred in short term whereas the in-
creased utility may happen in the short term or in the long term. Individuals generally prefer
to incur costs in the future, and receive benefits sooner. Given the fact of the time prefer-
ence, the costs and utility seems to be less valuable in the future and therefore should be
discounted [4]. The greater the preference is, the higher the discount rate is. When we try to
do economic evaluation of ODIN, discounting rate for both cost and effectiveness can be 4%

based on the Norwegian guidelines for health technology assessments advices [60].
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Chapter 5

Discussion

This objective of the master thesis was to develop a conceptual frame work by building a
conceptual model for the ECMO treatment and giving suggestion to assign value to key pa-
rameters to guide the implementation of the early HTA of the ODIN technology. By doing
systematic literature review and obtaining experts’ opinion, the conceptual model encom-
passes comprehensive key factors of the refractory cardiogenic shock disease treated by
ECMO. It can be used to present the impact that the ODIN might have on the effectiveness,
costs and other outcomes associated with the ECMO treatment. This conceptual model

might make it useful for three purposes that are discussed below.

5.1 Do early HTA

When more data become available, by populating the conceptual model, we can find out
whether the ODIN technology offers a cost-effective utilization of healthcare resource.
Whether it is cost effective is determined by two factors: the given willingness to pay per
QALY and the target patient group under study (an average patient group or a subgroup of
patients with homogeneous characteristics such as age, diagnosis categories, etc.). As more
and more data become available during the development of ODIN in the years to come,
more analysis can be performed to test the impact of different assumptions on cost effec-
tiveness of ODIN such as the extreme value analysis, threshold analysis. We can quantify the
minimum effectiveness the ODIN should achieve and set the maximum costs for ODIN so
that it can be cost effective. If the ODIN cannot offer the minimum effectiveness or if the
cost of ODIN exceeds the maximum allowed cost, timely improvements of ODIN should be
made in terms of costs and effectiveness [37]. It is also possible to calculate the potential
minimum revenue on investments of ODIN by multiplying the expected sales of ODIN (simu-
lating the number of patients per year and the speed of adoption of ODIN) with the differ-
ence in the proposed sales price and feasible maximum cost that is determined by the eco-

nomic evaluation [61]. In addition to cost effectiveness analysis, a budget impact analysis
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can also be done to estimate the financial consequences of adopting a new intervention like
ODIN in the short term by multiplying the cost of the ODIN with the number of patients who
are affected by the ODIN to inform the decision makers or the healthcare payers the total

budget required to fund the ODIN in the future [37].

Different stakeholders (clinicians, healthcare payers, policy makers, and the developer of the
ODIN) can benefit from the results of the early health technology assessment of ODIN by
populating the conceptual model. All the stakeholders can be informed early about the ex-
istence of ODIN, its cost and its effectiveness [62, 63]. The results of early HTA can help the
developer to make better market access strategy, attract more investment and to improve
the development of the technology by adjusting its cost and effectiveness. Future clinical
and legal guidelines for using ODIN can be created timelier and the clinicians may adopt the
ODIN in clinical practice faster. And Healthcare payer can make timely policy and decision

regarding to the future reimbursement for ODIN [62,63].

5.2 Guide personalized healthcare

Patient centered intervention is a hot topic in the healthcare industry. The ODIN technology
is expected to be used successfully in the individual patients by opening for guiding individu-
alized therapy with the function assessment of the microcirculatory system. The ODIN tech-
nology may have the potential to become a very useful tool to gather individual patient clini-

cal data and help to offer personalized care [35].

This conceptual model classified the patient population under study into subgroups by age,
clinical causes for getting refractory cardiogenic shock and receiving ECMO treatment, which
can affect the effectiveness and costs and other outcomes of ECMO and ODIN treatment.
Therefore, it could be useful to do heterogeneity analysis, a more personalized approach to

analyze the cost effectiveness in the future when more data become available.

When being used with ECMO, ODIN might have big influence in decision to withdraw ECMO
for patients who has no chance to recover and are not suitable to get long-term MCS or
heart transplant (end life decision) [12]. Therefore, it usually elicits ethics issue. Heterogene-

ity analysis is useful tool to quantify and identify the efficiency/equity tradeoffs under a cer-
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tain threshold, which can help allocate the ODIN and ECMO interventions to the optimal
subgroup patients to increase the efficiency under a limited budget while equity and ethics
issue are also well concerned. When doing heterogeneity analysis, limited use criteria (LUC)
policy will be created. This LUC policy will offer a certain health intervention only to the pa-
tients who have the certain clinical or demographic characteristics or preference, because
for only these patients the intervention is cost effective [64]. Usually the government and
the patients will find it more acceptable when the LUC created is based on the clinical char-
acteristics than on the patient demographics such as age or race [65]. ODIN offers additional
clinical characteristic microcirculatory parameters to use to create the LUC which is more
acceptable than age, weight, etc. With more clinical microcirculation data offered by ODIN
and with the heterogeneity analysis, we can modify the conceptual model by adding micro-
circulatory parameter into it, so it can be more helpful to guide the personalized care of re-
fractory cardiogenic shock adult patients, solve the problem of overuse and underuse of ex-

pensive VA-ECMO.

So far, this conceptual model only contains three types of patient heterogeneity. To do a
more personalized evaluation of ODIN and ECMO, more types of patient heterogeneity can
be put into the model in a more detailed way, for example, more demographics characteris-
tics such as gender, weight etc. and clinical characteristics such as disease severity (e.g. how
damaged the microcirculation system is), genetic profile, etc. And both age and clinical caus-
es for ECMO utilization in the conceptual model can be future divided into more subgroups
instead of just two age groups and three general causes. The damage of microcirculation
individually tracked by ODIN can also be added into the model. When more characteristics
and more levels of each characteristic become involved and if the risks of event are signifi-
cantly affected by them, the patient-level simulation models will become more practical op-
tion to reflect the impact of the individual patient’s history on the intervention’s efficacy.

(Intervention such as ECMO) [11, 44].
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5.3 Develop more customized models that can be applied for more
specific research problems.

Conceptual models tend to include more general and complex evidence which commonly
get simplified or modified when put into practice. A model that can be implemented with
specific clinical data is usually a subset of the conceptual model, which makes it easier to
debate and justify the simplifications and abstractions represented in the specific model
which is derived from the conceptual model. Furthermore, since the conceptual model yields
a fully understanding of the complexities, patients’ experience, clinical characteristics, and
general process of the relevant disease that we are interested in, it can be utilized as a refer-

ence or a foundation to build a design-oriented model for more specific problems.

When more specific data for certain clinical characteristics is available, the conceptual model
can be modified to be used in health technology assessment for ODIN and ECMO treating
refractory cardiogenic shock patients with a more specific clinical feature, such as the severi-
ty of the damage of microcirculation, different diagnosis groups including cardiac arrest,
heart transplant, etc. The existing papers doing economic evaluation of VA-ECMO are usually
about very specific heart diseases, such as dilated cardiomyopathy, cardiac arrest for chil-
dren [66,67]. This kind of additional specific economic study of the ODIN and the ECMO
might be necessary to more accurately capture the impact of the technology on end-stage
heart failure patients, which can help to identify the economic burden and clinical effective-
ness of the technology and their associated drivers. There are good short-term and long-
term data for both cost and effectiveness of the VA-ECMO treatment for the postcardiotomy
adult patients, we might be able to start with modifying the conceptual model for this specif-

ic problem [24,51,52].

This conceptual model encompasses many key characteristics of the research problem,
however, it cannot include every specific details. So future researchers and policymakers can
modify the conceptual model to construct more customized model to do health technology

assessment of the ODIN technology for different modalities and subpopulations.
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Chapter 6

Limitations of the conceptual model

Since every model is simplification and an abstraction of reality based on several assump-
tions, there is no perfect model that do not need improvements. This conceptual model in-
evitably can be improved to some degree. And different researcher can explore out which
part of the model needs to be improved by assessing the credibility of this model by evaluat-
ing the structural and methodological uncertainty retrospectively when more good quality
data become available, and by checking the decisions and choices made in the process of

constructing and developing this conceptual model prospectively.

Many decisions and assumptions have been made when conceptualizing a research problem
and the conceptual model, every choice will affect the results. In order to identify and evalu-
ate the impacts the assumptions might have on the conceptual model and their uncertainty,
exploratory sensitivity and scenario analysis need conduct. Using early-stage health econom-
ic modeling to do early HTA requires relatively large amount of data. However, the data are
very limited. Even though the conceptual model captures the nature of the decision problem
and contains important characteristics of the refractory cardiogenic shock treated by EMCO
and its clinical consequences, we need good data to help design and justify the model and its
structure. But now it is also possible to do sensitivity analysis to test whether a model fea-
ture without available data has significant impact on the model’s results by giving possible
value to the feature’s parameters [44]. Those parameter estimates are possible to be given
by experts’ guesses and assumptions. This process is time consuming, so it was not done in

this thesis.

This conceptual model was built on the information gained from systematic literature review
and expert opinion. Face validation of the model by expertise in the problem field who are
neutral to the results of the analysis is very important part for the validation of a model. On-
ly one clinical expert was involved during the development of the conceptual model. So, the
credibility of this model to some degrees is highly affected by the clinical expert’s experience

and expertise, and the setting he has been in. The conceptual model has certain degree of
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bias especially in terms of the clinical inputs. Beside his own experience and expertise, the
clinical expert is the inventor of ODIN, it might also cause some degree of bias. Other factors,
such as the geographic setting, my expertise, the time and resource and data that are availa-
ble to build and construct the model, can also generate certain level of bias. Those potential
biases should be taken into consideration when checking the credibility and the generaliza-
tion of the model [45]. Further, | kept finding new and important literatures at every stage of
the framework development. Therefore, | might miss some relevant literatures that might

offer important evidence to address the research problem.

Another thing to discuss about the conceptual model is whether they can be used in other
countries or in different regions within the same country. This conceptual model is built on
evidence gathered in Norway. The scope for generalizability and transferability might be
constricted when we try to adopt the conceptual model for every economic evaluation in
different setting and different study population which has notable influence on the interven-
tion and clinical process and its effect. The internal validity should be achieved to build a
useful and credible conceptual model to fully represent the research problem in the setting
of Norway. External validity related to generalizability and transferability of the model and
its results to other settings should be also taken into consideration. Usually Internal validity
and external validity cancel out each other. As internal validity gets stronger, the external
validity becomes weaker, and vice versa [68]. Since this conceptual model is built in the set-
ting of Norway, the balance between external and internal validity should be considered and
further discussed if we try to assess the cost and the effectiveness of the ODIN technology

by using the same model in other settings.

Another limitation is that it is lack of sufficient information about whether a patient will re-
ceive ECMO treatment at least two times in their life time. | built the conceptual model, as-
suming that patients will have at most one relapse which means they might receive VA
ECMO treatment at least one time and most two times. But the clinical expert said there are
very few if any patients that would be treated on two or several occasions with ECMO [2].
More clinical experts should be consulted to make sure whether the chance for a patient to
get the second ECMO treatment is significantly small. If the likelihood for receiving the VA-

ECMO treatment is significantly small for average patients, we need modify the Markov
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model. We need delete the relapse and the second remission health states. The final Markov

model will only have two health states, remission and death.

The conceptual model built in this thesis is a cohort model. It models the clinical experience
of the average patients with same characteristic, such as diagnosis (clinical cause). Cohort
models are commonly used in health economics and HTA. However, cohort models might
not be able to capture the dynamics of the healthcare pathways of the VA-ECMO patients.
The clinical expert said that the costs of adult VA-ECMO treatment varies a lot and the varia-
tion is not caused by different diagnosis categories or different patients demographical char-
acteristics but caused by personalized treatments for individual patients [2]. And the ODIN is
used to diagnose circulatory failure on an individual patient basis and guide the patient tai-
lored ECMO treatment. If there is a significant cost variation among individual VA-ECMO
patients who share the same clinical and demographical characteristics, patient-level simula-
tion models such as discrete-event simulation might need to be used to model the individual
dynamic treatment sequences for the health interventions and capture the variability be-

tween patients [69].
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Chapter 7
Conclusion

The new healthcare technology ODIN has potential to increase the efficacy and decrease the
total cost of the costly ECMO treatment for refractory cardiogenic shock patients. However,
before its implementation in the clinical practice, it is essential to do an early HTA of it. The
conceptual framework for ECMO treatment in this thesis contains a conceptual model, sug-
gestions for defining key parameters and obtaining data for them, and assumptions about
how the ODIN will affect the value of them. The conceptual framework can be used for the
early HTA of ODIN when more data become available. It can also play an important role to
guide personalized care of patients treated with the ODIN technology and the ECMO. Since
the conceptual model contains more general and complex evidence, it can get simplified or
modified when put into practice to develop customized model to solve more specific prob-

lems.
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