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Summary

Background: The COVID-19 pandemic is just the most recent, stark reminder of the threat
that Emerging Infectious Diseases (EIDs) increasingly pose to the world. Vaccine
development can serve an essential part in efforts to respond to these threats. Despite the
momentum generated through institutional responses to EIDs in recent years, the world needs
to get its EID vaccine development priorities right, given the range of threats and the limited
resources available to address them. This points to the need for new research to better
understand the nature and magnitude of the EID vaccine R&D prioritization problem,
including the relevant objectives, funding needs, and the value of EID vaccine R&D
alternatives. It also underscores the need for appropriate tools that can support high-impact
R&D investment decisions in real-life settings.

Objective: The objective of this PhD project is to develop and apply a prioritization
framework for investment in EID vaccine development within a newly established,
international multi-stakeholder setting.

Methods: To develop the framework, the thesis draws on established approaches in the fields
of Health Research Priority Setting, Decision Analysis and Operations Research; and
proposes a conceptual frame for addressing interconnected problems of strategic objective
setting, investment boundary setting, project and portfolio selection. Specific prioritization
models are then employed to support solutions to each of these problems. An Exploratory
Decision Analysis process combines Value-Focused Thinking and Discrete Choice
Experiment methods to identify, structure and explore the relative importance of strategic
objectives for EID vaccine R&D investments (Paper I). A stochastic optimization model
estimates the minimum cost for advancing vaccines successfully through clinical safety and
immunogenicity studies in a portfolio of 11 priority EIDs, setting the boundaries within
which consequent investment decisions can be made (Paper 11). A Multi-Criteria Decision
Analysis combines multi-attribute utility and Monte Carlo simulation methods to support the
selection of vaccine candidate projects for investment against Lassa, Middle East Respiratory
Syndrome (MERS) and Nipah (Paper I11). A Portfolio Decision Analysis combines
simulation-optimization and Discrete Choice Experiment methods to support the selection of
an optimal portfolio of rapid response vaccine technology platforms for investment against
newly emerging infections (Paper V).

Findings: There are three sets of key findings that can be drawn from the thesis. First, it is
possible to integrate diverse normative and methodological approaches to prioritization to
develop a coherent framework within which prioritization models for EID vaccine
development can be designed. Second, it is possible to employ this framework to generate
evidence to inform EID vaccine R&D priorities and investment decisions through the
systematic combination and adaptation of procedural and rigorous analytic tools. Third, the
results of the application of this framework provide new evidence on EID vaccine
development objectives, costs, risks and preferences. In terms of strategic objectives, vaccine
R&D preparedness emerges as the highest priority, if advanced in parallel with market
predictability, response and equity objectives. Vaccine development investment boundaries
are estimated at $319-469M ($137M-$1-1BN range) per EID, reflecting expectations of



costs through mid-stage clinical development after accounting for likely project failures. The
average probability of success of EID vaccines through mid-stage clinical development is
estimated at 33% (14-66% range) — as demonstrated by expert assessments on a number of
Lassa, MERS and Nipah vaccines. When investing in vaccines, there is more value to this
probability than to the probability that the technology platforms supporting these vaccines
will be suitable for vaccine development against other, newly emerging infections. The
probability of vaccine technology platform projects rapidly responding to multiple emerging
infections is low and varies between platform types: <1-36% for Viral Vectors; <1-26% for
Protein; <1-23% for Ribonucleic acid (RNA); <1-12% for Deoxyribonucleic acid (DNA); <1-
7% for gene-encoded monoclonal antibodies (mAb). The value of investing in RNA is higher
than Viral Vector platforms, and investment in RNA and Viral Vectors is more desirable than
in DNA, Protein or gene-encoded mAbs. Platform diversification is desirable in face of
substantial uncertainty and diminishing returns from investing in projects of single platform

types.

Implications: Findings demonstrate how prioritization models can rationalize the allocation
of resources in a complex global health R&D setting, characterized by multiple stakeholder
values, funding constraints and uncertainty in cost and performance of vaccine technologies.
As global governance structures for outbreak preparedness and response continue to evolve,
the findings of this thesis can help these structures make improved decisions that maximize
value for global health.

More broadly, three implications can be drawn for future research and practice. First, the
reported prioritization framework points to a set of theoretical foundations that others can
consider when developing methods for prioritizing investments in newly established entities
supporting R&D more generally; especially where a structured approach to planning and
management of investments will be needed, and where societally valued goals are present but
monetary gains are less important. Second, the real-life application of this framework in a
specific organizational context should offer some reassurance to researchers and practitioners
about the feasibility of employing both participatory and rigorous analytical tools to support
real-world R&D decisions. Further research and applications will also be beneficial for
testing the practical utility and validity of these tools across different R&D domains. Third,
the findings from application of the framework can serve as inputs and points of departure in
future prioritization processes. For instance, the evidence on costs, risks, and preferences for
prioritizing new EID vaccine development investments presented in the thesis serve a
valuable entry point for planning and prioritizing R&D investments in response to the
COVID-19 pandemic. However, further validation, and potential updates to these estimates
may be needed given the world’s experience with COVID-19 and its likely impact on EID
vaccine development priorities in the future.



1. Introduction

1.1. Background

1.1.1.The challenge

The world is currently shaken by the emergence and global spread of a novel coronavirus
known as COVID-19. The COVID-19 pandemic is the most recent, stark reminder of the
proliferating threat that Emerging Infectious Diseases (EIDs) increasingly pose to global
health security [1]. Vaccine development can serve an essential part in efforts to respond to
emerging epidemics [2]. This has been demonstrated by the vaccine Research and
Development (R&D) response to the 2014-15 Ebola epidemic in West Africa and by the
prominent role it is playing in the global COVID-19 pandemic response [3,4]. In doing so,
vaccine R&D can act as a driving force of health security improvements worldwide.
However, EID vaccine R&D faces challenges. Substantial investments are required for EID
vaccine development [5-7]. In addition, vaccine development is inherently risky, with, for
instance, at least two-thirds of preclinical vaccine candidates likely to fail before reaching
clinical proof of concept, according to published industry data [8,9]. The scientific risks and
operational complexities entailed generally in developing vaccines are well documented in
the literature (e.g. see [10-12]).

Despite the world’s unprecedented response to the COVID-19 pandemic, no vaccine has ever
been developed in time to alter the course of a new disease outbreak for several additional
reasons. First, coordination of stakeholder responses across institutions and sectors has
traditionally lagged behind the epidemic curves of EIDs [13]. Second, R&D priorities for
improving preparedness have been driven primarily by national security concerns, leaving
sparse product development pipelines for EIDs that fell outside country-specific security
agendas [14]. Third, development of EID vaccines has been unappealing for manufacturers,
who see little commercial benefit due to the sporadic disease burden and lengthy, risky, and
costly product development [12,15].

Given the damage potential of EIDs as well as the scale of investment and coordination, risks
and complexities inherent in vaccine R&D, there is a growing need by decision-makers of
understanding what it would cost and agreeing on how to prioritize scarce resources to
develop vaccines. This problem is of particular relevance in current times, since, traditionally,
there has been a paucity of explicit, publicly available vaccine R&D Probability of Success
(PoS) and cost data as well as little agreement between stakeholders on which R&D
investments should be prioritised. These challenges are compounded by the historical absence
of a global EID R&D portfolio strategy and coordination, and are amplified by the lack of
evidence about the magnitude of the EID vaccine R&D prioritization problem and the
feasibility of addressing it [16,17].

1.1.2.The opportunity

Challenges notwithstanding, the west African Ebola epidemic [2,16,17] and the COVID-19
pandemic [18] have led to a paradigm shift in EID vaccine development thinking. In response
to Ebola, experimental vaccines were possible to deploy thanks to over a decade of R&D into



biodefence-related Ebola countermeasures [19]. In response to COVID-19, vaccines were
possible to develop at unprecedented speed thanks to the accumulation of evidence on
technology platform performance against a variety of related pathogens [20]. Successful
efficacy testing of an Ebola vaccine [21] and of several COVID-19 vaccines [22-24] in midst
of the two most notable epidemics of recent times suggest a pathway for better preparedness
against future epidemics: namely, advancement of vaccine technologies through human trials
in anticipation of emergencies and making the most promising of these quickly available for
efficacy testing and use if and when emergencies occur [19].

With these successes in mind, a political, financial and scientific momentum has been
generated to address the world’s security challenge from future epidemic threats via
institutional responses. One of these is the Coalition for Epidemic Preparedness Innovations
(CEPI). CEPI was formally launched at the 2017 World Economic Forum meeting in Davos
[25], with close to US$2 billion current funding from various governments and philanthropic
foundations, seeking to diminish the danger that EIDs pose to the wellbeing of affected
populations. Others are the Access to COVID-19 Tools (ACT) Accelerator [26] and its
COVAX pillar for vaccine development [27], which CEPI has contributed to setting up in
response to the COVID-19 pandemic. However, to fully seize on this momentum, the world
must get its priorities for EID vaccine development right, given the range of EID threats and
the limited resources available to address them.

1.1.3.The knowledge we need

To prioritize EID vaccine R&D investments appropriately, we need new research to
understand the nature and magnitude of the EID vaccine R&D prioritization problem as well
as to design appropriate tools that can support high-impact R&D investment decisions in real-
life settings. In particular, two main knowledge gaps need to be addressed: a) evidence
around appropriate objectives, funding needs and the value of EID vaccine R&D alternatives;
and b) methods for eliciting these in a rational, systematic manner.

Indeed, the novelty of global institutional responses to EID threats brings with it an
unchartered territory in terms of evidence around both what the most relevant objectives
should be and their relative importance to help set some desirable goals towards which
subsequent investment decisions can be made. The identification and structuring of strategic
objectives — and the specification of trade-offs between these — requires the application of
methods that explicitly account for stakeholder values in complex planning contexts
characterized by strong interests and conflicting priorities.

Furthermore, not knowing what R&D alternatives are potentially available, and not knowing
how much it would cost to successfully develop these to satisfy strategic targets, prevents the
setting of boundaries within which reasonable R&D investment decisions can be made [6].
This requires new evidence on EID R&D pipelines and costs through models that identify
optimal pipeline structures and funding needs, accounting for pipeline constraints and R&D
uncertainties.

Models for valuing and prioritizing EID R&D investments, such as EID vaccines and rapid
response technology platforms for newly or unexpectedly emerging EID threats, are also
almost entirely lacking (see Chapter 2). Most of the handful of models previously proposed
for vaccine development prioritization (e.g. the CHNRI methodology [28-30], or the SMART
Vaccines framework [31-40]) do not lend themselves easily to the estimation of value of
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vaccine R&D that is adjusted for the PoS of early stage, risky R&D candidates, which is
typically the case of EID vaccines. Other cost-effectiveness [41-44] and decision-tree
analysis methods (e.g. [45]) have attempted to more explicitly address such concerns.
However, differences in the characteristics between these prioritization problems suggest that
no single model can assume criteria, preferences and constraints to be equally relevant across
different application contexts [46].

Despite the establishment of various Health Research Priority Setting (HRPS), Decision
Analysis and Operations Research approaches to health product development prioritization
(see Chapter 2), a practically oriented framework for EID vaccine development prioritization
is lacking. Such a framework is needed for structuring the EID vaccine R&D prioritization
problem, and for guiding real-life decisions to address this; drawing from the similarities,
differences and complementarities between established health product development
prioritization approaches. The focus here is not only on producing new information or
knowledge about EID vaccine R&D investment priorities, but also about how to make
optimal choices once information has become available. This requires the application of a
variety of procedural, stakeholder engagement tools combined with rigorous analytical tools
for problem structuring and valuation under conditions of uncertainty, resource constraints
and heterogeneity of stakeholder perspectives.

1.2. Objectives

The overall objective of this thesis is to develop and apply a prioritization framework for
supporting investments in EID vaccine development. This framework should be able to
integrate models for addressing a set of interconnected problems of strategic objective
setting, investment boundary setting, project and portfolio selection in the context of EID
vaccine R&D. To achieve this objective, the thesis aims to: a) demonstrate how models can
account for multiple criteria and formally incorporate stakeholder preferences in the face of
decision uncertainty and evolving trade-offs; b) contribute to the evidence base about
priorities in EID vaccine development through the application of the framework in an
international, multi-stakeholder setting.

Specifically, four research objectives are explored in separate papers as follows:

e Paper I: To identify strategic objectives and examine their relative importance for EID
vaccine R&D among diverse stakeholders in an international coalition setting.

e Paper II: To estimate the minimum cost for achieving vaccine R&D preparedness targets
against 11 priority EIDs.

e Paper I1l: To undertake a quantitative valuation for the ranking and selection of EID
vaccine R&D projects.

e Paper 1V: To undertake a quantitative valuation for the selection of a portfolio of rapid
response technology platform projects to unexpectedly emerging infections.

To develop the framework, the thesis draws from normative and methodological perspectives
in the Health Research Priority Setting (HRPS), Decision Analysis and Operations Research
literature (see Chapter 2). A conceptual model is introduced, presenting the lifecycle of EID
vaccine development and the characteristics of EID vaccine R&D decisions. A definitional
frame is established, within which different prioritization typologies can be distinguished and
prioritization methodologies can be reviewed. An appraisal of theoretical and empirical
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approaches to health product development prioritization identifies the conditions under which
it is appropriate to use different methods to support the prioritization of investments along the
EID vaccine R&D continuum. These conditions inform the structuring of a general
framework for addressing strategically interconnected prioritization problems in EID vaccine
R&D.

Whereas the overall methodological approach to address these objectives is that of multi-
criteria modelling, a variety of procedural and analytical techniques are employed to address
the different problems considered in the framework (see Chapter 3). This is done in two
stages. The first stage concerns the establishment of an overarching strategic prioritization
frame, against which individual investment decision problems can be addressed at the second
stage. Across the two stages, five characteristics help define the nature of prioritization
problems that can emerge and the methods relevant to addressing these: stakeholders,
alternatives, decision criteria, analytic objectives, uncertainties and interaction effects. With
these characteristics in mind, six steps are then undertaken to develop an appropriate
prioritization model for each problem: problem structuring; model formulation; selection of
methods for generating factual information; selection of methods for generating preference
information; selection of methods for model output computation; and selection of methods
for handling uncertainty. Figure 1.1 summarizes the framework and the models employed
within this to address the four research objectives of the thesis (see Chapter 3 for details on
problem characteristics and methods employed).

Figure 1.1. Summary of prioritization modelling framework.

age 1, Strategic Framing Stage 2. Investment Framing

Paper |l. Boundary Setting Paper lll. Project Selection Paper IV. Portfalio Selection

*  Exploratory Declsion Analysis | | *  Cost Minimization Analysis || *  Multi-Criveria Declsion Analysis *  Portfolio Declsion Analysis

* Toformulate a desirable EID *  Toidentify the lower/upper *  Toconduct a quantitathe *  Toidentify an optimal pertfolio of
vaccine developrment strategy that pipeline compositionand funding waluation and ranking of vaccine technology platform projects that
accounts for preferences of boundaries withinwhich projects until athreshaoldis maximizes value under budget
stakeholders investments can be made reached constraint

*  Multiple stakeholders « Multiple goals «  Multiple stakeholders - Multigle stakehalders

»  Multiplecriteria +  Parameter imprecision/ variability «  Multiple criteria + Multigle criteria

*  Preference heterogeneiny & . .. B +  Parameter imprecison/ varladility
structural uncertainty with *  Parameter imprecision,/variability +  preference heterogensity
STrategy process +  Preference heterogeneity *  Project intardepandencies
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2 off methods
=
Model +  Conditional logistic regression *  Simulation-optimization +  Maonte Carlosimulation *  Simulation-optimization
Mode
outputs
Handl: *  Rank probability analysis *  Frobabilistic Sensitivity Analysis + Probahilistic Senitivity Analysis - Probabilistic Sensitivity Analysis
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1.3. Structure of thesis

The remainder of the thesis is structured as follows. Chapter 2 presents the theoretical
framework underlying the chosen methodologies, providing a justification for the process
steps and analysis techniques employed in the thesis. Chapter 3 gives an overview of the
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methodological approaches undertaken to address the EID vaccine R&D prioritization
problem, from strategic objective and boundary setting, to R&D project and portfolio
selection. Chapter 4 provides a summary of the results from the implementation of these
methods across the two stages of the EID vaccine R&D prioritization problem (Papers I-1V).
Chapter 5 provides a discussion of the main findings, methodological and practical
contributions as well as limitations of the thesis. Chapter 6 summarizes the thesis’s
conclusions. Papers I-1V and their supplements are provided in full in the Appendix.
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2. Theoretical Background &
Framework

This chapter presents the theoretical background underlying the development of the
prioritization framework and the structure of its application. To this end, a conceptual model
is initially introduced presenting the lifecycle of EID vaccine development, followed by the
establishment of a definitional frame within which different prioritization typologies can be
distinguished. An overview is presented of methodological approaches that have been used or
proposed for different health product development prioritization problems. Lessons are then
drawn for the development of a framework to support the prioritization of investments in EID
vaccine R&D. The chapter ends with a presentation of a general framework structure and
considerations for bringing different analytical and procedural elements together to
appropriately support the prioritization of investments in EID vaccine R&D.

2.1. The lifecycle of EID vaccine development

Although the reality of vaccine development can be complex, several authors have attempted
to describe in simple terms the different phases in vaccine development and key
characteristics (e.g. [8,12]). However, in order to determine what methods can appropriately
support different steps of the EID vaccine R&D prioritization process, a further link needs to
be established between development phases, types of decisions to be made and challenges
facing these different decision points. Figure 2.1 provides a simplified view of this
relationship along the path of EID vaccine development, from exploratory to different
product access endpoints.

Figure 2.1. An illustration of phases and pathways and of decision points in EID vaccine development.

Project entries
and/ar progressions

Project entries
andfor progressions

Project entries
and/or progressions

Project entries
andfor progressions

Project entries
and/or progressions

Project entries

Outbreak of
Stockpile e oublic health
significance

Decision uncertainty

Phase 2a

Dre. - ase 1 (safety) - b
reclinical Phase 1 (safety) {immunogenicity)

Registration

2.1.1.Phases & Pathways
Based on figure 2.1., there are several phases in the lifecycle of EID vaccine development.
Typically, most EID vaccines can only be developed through four sequential phases in off-
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epidemic conditions: discovery & exploratory for antigen selection; preclinical trials in
animal models; Phase 1 safety trials in humans; Phase 2a safety and immunogenicity trials in
humans. In off-epidemic conditions the incidence of EIDs is non-existent, low and/or
sporadic. Therefore, Phase 2b/3 efficacy trials in humans are typically not possible to
conduct, unless there is an outbreak that triggers an accumulation of cases to allow its launch.
If a vaccine successfully advances through to end of Phase 2a clinical trials, clinical
investigational vaccine material can be stockpiled, which can then be used in a Phase 2b/3
study just-in-case an outbreak occurs. However, there may be some EIDs —e.g.
Chikungunya, Lassa — whose incidence is predictable enough so that Phase 2b/3 studies can
be initiated and conducted in off-epidemic conditions, without the need for a major outbreak
of international concern to occur.

Vaccine technology platforms can also be tested for their potential to enable just-in-time
vaccine development in response to an unexpected epidemic infection emergency. Typically,
once such platforms have been discovered and/or designed, these are tested in preclinical
models and in Phase 1 safety trials in humans utilizing model pathogens, to demonstrate
speed of vaccine development and production together with safety and immunogenicity
enabling potential. In off-epidemic conditions, platforms can be tested across multiple
pathogens, in order for databases on safety characteristics to be built, which can accelerate
regulatory decisions for a just-in-time implementation of Phase 2a and Phase 2b/3 studies in
response to an unexpected outbreak. Development of specific vaccines using these platforms
can continue through Phase 2a trials in off-epidemic conditions. However, the rationale of the
platform approach is essentially an alternative pathway to stockpile-based preparedness for
Phase 2b/3 studies and is particularly relevant to new and unexpectedly emerging infections.

It is worth noting that the above development phases and pathways can be compressed in
response to novel EID outbreaks, where no vaccine has previously been developed. This
point is exemplified by the COVID-19 pandemic response, where a combination of clinical
evidence on vaccine performance against related pathogens and the accumulation of evidence
on platform performance against model pathogens allowed for an accelerated development of
COVID-19 vaccines once the right antigen had been selected [18].

2.1.2.Decision points

Throughout the lifecycle of EID vaccine development new pipeline entry decisions need to
be made. New vaccine or platform candidates can enter the development pipeline at any
phase of development, depending on if they are available and if they are successfully
evaluated and selected for entry, during what are typically known as project or portfolio
selection decisions.

Once a project has entered the development pipeline, periodic decisions need to be made on
whether to continue or to abandon a project, and/or how to prioritize it if a portfolio of
projects has been established but not all projects can be afforded to advance due to budget or
other constraints. These decisions usually occur at the end of each phase, during what are
typically known as stage gates [47].

2.1.3.Decision challenges
Pipeline entry or stage gate criteria depend on the strategic priorities of those making the
R&D investment decisions. Assuming a newly established, international multi-stakeholder
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setting (such as in CEPI), a first challenge is to clarify what strategic objectives for vaccine
development to pursue, given diverse opinions of stakeholders on the nature and relative
importance of these (see section 2.2.). Second, because of the multi-staged nature of EID
vaccine development, any framework developed for the evaluation and selection of new
projects will require some consistency in its evaluation features with these objectives and
with periodic updates needed to support stage gate decisions.

Third, whether investments will generate economic or societal benefit is subject to significant
uncertainty, because of: not knowing if the product will protect against an unexpectedly
emerging pathogen outbreak; and not knowing what the value of that protection will be — that
is, how many people would be put at risk by the pathogen and what risk the pathogen would
pose to them [20]. Whereas technical and operational uncertainties are likely to diminish as
product candidates advance through development phases and new evidence becomes
available [48], outcome uncertainties will most likely remain, unless the incidence of disease
becomes predictable. For these reasons, no single standardized financial or health-economic
value metric is likely to be able to measure the value of EID vaccine R&D investments. In
absence of such commonly acceptable impact-based metrics, sources of value may need to be
identified that incorporate stakeholder preferences to inform how such values should be
traded off, if conflicting.

2.2. Prioritization as a frame

To fully appreciate the complexity facing efforts to prioritize investments in EID vaccine
R&D, it is helpful to think of prioritization as a frame along the path of vaccine development.
Keeney [49] has described a philosophical approach to defining decision problems as
reasoning frames, mainly focusing on values for evaluating the actual or potential
consequences of action and inaction of proposed alternatives and of decisions. Building on
this framework, prioritization in this thesis can be treated as one type of such a decision
frame, where the requirement is to choose a single alternative, or a subset of alternatives,
from a larger set of defined alternatives. This requires several key distinctions to be made,
based on which a number of relationships can be established between inter-connected
prioritization frames. These are discussed below.

2.2.1.Distinctions

A first distinction should be made between setting priorities and prioritizing investments.
Setting priorities is an activity that can be carried out by different stakeholders, with the
resulting priorities used, or not used, by decision makers responsible for allocating resources.
Priority setting approaches are typically applied in more strategic contexts and when linked to
specific organizational environments they often take the form of strategic frameworks [50-
53]. Here, investment alternatives are rarely defined at the start of the process, instead they
are typically the outputs, or the resulting priorities, of the process. Investment prioritization
suggests the allocation of resources and requires the engagement of stakeholders accountable
for making investment decisions [54]. Most of the approaches proposed for prioritization in
health product development are applied in (or developed for) institutional contexts where
investment alternatives are already well defined at the start of the exercise and assume the
presence of stakeholders with decision making authority. This distinction is made because the
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two terms relate to two different types of problems that by Keeney’s approach should be
sequentially inter-connected within an integrating prioritization framework.

A second distinction must be made between valuation and prioritization. Whereas
prioritization is about choosing a single alternative, or a subset of alternatives, from a larger
set of defined alternatives, this can be contrasted with the typical situation of examining the
value of a single alternative (e.g. through health technology assessments [48, 55]) to inform a
go/no-go authorization decision, which is commonly observed for instance during stage gate
reviews [47]). The distinction between valuation of single alternatives and choice between
them is important, as choice often requires, in addition to the valuation of each alternative,
the explicit consideration of value trade-offs between these, i.e. a systematic exploration of
reasons why for example one alternative, with a given estimate of performance, should be
selected over another alternative, with another performance estimate.

A third distinction should be made between different types of prioritization problems and
objectives. On one hand, project selection is the process of arriving at an overall ordering
between independent decision alternatives, whether that may be some form of binary
selection, listing, ranking, clustering or sequencing (also known as scheduling) of preferred
versus non-preferred alternatives. On the other hand, portfolio selection is the process of
arriving at an overall ordering of subsets of interdependent alternatives out of a larger set.
The solution to both project selection and portfolio selection problems is dependent on some
form of valuation of individual decision alternatives, as discussed above. The ultimate
prioritization objective may be similar between the two types of prioritization problems (i.e.
an optimal selection of preferred alternatives in the form of a binary, list-, rank-, cluster-, or
sequence- based ordering). However, it is the level of choice trade-offs that changes in the
two problems, because of the way that the value of individual alternatives is realized in
presence of interaction effects (e.g. shared resources, risk or value interdependencies, etc.).
This distinction is important because the presence of interaction effects adds a significant
layer of complexity in how portfolio selection problems should be structured to address their
prioritization objectives. In absence of such interaction effects, portfolio selection problems
are, in practice, nothing more than project selection problems which can be addressed in less
elaborate ways. From an analytical standpoint, literature often unnecessarily classifies
prioritization problems as portfolio selection problems, when these should really be treated as
problems of project selection (for details see section 2.3.).

2.2.2.Relationships

Illustrating prioritization as a frame by drawing on the above distinctions can help visualize
relationships between different types of specific, seemingly disconnected analytical problems
vis-a-vis otherwise commonly shared, fundamental prioritization objectives. In doing so, a
multiplicity of analytical methods can be introduced to support different types of
prioritization problems that are strategically and/or sequentially interconnected. Figure 2.2
presents such a frame, spanning from priority setting to specific types of prioritization
problems.
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Figure 2.2. Framing strategically interconnected prioritization problems with flow of information indicated. An
adaptation of the Keeney [49] Value-Focused Thinking framework.
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Based on this figure, two stages can be distinguished. Per Keeney’s classification [49], the
broadest prioritization frame is the strategic decision frame where the decision maker’s
ultimate priorities are set, referred to as strategic objectives. Others refer to this as simply the
strategy table [56], or within corporate management settings the strategic buckets approach
[50]. These priorities provide an overarching context within which all other efforts can be
realized that are associated with prioritizing specific investments.

Specific investment decision frames distinguish those concerns relevant to specific
prioritization problems from concerns relevant to all prioritization problems that may face the
decision maker within the overarching strategic decision frame [49]. However, a key
principle here is that anticipated outputs from specific prioritization problems must be clearly
linked to the achievement of the decision maker’s strategic objectives. This can be done by
structuring the objectives for specific investment decisions around the achievement of
previously defined strategic objectives.

2.3. Methods relevant to EID vaccine R&D

prlorltlzatlon
Considering the above definitions and distinctions, an attempt is made in this section to put
relevant prioritization methods into perspective. The literature on research prioritization is
large, yet a single framework for EID vaccine R&D prioritization is lacking and no targeted
review of approaches for health product development has previously been provided. The
purpose of this section is to give an overview of published methods for health product
development prioritization, and to put these within context of the decisions and challenges
laid out in sections 2.1 and 2.2. The focus here is on studies that identify priorities or offer
insights into how investments can be prioritized in real-life settings or through numerical
illustrations.
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The literature assessed below arises from the mining of articles from various electronic
databases (Pubmed, Embase, Web of Science, Scopus, ScienceDirect, Global Health (Ovid),
Emerald Journals, Wiley Online), book chapters from SpringerLink and all types of
publications from Google Scholar, using variants of the following search string: (health OR
biomedical OR pharmaceutical OR biotechnology) AND (“research and development” OR
“product development”) AND (“priority setting” OR “project selection” OR “portfolio
selection” OR “portfolio management” OR prioritization). Figure 2.3 summarizes this
literature search process.

Figure 2.3. Summary of the literature search process.
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Specifically, three sets of methods that emerge from this targeted literature search are
explored for insights in how to prioritize EID development: Health Research Priority Setting
(HRPS), Decision Analysis and Operations Research. Each of these poses different types of
problem formulations and places a different emphasis on how analytical tools are employed
versus on whether and how stakeholder engagement is handled. Whereas other bodies of
literature are likely to offer further insights into criteria and valued goals as well as on
stakeholder processes and analytic methods, these are assumed to be less meaningful in the
context of this thesis, as they typically focus on different types of problems.

2.3.1.Health Research Priority Setting methods

Several attempts have been made to inform priorities about health product development over
the past three decades. Often these studies are referred to as Health Research Priority Setting
(HRPS) [57]. Whereas hundreds of HRPS studies have been conducted on a variety of health
research topics as reviewed by several authors, e.g. [58-63], the number of HRPS studies
dealing specifically with health product development priority setting is comparatively small
(see Table 2.1. for an indicative list of studies). Some of these explicitly focus on vaccine
development (e.g. see [28-44]), but most of them vary in scope, stakeholders, criteria and
objectives.
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A common goal of HRPS studies is to gain consensus about areas where increased research
effort — including collaboration, coordination and investment — will have wide benefits to
society [62]. Given HRPS approaches are predominantly practice-oriented, a unifying theory
underlying them is lacking. These models generally draw from multiple theories including
stakeholder theories (e.g. see [101]), theories of justice (e.g. see [102,103]), and utility
theories for decision making (see section 2.3.2.).

As illustrated in Table 2.1., HRPS studies use a variety of stakeholder engagement tools and
for the most part they focus on the procedural aspects of priority setting, which are generally
ignored by more sophisticated analytical models (see section 2.3.2.). HRPS studies typically
assume that much of the value from priority setting models derives from the process of using
them rather than from their analytical outputs [104]. Consequently, equal or more emphasis is
typically placed on processes of stakeholder engagement than on the theoretical justifications
over the use of tools for quantifying and analytically comparing alternatives.

Defining characteristics
(1) Emphasizing process and principles of stakeholder engagement

HRPS studies treat priority setting as a complex and interactive process of engagement and
coordination between multiple stakeholders. In doing so, these studies tell us that issues such
as who should inform the priorities, how or when opinions should be incorporated and how
priorities should be set in relation to social goals and needs, must play a central role. As
highlighted by several HRPS studies in different ways, priority setting should be driven by
explicit principles around the types and rationale for inclusion of different stakeholder
perspectives. For instance, the participation of different types of stakeholders in the priority
setting process is frequently highlighted as a requirement for consensus building and
partnership orientation towards strategy and agenda setting against commonly accepted
challenges (e.g. see [65-76, 85-86, 88-89, 98-99]).

Stakeholders typically concern technical subject-matter experts, as well as representatives of
different sectors carrying funding, policy making, or R&D implementation authority.
Through a variety of consultation tools, such as exploratory interviews, workshops and
surveys, expert panel meetings, working groups and conferencing tools (see Table 2.1. for
details), stakeholders are involved in several distinct steps, including: (1) identifying priority
alternatives; (2) identifying criteria to assess alternatives; (3) providing opinions or
assessments of alternatives; and (4) deriving priority recommendations. Some approaches
suggest the additional use of expert advisory committee or project governance structures to
ensure oversight or control of this stepwise deliberation process (e.g. see [41-43, 74, 77, 80,
84, 90]), which is also highlighted as good practice in recent HRPS reviews [62, 104].

The needs of additional special stakeholder groups, such as patients or end users, are also
increasingly highlighted as an essential success factor in health product development priority
setting, demonstrating how patient or user views can improve acceptability and societal
relevance of priority setting outcomes [76, 88, 89].

Arguments for the participation of different stakeholder groups into the priority setting
process have been made on the basis of ethical concerns. [65] and [66] highlight the
importance of public input for improving the accountability of priority setting. [68] questions
the justifiability of prioritizing product development for populations affected by rare diseases
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against principles of fairness or equitability, societal relevance or need. [67] outline moral
dilemmas arising from the prioritization of resources for product development against
different types of diseases, revolving around rights and obligations to benefit populations
versus advancing medical science. And [69] explore the relationship between priority setting
and what values and procedural considerations should underpin global health research
priority setting as a matter of justice.

(2) Acknowledging multiple criteria

HRPS studies typically express priority alternatives in terms of multiple criteria [57].
Consequently, these models are increasingly making use of Multi-Criteria Decision Analysis
(MCDA) frameworks (see section 2.3.2 for a formal introduction). For instance, [31-40] have
proposed a prioritization framework called SMART Vaccines to analytically support the
ranking of vaccine R&D priorities, explicitly taking stakeholder preferences into account for
eliciting priority trade-offs. Several other multi-criteria scoring frameworks have also been
proposed for identifying priorities in different health product development domains (e.g. see
[28-30, 87-94] in Table 2.1.). In doing so, these studies highlight four analytical steps, in
addition to the stakeholder engagement steps previously discussed: (1) ensuring that the
identified list of criteria is appropriately structured, complete and measurable; (2) defining a
range of performance levels for each criterion; (3) eliciting stakeholder preferences to
determine weights of relative importance between criteria; and (4) aggregating to generate an
overall worth for each priority alternative in order to justify some sort of ranking.

Evidence-based or data driven models are also used to inform health product development
priority setting without any explicit acknowledgement of multiple criteria trade-offs. [100]
reports an epidemiology model for prioritizing TB drug regimens with different
characteristics. [98-99] report a Burden of Disease Analysis for establishing new medicine
priority lists. [44] demonstrate the feasibility of prospective cost-effectiveness modelling—
combining infectious disease dynamic modelling with economic modelling— for informing
decisions about vaccine innovation R&D. The US Institute of Medicine has published a series
of reports on vaccine development priorities where variants of cost-effectiveness analysis
play a central role [41-43]. As frequently argued by others [48, 55, 105, 106], health-
economic modelling or any other method conforming to the principles of evidence-based
medicine is generally good practice for measuring performance of decision alternatives in
health, assuming data is available to support this. However, as insightful as such analyses
may be, they say little on their own about whether the outcomes of their analyses are relevant,
and to what degree, to stakeholders responsible for implementing their recommendations. To
this purpose, some of the evidence-based HRPS approaches (e.g. [43, 98, 99]) report
additional consensus judgement steps to their analyses for priorities to be determined. Others
(e.g. [100]) simply acknowledge that real-world choices are seldom made based on evidence
alone and without the consideration of preferences of those accountable for decision making.

(3) Identifying one-off priorities

Resulting priorities from HRPS studies often take the form of descriptive lists of
recommendations or score-based rankings of alternatives (for details, see Table 2.1.). These
recommendations are often one-off outputs targeted towards informing strategy or policy
development and planning within a specific disease or product area, or across different
thematic R&D areas. Outputs are mainly prescriptive in nature, in that the values they reflect
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assume wider societal (or at least broader stakeholder) concerns. Despite being heavily
practice-oriented, HRPS studies generally do not report whether or how the generated
priorities had an impact on policy or practice [62, 97]. Without any apparent link to how
recommendations have been followed up by specific actions (e.g. investment decisions or
policy making initiatives) it is difficult to assess the practical validity of these models, in
particular as they may relate to goals of those accountable for allocating resources.

2.3.2.Decision Analysis and Operations Research methods

Whereas HRPS methods place a strong emphasis on procedural aspects of stakeholder
engagement to identify collective priorities for policy development and planning, there has
been an interest in analytical methods to support investment decisions with relevance to
health product development since the 1950s and 1960s [107-110]. Two main streams of
research in this field derive from decision analysis and from operations research. Both place
an emphasis on the development of models for the selection and management of R&D
projects or R&D portfolios predominantly at the individual organization level. Although there
IS a substantial overlap between the two streams in terms of analysis techniques for valuing
alternatives or dealing with uncertainty, each places a different emphasis on how and what
types of prioritization outputs are derived.

2.3.2.1. Decision Analysis

Various decision analysis models have been used to support project selection, portfolio
selection, and increasingly also priority setting in health product development. These
methods vary in scope and offer a mix of illustrative and real-life applications (for details, see
Table 2.2. for project selection and portfolio selection methods; Table 2.1. for priority setting
methods).
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A common goal of decision analysis methods is to provide insight into the value of decision
alternatives, based on which rational resource allocation choices can be made. Decision
analysis typically assumes rational, utility-maximizing agents that want to make optimal and
coherent choices [148-150]. Traditional utility theory [151-152] and multi-attribute utility
theory [153] postulate axioms that describe such choices, including completeness,
transitivity, continuity and independence (see [154] for detailed definitions). Drawing from
such theories, decision models adopt a much more stringent, normative perspective in
comparison to HRPS approaches, although many practitioners utilize them in a constructive
spirit [149].

To serve its purpose, decision analysis conventionally distinguishes between probabilities and
consequences (or outcomes) of alternatives. These are then combined in a structured way,
e.g. through statistical decision rules [111-120] or through decision tree models (see for
instance [45, 121-123]) to derive an estimate of expected value for each alternative
considered.

Where there is more than one valued consequence in the prioritization problem, an extension
of conventional decision analysis can be used, briefly introduced in section 2.3.1. as MCDA
and formally introduced in [153]. In addition to allowing for the combination of the expected
values for each consequence into a composite measure of overall expected value, MCDA
further distinguishes between expected levels of achievement of the different consequences
and preference trade-offs between these (typically referred to as weights) (e.g. see [54, 124-
135]). However, probabilities in MCDA models are often treated as separate criteria in
practice. This is the case for instance in partial MCDA models [155], where the aggregation
of information on criteria is not required into a single expression of value (e.g. in qualitative
models to support deliberative processes as commonly observed in HRPS studies). This is
also typically the case in simplified multi-attribute rating (SMART) methodologies [156],
which are increasingly adopted by HRPS studies [28-40], where the structuring of the criteria
(e.g. distinguishing between probabilities and consequences) and the incorporation of weights
(e.g. by simplified rank ordering techniques) are somewhat more arbitrary.

Defining characteristics
(1) Accommodating criteria relevant to decision maker needs

Similarly to HRPS studies, decision models typically assume that the criteria employed for
the comparison of alternatives should reflect essential stakeholder concerns. However,
decision models implicitly or explicitly place limits on who the relevant stakeholders should
be, distinguishing between stakeholders that provide inputs for the valuation of alternatives,
including preferences, and stakeholders that are responsible for making decisions.
Consequently, the focus in these models is mainly on criteria that reflect specific decision
needs, with less emphasis given on wider societal concerns of stakeholder groups that are
either not directly held accountable or without the necessary subject-matter expertise.

In commercial settings, the consequences of each alternative within conventional decision
analysis models are typically measured in economic terms, such as net present value (NPV)
[121], augmented NPV, or Real Options Value [123]. NPV-to-risk ratios [121], or NPV-to-
cost or equivalent risk-adjusted profitability indices [114-120] are typically employed as
overall metrics for the selection of alternatives, although deciding on which one of these to
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use will often depend on the nature of the project selection problem in hand (e.g. one of
parallel versus sequential selection over time [118]. In non-commercial settings, other
prioritization criteria have also been proposed, such as Value of Information [136,137], cost-
effectiveness [138-140], and other pharmacoeconomic metrics [142-144]. Where multiple
criteria are explicitly considered, consequences typically include a combination of economic
and non-economic criteria [54, 124-135], depending on the commercial or non-commercial
nature of the decision maker’s concerns. Table 2.2. provides examples of the types of criteria
decision models applied in different types of health product development prioritization
contexts.

By assuming relevance of single criteria of economic or other expected value, conventional
decision models expend their efforts on illustrating how the computational methods work,
ignoring the question of whether such criteria are sufficient to support resource allocation
decisions. This is in contrast with MCDA models, which generally treat the identification of
relevant criteria as a critical first step of structuring prioritization problems. This is an
approach familiar to HRPS studies, with literature reviews and stakeholder consultation tools
generally employed to map all relevant criteria. However, MCDA models are generally more
stringent in their application of rules, based on which criteria can be constructed. Such rules
can include for instance checks on completeness, non-redundancy, non-overlap, and
preference independence between the criteria [149]. These are examples of rationality axioms
stemming directly from decision theoretical foundations underlying decision models [154].
Practically, the application of such rules suggests that long lists of potential criteria can be
logically reduced into smaller lists of criteria at the end of the identification process,
facilitating more meaningful choice trade-offs to be made [106].

(2) Structuring criteria in analytically meaningful ways

Once relevant criteria have been appropriately identified, decision models can contribute to
structuring these in analytically meaningful ways, because of rules they typically impose,
such as distinguishing between sources of value (consequences) and sources of risk
(probabilities). In single criterion models, where statistical decision rules or conventional
decision trees are applied, a prominent and specific role is typically placed in measures of
project feasibility or PoS, cost, and time-to-completion, treated as adjustment factors to
expectations of economic or non-economic returns. This enables decision makers to
transparently capture the uncertainties and risks as well as the incremental rate of return from
investments in health product development [121].

In MCDA models an extension of the decision tree logic applies, whereby value trees [153]
or analytical hierarchies [157] are used to cluster consequences into higher-level and/or
lower-level criteria. This can be achieved with the help of a variety of problem structuring
techniques, either top-down — e.g. Value Focused Thinking [49] to distinguish between ends
(higher-level) and means (lower-level) criteria — or bottom up — e.g. Alternatives Focused
Thinking [158] to distinguish criteria that characterize (already established) alternatives, then
grouping these into higher-level criteria. Similar rules and techniques can also be applied in
partial MCDA models, where the aggregation of information on criteria into a single source
of value is otherwise not demanded [155].

The employment of such problem structuring rules allows decision models to make the
characteristics of prioritization problems salient [123]. In doing so, decision models can help
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decision makers think through carefully and understand the fundamental drivers of value,
based on which decision trade-offs would need to be made. However, most applications of
decision models in health product development prioritization focus on projects as their unit of
analysis and therefore rarely deal explicitly with issues of interdependencies in risk or value
between alternatives. For instance, decision models set up to support portfolio selection
problems have recognized the importance of balancing aspects on portfolio value, such as
diversity between technologies, risk or value profiles of projects (e.g. see [127, 128, 131,
135]). However, with the exception of a handful of studies (e.g. see [54, 107, 132, 145]), such
interaction effects are not typically included explicitly in these models, resulting in
analytically incomplete solutions.

(3) Distinguishing between measures of factual versus preference information

To populate their models, decision analysis approaches typically distinguish between factual
information to measure performance of alternatives against single or multiple criteria of
concern, and preference information to make the value judgements of decision makers
explicit. In doing so, decision models have long highlighted that analyses which ignore or
suppress preference data tend to miss what is really important when making decisions [126].
This argument is especially pertinent when it is unclear whether some alternatives outperform
others on the basis of factual information alone and where resources might be limited to
select all [135]. In such situations, a distinction between performance measurement and
preference modelling can assist in formalizing the relationship between evidence on
performance and decision makers’ preference structures [106, 155]. This way decision
makers can systematically investigate their own preferences and compare them transparently
with the factual information in hand.

Performance measurement

Decision models can typically combine different types of performance measures, whether
these refer to quantitative or qualitative scales. The scale required for measuring the
performance of an alternative against a given criterion will depend on how the criterion is
defined, what data is available and how the decision maker intends to use it. For instance,
economic valuation techniques are most common where economic criteria are being
considered and forecasts of anticipated revenues can realistically be made. However, the
relevance of such performance measures is limited in non-commercial settings such as EID
vaccine development.

Health economic measures, such as cost-effectiveness, Value of Information and other
pharmacoeconomic indices may also be relevant where health outcomes under resource
constraints are explicitly considered. Evidence suggests that the estimation of health
economic outcomes is becoming more and more desirable in health technology assessments
in general [48, 55, 138, 159], largely relying on modelling assumptions for new technologies
in earlier phases of development (e.g. see [138]). Such measures typically require strict
assumptions about how new product candidates would perform in specific clinical settings
and simpler expert-based scoring alternatives have been proposed to reflect the uncertainties
and lack of data at early phases of health product development [135]. Use of health economic
measures will also depend on decision maker capacities and preferences for their
implementation. For instance, they may be more applicable in settings where their predicted
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outcomes, despite their uncertainties, are considered meaningful enough to inform repeated
decisions along the lifecycle of product development.

Preference measurement

When it comes to preference information, common ways to express this is through single- or
multi- criteria utility indices and rules that account for stakeholder values in assessments of
performance of alternatives against criteria. These can typically be referred to as within- and
between- criteria weights. Within-criterion weights can be viewed as performance adjustment
factors that capture the strength of preferences for different levels of performance on a single
criterion. In models where criteria performances are measured in different scales, these
weights allow for performance estimates against each criterion to be translated into a
common scale of relative desirability. Between-criteria weights can be viewed as additional
adjustment factors to the relative desirability of alternatives, capturing the relative importance
between criteria along a common scale of value. Rules can also be applied to reflect
preferences about minimum or maximum levels of performance of alternatives, in the form of
thresholds or constraints, or to capture preferences about the sequence in which investment in

different alternatives can be realized. Table 2.3. summarizes examples of methods that have
previously been used to elicit weights in the health product development prioritization

literature.
Table 2.3. Examples of weighting techniques to incorporate preferences into health product prioritization
models.
Weighting method Within-criterion elicitation Between-criteria elicitation Elicitation tools References
task task
Examples from health-economic models
Time trade-off method  Alternatives are compared N/A - Questionnaires [139]
pairwise to identify the point
of indifference of duration
between health states.
Preference State how many units in State how many units in each - Questionnaire [41, 42]
equivalence each morbidity category morbidity category would be
measurement would be considered to carry  considered to carry the same
technique the same disutility as one disutility as one death
death
Multi-attribute utility State preference for different  State preference for different - Surveys [43, 138]

indices (e.g. SF-36,
EuroQol, Health
utilities index)

levels of health states
relative to full health or death

levels of health states relative to
full health or death

Examples from multi-criteria models

Point allocation

Points are allocated to
alternatives in proportion to
their relative importance on a
criterion

Allocation of points between
criteria in proportion to their
relative importance

- Online surveys
- Expert panels /
moderated group
discussions

[88-90, 92, 94]

Analytic Hierarchy
Process (AHP)

- Assess alternatives on
each criterion and their
“intensity of importance”
relative to each other on a
pre-defined ratio scale.

- Pairwise comparisons of the
“intensity of importance”
between criteria on a pre-
defined ratio scale

- Decision
conferencing &
workshops /
moderated discussion
panels

- ‘Do-It-Yourself (DIY)
scoresheet templates

[91, 93, 124-130]

Rank order centroid Importance of alternatives on ~ Rank order of criteria - Use of software tool [32-40]
weights / scales each criterion is considered (SMART vaccines)
on a scale (slide bars)
Swing weighting Determine relative Determine relative importance of - Decision [54, 128]
importance of changes in changes in performance conferencing
performance within a between criteria through
criterion through pairwise pairwise comparisons of
comparisons of alternatives alternatives
Stochastic Linear re-scaling of Pairwise winning indices - Scenario [135]
multicriteria performance measurements assumptions based on

acceptability analysis

to 0-1 interval (normalization)

group discussions

36



Weighting method

Within-criterion elicitation Between-criteria elicitation Elicitation tools References

task task

Rule-based N/A

Eliminate criterion if not - Scoring [28-30]
preferentially independent / guestionnaire
overlapping with others - Expert panel meeting

Examples from other decision-analytic and operations research models

Fuzzy constraint
satisfaction degree

Determine grade of N/A
possibility that constraint

value will be realized in a

given range of constraint

values

Unspecified /
lllustrative

[160]

Sequence priority
indices (e.g.
Reward/Risk priority
rules)

Index that quantifies the N/A
perception the decision
makers have about the
relative importance of
projects due to their possible
interactions. E.g. use
reward/risk ratios of projects
to prioritize activities in non-
increasing order, to resolve
resource conflicts in the list
schedule scheme. In
TOPSIS, the selected
alternative should have the
shortest distance from the
negative ideal solution in
geometrical sense.

Unspecified /
lllustrative

[131, 161-164]

Black-Litterman
model

Specify risk-aversion N/A
coefficient based on an
intuitive confidence scale

- Consensus
consultations

[147]

Threshold ratio

Determine the minimum N/A
acceptable expected reward-
to-expected cost ratio

Unspecified /
lllustrative

[118]

Certainty equivalence
/ Risk tolerance

Utility function is adjusted by
risk tolerance factor,

- Expert judgement
through interactive

specified for instance discussion
through - Retrospective
profiling decision makers analysis of past
using investment games, decisions

[122, 123]

exercises, or by observing
past decision behaviours

(4) ldentifying sources and demonstrating impact of uncertainty

Decision analysis models have dealt with uncertainty in health product development
prioritization problems in variable ways (see Table 2.2.). Typically, these models associate
uncertainty with notions of project risk and PoS. (e.g. see [41-43, 91, 111-114, 116, 118,
145]). Some models treat risk as a distinct criterion within multi-criteria measures of value
(e.g. see [32-40, 54, 124-128, 131, 135]). Other models make an explicit distinction between
PoS and risk as an additional measure of variance around the expected values of alternatives
considered (e.g. see [107, 123, 136, 143]).

A significant number of decision analysis approaches to health product development
prioritization have attempted to capture the impact of imprecise or incomplete model
information on the variability of analytical outcomes through: data interpolation/
extrapolation techniques followed by scenario-based sensitivity analyses ( e.g. see [32-40]);
recalculation of statistical decision indices at each decision point [118]; assigning ranges to
preference parameters and actively tracking deviations from statistical means [93]; modelling
the evolution of cost, PoS and value through development phases as stochastic processes
[113]; deterministic sensitivity [44, 54, 93] or simulation-based sensitivity analyses under
different scenarios [123, 135, 137, 138, 143].
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A handful of studies have reported sensitivity analysis through scenarios as a useful tool for
checking for heterogeneity of stakeholder opinions on value drivers and its impact on
analytical outcomes, such as the stability or efficiency of portfolio value [54, 121, 132].

The quality of the evidence, in particular the reliability of preference information, has been
checked in several studies in different ways, including through: consistency ratio rules in
AHP models [91, 124-129]; direct bias rating and re-scoring [126]; use of confidence indices
on expert judgements [136]; inter-expert variability and algorithmic sensitivity analysis [92].

Structural uncertainty is also acknowledged in a handful of studies, in the form of
disagreement with the model structure, which is dealt with through criteria structuring or
weighting method modifications in subsequent exercises (e.g. see [127] versus [128]; or

[54]).

2.3.2.2. Operations Research

A large variety of operations research models has been proposed to support problems of
portfolio selection [160, 165-187], scheduling [161, 188-192], or their combination [162-164,
193-210] in health product development. These methods are quantitative in nature and
mathematically sophisticated. Their applications are mostly illustrative (see Table 2.4.),
demonstrating nonetheless how health product development processes could be
mathematically modelled and/or engineered in-silico to support planning and management of
investments within individual organization settings (see examples in Table 2.4.).
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A common goal of operations research methods in health product development prioritization
is to identify the best possible composition and/or sequencing of a subset of decision
alternatives (e.g. R&D candidates) out of a larger set, based on which optimal resource
allocation choices can be made. The underlying theory behind these models is that of
optimization. Optimization theory is interdisciplinary in its foundations, drawing from
mathematical theories of constrained optimization [211-214], financial portfolio optimization
[215-217] and process systems engineering [218-220].

To achieve their purpose, operations research models employ mathematical programming
techniques that structure the problem of prioritization as one of optimizing (maximizing or
minimizing) an objective function (i.e. a quantifiable aggregate measure of interest) subject to
a set of constraints (e.g. budget or other resource limitations). They generally disregard
procedural aspects of stakeholder engagement common in HRPS and decision analysis
approaches. Instead, they place emphasis on how computational procedures can efficiently
search for solutions in problems that are large and complex enough that would be difficult for
decision makers to uncover by simply rank-ordering individual decision alternatives. They do
so through use of computational search algorithms (for examples see in Table 2.4.) to identify
the best combinations of decision alternatives (optimal solutions) out of all possible
combinations of these (the feasible search space). In doing so, they typically assume, and
explicitly address, interactions between decision alternatives (e.g. technical risk, cost or value
interdependencies between R&D candidates). Consequently, they transform choices between
individual decision alternatives into choices between their combinations (e.g. R&D candidate
portfolios).

Defining characteristics
(1) Distinguishing between objectives, decision variables, parameters and constraints

An operations research model may seek to optimize single or multiple objectives, with the
composition and/or sequencing of projects in an optimal portfolio likely to change depending
on the objective(s) adopted. Models emphasizing a single objective typically measure this in
terms of maximizing a total reward, such as for instance expected NPV [162-164, 166, 167,
169-173, 182, 188-190, 202-206, 208, 209] or robust NPV [181, 207], Real Options Value
[160, 174-180], profitability or other metrics of returns [165, 168, 186, 187], or in terms of
minimizing a total expected cost [161, 185, 191, 192]. Few optimization models explicitly
construct multi-criteria objective functions in health product development prioritization
problems (e.g. [183, 184, 210]. More commonly such models place emphasis on optimizing
an overall quantitative measure of return, while minimizing others — such as risk criteria for
portfolio selection (e.g. see [160, 162-164, 166, 179, 193-201]), or time and workload
capacity criteria for scheduling (e.g. see [200-206, 210]) — in the form of constraints.

To solve its objective function, an operations research model typically distinguishes between
decision variables, parameters, and constraints. Decision variables are mathematical
representations of the decision alternatives in the model, whose selection determines the
value of the objective function. In health product development prioritization problems,
decision variables typically take a binary form, i.e. alternatives are either chosen or not in a
portfolio (although continuous decision variables can also typically be observed in scheduling
problems).
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Constraints are the boundaries that define the size and shape of the feasible space of
optimization solutions. They can take many forms and can apply to different model
components — from decision variables (e.g. limiting them to integer forms or placing limits on
how many can be selected), to model parameters or to the overall objective function (e.g. as
lower or upper limits of value). The most common example of a constraint to the overall
objective function is a budget constraint. Other constraints may relate to: limits on technical
or human resource capacity and workload, timelines and sequencing of activities (e.g.
relevant in scheduling problems); level of risk (e.g. to minimize chances of portfolio losses);
or volume of projects by type (e.g. to ensure balanced portfolios between disease, technology,
or research area).

For their parameters operations research models typically rely on measures of value
generated by other quantitative (e.g. financial or health economic) models. An appropriate
programming function is then applied, depending on the nature of the decision variables,
parameters, and constraints of the problem, which identifies the optimal solution through the
operation of a suitable optimization algorithm (for examples see Table 2.4.).

(2) Modelling uncertainty

Operations research models emphasize that making health product development portfolio
decisions is challenging because of multiple uncertainties inherent in the R&D process.
Consequently, many of these models typically argue that any attempts at optimal portfolio
decision making must begin by characterizing all uncertainties associated with parameters of
development and manufacturing activities, costs and economic or non-economic returns.
Merely distinguishing between probabilities and outcomes in these models is often not
sufficient. Through the employment of a variety of analytical techniques, uncertainties
around key parameters are specified endogenously, and risk criteria are added for the
assessment of robustness of optimal solutions.

Key parameters, such as project and/or activity costs, durations, or PoS are typically
modelled as stochastic (e.g. [162-164, 168, 182, 191-206, 208, 209]), fuzzy [160], or robust
(e.g. [180, 181, 207]), defined as random variables with probability distributions (if stochastic
or fuzzy) or with worst-case realizations given some uncertainty ranges (if robust). Where
such parameters are not defined as uncertain (e.g. [167, 174, 183, 184, 188]), the need to re-
design or test the sensitivity of the models to account for parameter uncertainties is often
explicitly acknowledged.

The consideration of parameter uncertainties allows operations research models to introduce
measures of uncertainty that capture variance of R&D portfolio outcomes. These measures
are then typically used to test for dominance or robustness of portfolio solutions that optimize
a specified objective. Standard portfolio theory [215, 217] suggests that an optimal portfolio
solution is also stochastically dominant if it simultaneously satisfies two criteria: a) its
expected value being greater than or equal to other portfolio alternatives of a given variance;
and b) its variance being smaller than or equal to other portfolio alternatives of a given
expected value. Although variants of these conditions have been introduced over time (e.g.
see [168]), operations research models typically apply some measure of portfolio risk to
validate the optimality of their recommended solutions. Various risk criteria have been
proposed in this body of literature such as: Value at Risk or Conditional Value at Risk (e.g.
see [205]), fuzzy value [160], reward/loss ratios (e.g. see [163, 164, 195, 197], or value

44



probability thresholds (e.g. see [162-164, 193-201]), variance of portfolio value distribution
(e.g. see [170, 174, 178, 180]), semivariance below or above portfolio value thresholds (e.g.
see [170]), or covariance of portfolio value, cumulative probability distribution of portfolio
value and Gini criteria (e.g. see [168]).

These models then typically go about generating uncertain parameter estimates and solving
portfolio prioritization problems satisfying risk criteria by using a variety of optimization
algorithms, such as genetic or evolutionary (e.g. see [193-201]), fuzzy optimization [160], or
robust optimization (e.g. see [207]) algorithms (for details, see Table 2.4.). Whereas choice of
uncertainty analysis technique appears to be dependent on how parameters have previously
been defined, the common rationale is to accommodate every possible solution to a problem
giving confidence to the identification of optimal as well as robust solutions.

(3) Accommodating portfolio-level effects

As illustrated so far, operations research models highlight that prioritizing health product
development portfolios involves a series of trade-offs between optimizing economic or non-
economic returns and handling portfolio risk. A final and critical aspect of such trade-offs is
how to maintain diversity in the mix of R&D candidates for given levels of available
resources.

Diversity considerations are important because of cost, risk, or value interdependencies
between projects whose presence can have an impact on the overall risk or value of the
portfolio, with implications on the optimality of resource allocation decisions. To ensure that
portfolio diversity is captured in operations research models, a balance criterion, portfolio-
level preference factor or constraint is typically introduced, for instance by: structuring R&D
portfolios by disease area, platform technology type, or early versus late phase of
development of projects considered (e.g. see [164, 178]), imposing a limit on the allocation of
resources between project types by strategic goal (e.g. see [160, 179]), restricting resource
allocation between R&D activities because of resource dependencies (e.g. see 160-164, 193-
201]), or placing a limit on the variation around an R&D portfolio’s expected value (e.g. see
[162-164, 193-206]). Where the scheduling of projects or activities in a portfolio are of
interest, additional sequential portfolio entry rules can be imposed, through use of precedence
constraints (e.g. see 161, 188-207]) or priority indices elicited directly from the decision
makers (e.g. see [160-164] in Table 2.3. of the previous section). Correlated measurements of
PoS have also been proposed to capture the impact of technical success or failure
interdependencies between projects on the success of portfolio outcomes (e.g. see [175]),
however such dependencies are not as commonly acknowledged in practice [110].

2.4. Towards a framework for EID vaccine R&D

pHOfItIZ&tIOﬂ

A review of the literature on health product development prioritization highlights a
multiplicity of normative views, process and analysis tools to support a variety of problems,
namely: priority setting, project and portfolio selection. Sections 2.1 and 2.2 address the
complex structure of EID vaccine development and the notion of prioritization as a series of
interconnected decision frames, providing a basis for distinguishing between different health
product development prioritization approaches in section 2.3. A review of this literature
demonstrates how the practice of prioritization can benefit from theoretical foundations,
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particularly as these emerge from ethical theories, utility and portfolio optimization theories
of decision making.

Throughout this review, the approaches of HRPS, decision analysis, and operations research
illustrates similarities, differences and complementarities for how to tackle prioritization
problems. It is these shared features as well as insights from the differences between
approaches which, in my view, can facilitate the selection of appropriate methodologies for
EID vaccine development prioritization, without attempting to impose strict normative
judgements on some approaches being more useful over others. Given the practical necessity
for bringing key elements of these approaches closer together to structure and implement a
framework for prioritizing investments in EID vaccine development, this section presents a
general structure of such a framework and offers some general considerations on choice of
methods.

2.4.1.A general framework structure
The general structure of a framework to address sequential and inter-connected prioritization
problems in EID vaccine development is laid out in figure 2.4.

Figure 2.4. A general framework for addressing sequential and inter-connected prioritization problems in EID
vaccine development.
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Based on this figure, four building blocks can be distinguished: problem stages, problem
characteristics, problem-solving steps, and method choice considerations.

(1) Stages — Stages relate to the sequencing of different types of interconnected prioritization
problems. As explained in section 2.2., two main stages can be distinguished: (1) setting the
strategic prioritization frame; and (2) setting specific investment prioritization frames. In
order to meaningfully contribute towards the achievement of fundamentally desired goals,
specific investment decisions need to be framed in ways that clearly link their outcomes to
the achievement of the decision maker’s strategic objectives.
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(2) Characteristics - Within this staged frame, each prioritization problem is determined by
its problem characteristics. Stakeholders, alternatives, decision criteria and objectives, and
decision uncertainty provide the problem context. Properties of alternatives (e.g. interaction
characteristics) and of criteria (e.g. quantitative or qualitative measures), preferences of
stakeholders as well as model use expectations (e.g. intended use in repeated problems
throughout the lifecycle of vaccine development) help specify the prioritization modelling
objective.

(3) Steps - In order to transition from problem setting to achievement of the prioritization
objective, a prioritization problem can typically be broken down into the following steps: (1)
identifying and structuring problem characteristics; (2) building the prioritization model; (3)
collecting factual and preference information; (4) running model findings and uncertainty
analysis ; (5) generating recommendations.

(4) Considerations - Different procedural and analytical tools will lend themselves to use in
different, yet complementary ways within this framework structure. In general, the methods
required will depend on how the problem characteristics are specified, the degree to which it
is desired for compromises between alternatives to become explicit, the need to model
uncertainties and how much attention is given to practical limitations.

2.4.2.General considerations
(1) Attending to problem characteristics

The first consideration and a central theme in common between approaches is that of
structuring complex prioritization problems in terms of alternatives and criteria. This
structuring can be handled in different ways. HRPS approaches emphasize ethical principles
for the participation and role of different stakeholders in the priority setting process.
Procedural tools attending to different stakeholder needs can be helpful at early stages of
problem specification, for purposes of exploring stakeholder values, identifying alternatives
and generating the context for more detailed assessments of alternatives in relation to social
goals and needs.

Decision analysis approaches stress the importance of some form of discipline in the
identification of alternatives and criteria by ensuring that these are consistent with certain
logical rules (see section 2.3.2. on rationality axioms). The application of these rules allows
the characteristics of prioritization problems to become salient. Therefore, some type of
formal analysis (e.g. construction of value trees) can be beneficial as part of the problem
structuring process, reducing ambiguities around problem characteristics’ definitions.

Operations research approaches separate criteria between goals and constraints. Such
approaches to problem structuring are helpful when trade-offs between individual alternatives
cannot be easily expressed, for instance in portfolio decision contexts, where individual
alternatives’ worth cannot be distinguished without accounting for interactions with other
alternatives.

(2) Making compromises explicit

A second consideration as well as common theme between HRPS, decision analysis and
operations research approaches, is how to accept compromises that are required when
distinguishing between preferred and non-preferred solutions. In HRPS studies, compromise
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is typically the result of complex and interactive processes of stakeholder engagement, where
preferred solutions emerge and evolve as part of deliberative processes. Stakeholder
interaction models can be beneficial to making compromises explicit by testing the practical
utility, validity and uptake of model findings throughout the entire prioritization process.

In decision analysis approaches, compromise surfaces through the explicit analysis of choice
trade-offs, with methods expending significant effort in eliciting measures of preference
between alternatives. Where multiple criteria are considered, decision analysis approaches
also encourage explicit statements of — and offer rigorous tools to elicit — acceptable trade-
offs between criteria. Although no golden rule exists for choice of preference elicitation
method [106, 155, 156, 221-225], swing weighting, choice methods, bisection and difference
methods carry specific properties that may bring decision-making in practice closer to the
normative ideal of coherent choices [106]. Specifically, by capturing the rate at which
changes within or between criteria compensate one another, these methods serve as scaling
constants that can discriminate between alternatives in a consistent manner as changes in
performance occur. Consequently, these methods can offer greater precision in preference
orderings if that is desired. Where choices are not easy to make for every single combination
of alternatives for which consequences could be established (e.g. in portfolio selection
problems), choice methods [226, 227] may be preferable to use, to maximize the likelihood
of capturing the true decision maker preferences on the basis of choices that can actually be
observed. These methods draw from random utility theory [228-230], which is consistent
with traditional utility theory axioms.

AHP, direct rating or other interactive methods may be sufficient to generate a crude ordering
of priority alternatives in instances where the required degree of precision in valuing
alternatives is generally low; reflecting the imprecise way alternatives are defined (e.g. broad
R&D thematic areas), or the limited availability of factual information to assess performance.
However, compliance of such methods with decision theoretical axioms is not always
preserved, which may lead to undesirable consequences. For instance, transitivity of
preference ordering - i.e. if A is preferred to B and B preferred to C, then A should be
preferred to C) - does not apply in AHP methods [231, 232], making them vulnerable to
changes in the ordering between existing alternatives when new alternatives are introduced
[106, 149, 233]. Practically this may not be much of a concern in one-off priority
identification problems using stakeholder judgements with very limited or no other factual
data [93, 110]. However, such an implication may be undesirable when consistency in
preference orderings is required during repeated decision processes throughout the lifecycle
of health product development.

In operations research models, acceptance of a compromise is essentially the imposition of
limits to what constitutes an optimal solution, either because of some constraint (such as
budget) or portfolio-level concern (such as a diversity criterion). In such problem structures,
compromise considerations are elevated to the portfolio level, with optimization models
highlighting how portfolio-level criteria such as portfolio risk or balance factors can be
incorporated in constrained environments for acceptable compromises to be set.

(3) Integrating uncertainty

Uncertainty is a major issue in EID vaccine development and a common issue generally in
models and decisions. Explicitly incorporating uncertainty into prioritization models is
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therefore good practice. Understanding what type of uncertainty is relevant in a problem is
necessary for incorporating the right types of uncertainty analysis techniques into the model
structure.

HRPS studies generally acknowledge uncertainties implicitly or try to resolve them through
interactive stakeholder consultation processes (e.g. consensus decision-making). Overall, this
is not a very helpful approach in problems characterized by large uncertainties in inputs (e.g.
PoS characteristics of vaccine candidates), preferences (e.g. diverse perspectives by multiple
stakeholders) or outcomes (e.g. ability of vaccine candidates to offer sufficient protection
once successfully developed). Even though these uncertainties are expected to diminish as
vaccine candidates advance through development (see section 2.1.), the explicit modelling of
uncertainty early on (e.g. during the selection of preclinical vaccine candidate projects or
portfolios) is important for ensuring sound progress monitoring and consistency in periodic
updates of decisions (e.g. during key stage gates or when new projects enter the portfolio).

Different types of uncertainty are both acknowledged and explicitly dealt with in both
decision models and operations research approaches to health product development
prioritization problems. Decision models highlight the importance of considering the impact
of parameter uncertainty, preference heterogeneity, quality of evidence and structural
uncertainty on model outcomes. Operations research models emphasize the need to
characterize all uncertainties associated with parameters of vaccine development
endogenously in prioritization models, with additional risk criteria considered explicitly for
the assessment of robustness of optimal solutions.

Choice of uncertainty analysis techniques to deal with these uncertainties will depend on how
the prioritization problem has been structured. At least some sort of scenario-based
deterministic sensitivity analysis would always be desired, even with the simplest sets of
model data. More complex analyses, e.g. stochastic sensitivity analyses in simulation
frameworks, could accommodate every possible solution to a problem, however complex the
different scenarios may be, thus giving the analysis a more realistic flavour [234] and
creating a greater degree of confidence that priorities were set in the most effective way.
However, such techniques cannot be used unless criteria and/or model parameters have
previously been stochastically defined.

Performance or preference variability tests will be relevant in group decision contexts
comprising multiple and diverse subject-matter experts and decision-making stakeholders.
The active tracking of variations and updates in performance and preference parameters are
important in repeated decision contexts. In such contexts, structural uncertainty assessments,
and respective model updates, should be anticipated, with continued corrective actions based
on new information ensuring the success of R&D investment decisions through the lifecycle
of health product development [118, 234].

(4) Attending to practicalities

It is often argued that the subject of how to prioritize efforts in health product development,
or decision analysis and optimization modelling more broadly, has limited significance unless
it is applied, and that practical aspects should play a key role in choice of method [110, 149].

Within the HRPS literature, several authors highlight that stakeholder engagement methods
with multiple steps can be resource intensive and that different types of stakeholders often
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struggle to conceptualize problem characteristics or make compromises on resulting priorities
[57, 62, 63, 75, 76, 88, 89, 104]. Such observations are echoed in decision analysis
applications, though special emphasis is given here to the trade-offs required between
modelling versus attention to social processes (e.g. see [54, 124-128]). Decision models can
be time and resource intensive to build and populate with all relevant data inputs, particularly
if performance measures are dependent on complex quantitative models. Even in absence of
such complexities, preference elicitation tools can feel tedious, requiring time and resources
to implement. Some methods, e.g. swing weighting techniques, typically require workshop
settings, which may sound unrealistic in remote settings. Stated choice methods can be easier
and quicker to implement remotely — e.g. health utility trade-ff surveys [41-43, 138, 139] —
but the repetitive nature of choice questions can cause fatigue and inconsistencies in
responses, if surveys are not appropriately designed [235, 236].

Cognitive burden may be less of a concern where stakeholders are smaller groups of invested
experts who are familiar and have experience with the subject matter [106]. But the
uncertainty associated with differences in preferences of different stakeholders, even within
smaller groups, may require random sampling strategies, multiple workshops or surveys [237,
238], at the cost of complicating model interactions with stakeholders.

Model complexity has also been a major obstacle for practical uptake of operations research
models. Impractical data requirements and abstruse mathematics [110], distancing model
predictions from decision maker perceptions [54, 127, 239, 240], and failure to incorporate
high-level strategic needs [110] are some of the key reasons highlighted in the literature for a
growing disuse of mathematical programming by practitioners since the 1970s [110, 126,
128, 241]. Such criticisms are frequently echoed by practitioners of health R&D portfolio
management. Practitioner-based approaches to portfolio management largely acknowledge
key aspects such as constraints, interdependencies, and balancing factors, however placing
emphasis on visual tools (e.g. bubble diagrams, charts and checklists) (e.g. [50, 51, 53, 144,
146, 172, 242]) and/or social processes (e.g. [171, 243, 244]) to help address portfolio
prioritization problems. Whereas such perspectives provide digestible insights into problem
objectives, they do not necessarily provide any answers, which optimization models attempt
to do [110, 243].

Remarkable advances in computer technology since the 1990s have facilitated the
development of powerful computational algorithms, capable of handling large volumes of
data and conducting complex computational tasks [239], including the handling of extreme
uncertainty and complex interactions [245-247]. The literature reviewed in this chapter
suggests that optimization models are both easier and more accessible to use today than
earlier models. Whether such complexity should be a ‘price that stakeholders pay’ is likely to
depend on the specific problem needs and stakeholders’ commitment to make use of models
that are as sophisticated as such needs dictate.

Clearly, practical issues and challenges need to be acknowledged, and dealt with, if any
framework is to effectively inform the practice of prioritization in a real-world setting.
However, well designed models that offer logical and structured approaches to prioritization
needs can be useful throughout the lifecycle of a product’s development. Whereas practical
challenges may be difficult to resolve in one-off prioritization problems, many of these
should eventually be possible to resolve in repeated contexts.
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3. Materials and methods

The previous chapter presented a general framework for addressing strategically
interconnected prioritization problems and reviewed methodologies that can potentially
support different steps of the EID vaccine R&D prioritization process. In coherence with that
framework structure, the current chapter gives an overview of the methodological approaches
undertaken to address the EID vaccine R&D prioritization problem, from strategic objective
and boundary setting, to R&D project and portfolio selection. The chapter begins with a brief
overview of the overall study design across problem stages. It continues with a presentation
of data types and sources. The chapter ends with an overview of methods utilized for data
collection and analysis, including descriptions of how these methods work in general and
how they were employed specifically in the thesis.

3.1. Overall study design

Figure 3.1. frames the overall EID vaccine R&D prioritization problem this thesis was tasked
to address. Based on this figure, two stages and four specific problems can be distinguished.
Problem characteristics are summarized as they were specified during respective problem
structuring steps.

Figure 3.1. Characteristics of the EID vaccine R&D prioritization problem
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The goal at the strategic framing stage was to set the strategic objectives and boundaries
within which subsequent R&D investments could be achieved by a newly established entity
operating in the EID vaccine development space. There were two parts to the attainment of
this goal. The first was to formulate a desirable strategy that accounted for the preferences of
the multiple stakeholders involved (Paper I). This necessitated the identification, structuring,
and exploration of the relative importance of multiple and potentially conflicting objectives.
The second was to estimate the maximum required pipeline composition and cost for
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achieving key strategic objective targets (Paper I1), which could guide the setting of
boundaries within which subsequent R&D investment decisions could be made.

Broad ethical questions and moral dilemmas as to whether investing in EID vaccine
development should be justifiable were assumed as already resolved and were therefore not
explicitly addressed during the strategic framing stage. However, ethical principles for
stakeholder selection and engagement were assumed important and therefore needed to be
accounted for (Paper I). Multiple sources of uncertainties were assumed, including:
heterogeneity of stakeholder perspectives and structural uncertainties associated with strategy
design (Paper 1); uncertainties in the availability of vaccine candidates, the PoS in their
development and cost requirements for achieving key strategic objective targets (Paper I1).

The goal at the investment framing stage was to undertake a quantitative evaluation and
selection of projects considered in two separate investment opportunities, which were of
interest to decision makers. There were two parts to the achievement of this goal. The first
was to value and rank EID vaccine R&D projects against multiple criteria and to select as
many of them as possible until a threshold was reached (Paper I11). The second was to
identify an optimal portfolio of platform technology investments that would maximize
portfolio value under a budget constraint (Paper 1V).

Multiple sources of uncertainties were assumed in both investment problems, including on
performance estimates and stakeholder preferences (Papers I11-1V). Interdependencies were
assumed in the cumulative value of vaccine technology platforms (Paper 1V) because of
diversity effects — a preference placed on the mix of platform types included in the portfolio.
It was also assumed that time would affect value, however only vaccine projects (Paper I11)
had variable timelines for development. Development timelines were the same for all
platform projects (Paper 1V).

Figure 3.2. summarizes the methods used to address the overall EID vaccine R&D
prioritization problems. Based on this figure, a series of problem structuring, multi-criteria
modelling, factual and preference data generation, computational and uncertainty analysis
steps were employed to address the four specific problems. A variety of data sources and
tools were employed to support different steps, which are presented in more detail in the
following sections.
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Figure 3.2.: Methodological steps and tools undertaken to address the EID vaccine R&D prioritization problem.
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3.2. Data types and sources

Data was drawn from a total of over 700 literature references, 71 sets of project information
documents, and 294 stakeholder responses to support different steps across the two stages of
the prioritization problem (for details, see Papers I-1V). Stakeholders included
representatives of governments, multilateral government institutions, non-profit institutions,
academic institutions, industry, as well as independent experts.

In this thesis, two types of data can be distinguished: factual and preference information.
Factual information was collected for two purposes: (1) problem structuring (Papers I-1V);
and (2) performance measurement of investment alternatives (Papers 111-1V). Preference
information was collected both for problem structuring purposes and for preference
modelling to inform overall assessments of value and ordering between alternatives, across
the different stages of the prioritization problem (Papers I, 111, 1V).

3.2.1.Factual information

Factual information that was relevant for problem structuring included three sets of evidence.
First was evidence on needs and potential objectives, types of actors, functions and models of
coordination for EID vaccine R&D partnerships. This information served as prompts for
representation of important aspects of the problem during initial stakeholder consultations,
consequently providing a basis for the identification of strategic objectives under the strategic
framing stage (Paper I).

Second was evidence on EID vaccine R&D pipeline characteristics, such as types and
numbers of vaccine candidates available per phase of development; cost and PoS data
associated with these. This data served as input to the estimation of optimal pipeline
structures and costs for generating at least one successfully developed vaccine per priority
EID under the strategic framing stage (Paper I11).
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Third was evidence on potential factors informing the performance of specific investment
alternatives. This information was used to generate long lists of criteria that were potentially
relevant to project and portfolio selection decisions under the investment framing stage
(Papers 111 and 1V).

Factual information on investment alternatives (Papers I11-1V) included various aspects of:
organizational competency, experience & track-record of vaccine development; technical
feasibility and manufacturing scalability & speed characteristics; vaccine product profile and
technology platform profile characteristics; time-to-completion and cost of development
information (for details see methods sections of Papers I11-1V). This information served as a
baseline for estimating performance of investment alternatives against various criteria of
interest, relevant to the respective problem settings (Papers 111-1V).

3.2.2.Preference information

Preference information that was relevant for problem structuring included perspectives on
strategic principles and objectives within a VValue-Focused Thinking framework (Paper 1), as
well as views on value criteria to support decisions on R&D investments (Papers I11-1V).
This information built on the factual information prompts for identifying strategic objectives
(Paper 1) and contributed to the literature review of criteria with potential relevance for
evaluating investment alternatives (Papers I11-1V).

Once prioritization models were specified, preference information was elicited for assessing
the relative importance between criteria in these models (see section 3.3.3.2. and methods
sections of Papers I, 111, 1V).

3.3. Methods

As highlighted in Chapter 2, methods for data generation and analysis are dependent on, but
also contribute to how prioritization problem characteristics are defined. This section
provides an overview of the techniques employed to support the various steps across the
prioritization problem stages, as they relate to problem structuring, model specification,
generating factual and preference information, deriving model outputs and dealing with
uncertainty.

3.3.1.1dentifying and structuring problem characteristics

Structuring complex prioritization problems requires the consideration of stakeholders,
alternatives and criteria, as previously discussed (see chapter 2). The thesis employed both
procedural and analytical tools to identify and structure these characteristics.

3.3.1.1. Procedural tools

Procedural tools for problem structuring relate to rules for stakeholder selection and
participation. As highlighted in chapter 2, different stakeholder concerns can be informative
at early stages of complex prioritization problems, for purposes of exploring fundamental
values and setting the context for subsequent assessments of alternatives in relation to
strategic objectives.

Drawing on principles of fairness and accountability in stakeholder participation,
stakeholders responsible for strategic objective setting (Paper 1) were selected based on
subject-matter expertise, sectoral and geographical representation. Stakeholders responsible
for reporting pipeline and cost information (Paper 1) were selected based on prior evidence
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from the literature on developing EID vaccines. Under the investment framing stage, two
types of stakeholders were distinguished: those responsible for making decisions, and those
responsible for assessing performance of investment alternatives. Stakeholders accountable
for decision making were already set at the start of this stage of the problem, their selection
been driven by similar criteria as those applied for stakeholder selection under the strategic
framing stage (Paper I). Stakeholders responsible for assessing performance of investment
alternatives (Papers I11-1V) were selected through open competitive processes based on
demonstrable experience — including years of work experience — in different aspects of
vaccine development, and no conflicts of interest.

3.3.1.2. Analytical tools

The overarching analytical approach embedded in all problem structuring efforts in the thesis
is that of Value Focused Thinking (VFT). Assuming relevant stakeholders have been
identified, VFT sets the foundations on which different analytical techniques can be
employed to help define and structure alternatives and criteria across the prioritization
problem’s stages.

Value Focused Thinking (VFT)

VFT is a systematic approach to identifying what fundamentally matters to stakeholders
during the structuring of decision problems. VFT distinguishes between two types of criteria:
(1) fundamental criteria, which characterize the essential reasons or endpoints for a given
decision, and (2) means criteria, which enable the achievement of fundamental criteria [49].
In doing so, VFT requires for the criteria to be separated between fundamental consequences
and factors contributing to the realization of these consequences, imposing this way a
structure whereby unambiguous trade-offs between fundamental sources of stakeholder value
can be made. For these reasons VFT is considered an essential element of structuring
decision problems and value frameworks in general [149].

VFT typically starts with an idea generation exercise through stakeholder consultations. It
then develops a representation of the generated concepts into categories associated with
means and ends objectives. The structure that emerges is then examined for coherence of
alternatives and criteria considered, according to some rationality assumptions (see chapter
2).

Multiple techniques can be employed to operationalize the VFT framework, depending on
how well alternatives and criteria are defined at the start of the problem structuring process.
In this thesis, VFT was applied at all stages of the prioritization problem, albeit in somewhat
different ways. Specifically, three types of problem structuring techniques were distinguished
that built on VFT principles: means-ends mapping, goal programming and rule-based
techniques.

Means-ends mapping

In ill-defined problems, such as strategic decision problems in newly established
organizational settings (Paper 1), alternatives are neither obvious nor easy to generate. In
addition, following on a description of the problem through stakeholder consultations and
literature prompts (see section 3.3.3.1.), a wealth of concepts is typically generated, not all of
which can be classified as fundamental objectives. In such settings, VFT can ensure that
objectives and alternatives are coherently specified through use of means-ends mapping.
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Means-ends mapping starts by separating the various concepts and establishing relationships
between them by examining the reasons for each, and, where possible, their implications. It
then establishes a network of means—ends argument chains within and between distinct
reasoning clusters. These clusters move from the specification of problems to the
conceptualization of benefits anticipated by alternative solutions, including reasons why these
are likely to be important. In doing so, this process allows for the elimination of redundancies
of previously reported concepts and checks for consistency between stakeholder perspectives.
A qualitative assessment of alternatives’ characteristics can then be conducted within the
structure of this map. This allows for a transition to a simplified multicriteria model structure,
where criteria can be qualitatively defined.

Means-ends mapping was employed in the strategic objective setting problem (Paper 1) for
the specification of a hierarchy of means—ends objectives, distinguishing between
preferentially independent ends objectives.

Goal programming

The goal programming approach to problem structuring (and to MCDA more broadly) can be
viewed as an operational implementation of the satisficing rule [149]. Satisficing places
emphasis on achieving satisfactory levels of achievement on each criterion, with attention
shifting to other criteria once this is achieved [248]. Satisficing levels are usually specified as
measurable goals to be achieved and the problem can be typically formulated within the
context of mathematical programming to approach these goals [249-251]. Here, each
criterion needs to be associated with a quantitative measurement scale. It is possible that
stakeholder values are not explicitly expressed, as these are typically implied in terms of
goals, defined in terms of minimum or maximum levels of performance.

The problem can be constructed by optimizing each goal in turn (e.g. if a goal is to maximize
some value, the criterion will be described in a minimizing sense, and vice versa). Once the
level of satisficing on one criterion has been reached, the problem focuses on optimizing the
next goal, and so on. It is anticipated that different goals considered are conflicting and that
the optimization of one goal will therefore be constrained within a decision space bounded by
the satisficing levels associated with a previous goal.

Where goal programming is treated as a problem structuring technique, it can help in
background screening of alternatives, generating shortlists of alternatives for more detailed
evaluations, or introducing boundaries on future evaluations and decisions [149]. Stakeholder
interactions are typically assumed to have already generated a number of quantifiable goals
as part of a preceding process, for instance through VFT [49, 252].

Goal programming was used as part of problem structuring during the strategic framing stage
(Paper 11). The first goal was to generate a maximum number of projects anticipated for the
successful development of at least one vaccine candidate against each priority EID (the
criterion expressed in a minimizing sense). The second goal was to estimate the maximum
cost ceiling (expressed again in a minimizing sense) for the successful development of a
vaccine per EID, without the pipeline exceeding the total number of projects identified as
necessary during the optimization of the first goal. These goals were set as a direct outcome
from the strategic objective setting process (Paper 1), where target values of stakeholders had
previously been explored. The direct output was a specification of lower/upper pipeline and
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funding boundaries within which desired objectives could feasibly be attained in subsequent
investment decision problems.

Rule-based techniques

Where alternatives are known and the overarching strategic frame (e.g. objectives,
boundaries) has been set, simpler rule-based techniques can be employed within a VFT
framework to ensure that: (1) criteria of interest (and strategic relevance) are coherently
specified; and (2) alternatives are screened out if they do not comply with some minimum
specifications.

Criteria screening rules typically relate to the adherence of certain analytical principles when
structuring these in a multicriteria model — such as completeness, non-redundancy, non-
overlap and preferential independence (see Chapter 2). During the structuring of both project
and portfolio selection problems (Papers I11-1V), stakeholders were asked to determine:
whether all factors relevant to strategic or specific investment decisions had been captured by
the previously formulated criteria; the relationship between the criteria, and whether any of
the criteria should be removed or re-grouped if overlapping, or irrelevant. The application of
these rules led to a narrowing down of long lists of criteria initially considered and informed
their combination into value functions (see section 3.3.2.).

Screening rules for alternatives relate to: a) the adherence of analytical principles when
structuring a model; b) the compliance of certain minimum specifications when assessing
early in the process as to whether alternatives should be further evaluated by the model. In
terms of analytical principles — e.g. completeness, transitivity and independence of choices
(see Chapter 2), perhaps the most relevant one to check for at this step is that of
independence. The presence of interactions between alternatives (e.g. because of risk, cost or
value interdependencies between R&D candidates) will dictate whether they should be
modelled as independent choices or subsets of interdependent choices.

In terms of non-compliance to minimum specifications, three rules can typically be
considered. First, if any alternative is “dominated”, i.e. performs worse than all others on all
criteria, it can be excluded from further consideration. Second, if there is a minimum level of
performance on any criterion that an alternative does not meet, and criteria are assumed
preferentially independent, this alternative can potentially be excluded. Third, in conjunction
with the second rule, an alternative does not have to be excluded if it performs below the
minimum requirement on a criterion but compensates by an exceptional performance on other
criteria of interest.

The application of these screening rules led to the specification of the EID vaccine R&D
investment problem as one of project selection (Paper I11). Given interaction effects
identified during stakeholder consultations, the vaccine technology platform problem was
specified as one of portfolio selection (Paper 1V) (see section 3.1.). Moreover, the
application of rules around non-compliance led to the elimination of 15 alternatives in the
project selection problem (Paper I11) and 16 alternatives in the portfolio selection problem
(Paper 1V), before a full-scale evaluation of the remaining alternatives was conducted by the
models in these decision problems.
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3.3.2.Specifying models

Once problem characteristics have been identified and structured, these can be expressed
more formally in specific model structures. Given that multiple criteria, multiple stakeholders
and uncertainty are essential characteristics of the EID vaccine R&D prioritization problem
(see section 3.1.), models can be expressed in formats that explicitly account for these
features.

Where multiple criteria are essential features of the problem and preferences are made
explicit, additive value functions can be specified, given that criteria have been structured in a
way that satisfies properties of independence. In their simplest form, such functions can be
expressed as per equation (1).

V@) = Xjoawv(0) (1)
Where:
V(i) = overall value of alternative i
v;(i) = partial value of alternative a on criterion j
w; = preference coefficient reflecting relative importance of criterion j

Where quantitative performance data is not available on criteria and the overall value of an
alternative is based simply on some estimate of desirability directly elicited from
stakeholders, equation (1) can be rewritten as Y%, u; (), where w; (i) is the preference (or
utility) of alternative a on criterion j. v; can be typically viewed as a combination of a
performance estimate and a within-criterion weight. Where within- and between-criteria are
elicited simultaneously (e.g. through stated choice methods such as a DCE), w; can be
viewed as a combined partial value and relative importance coefficient, with v; representing
just the performance measurement function on criterion j. How specific components of such
models — e.g. as they relate to performance or preference coefficients — are integrated into a

value aggregation function will depend on methods used to generate such estimates (e.g. see
section 3.3.3.2.).

Where quantitative goals are essential characteristics of the problem, their satisficing can be
expressed in an optimizing (i.e., maximizing or minimizing) sense. For instance, assume a
two-criterion problem. For a criterion j, a’ is denoted as the feasible solution that maximizes
v;(a) over the decision space. Let vj(af) be the optimal performance for this criterion and
vjk(ak) the performance for criterion j when criterion k is being optimized. In its simplest,
linear form [149, 253, 254], a goal programming function would first optimize 7%, v;x; to
obtain v;(a’). It would then optimize Y-, vj;x; subject to v (a¥) < or = v;(a’). Here,
x(y denote the decision variables that need to be selected subject to the relevant constraints.

Value aggregation can also be expressed in a multiplicative form, assuming preferences are
perceived in ratio scale terms (e.g. one alternative is preferred twice as much as another)
[149]. Where uncertainty in outcomes is a feature of the problem, multiplicative
combinations are required between criteria representing consequences and criteria
representing probabilities of these consequences occurring (see chapter 2). Depending on
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assumptions around preference structures, value aggregation in presence of uncertainty can
take a multiplicative or additive combination form [153].

Based on the objectives emerging from the means-ends mapping exercise as relevant to the
assessment of alternative strategy formulations (Paper 1), the most desirable strategy
formulation was identified as the one with the highest sum of utilities associated with
different levels of importance per strategic objective across all objectives considered. Sources
of utility were additively expressed, so that each objective could be represented by a
preference coefficient accounting for that objective’s marginal utility, as levels of importance
per objective were assigned a binary code 1 if the level was present and 0O if it was not in a
given strategy formulation. Typically, the lowest attribute level in such a model serves as a
reference point and always gets the binary code 0 [255, 256].

A goal programming function was specified for deriving a maximum feasible number of
projects for successfully developing at least one vaccine per EID (goal 1), followed by the
estimation of a maximum desirable cost to attain this goal (goal 2) (Paper 11). A stepwise
optimisation model was built that included uncertainty. Under goal 1, the sum of the product
of the number of projects and PoS was optimized as projects (their integers) transitioned
between phases of development. Under goal 2, an uncertain cost parameter was added to the
sum of products function, with goal 1 outputs now operating as constraints.

Based on the factors emerging from the problem structuring step as relevant to the assessment
of alternatives in the project selection problem (Paper I11), a multi-criteria utility function
was specified that accounted for: (1) multiplicative relationships between criteria to ensure
the additive and preferential independence of consequences in a multiplicative-additive
model formulation; (2) partial value and relative value (weight) coefficients (see section
3.3.3.2.) to adjust expected consequences for preferences of stakeholders; and (3) a time
preference that operated as a discount factor on the overall utility function. Given the
anticipated uncertainty in performance estimates and heterogeneity in stakeholder
preferences, all performance and preference coefficients were stochastically modelled (for
details see methods section of Paper I11).

Following on the problem structuring procedures in the portfolio selection problem (Paper
1V) value interdependencies emerged as critical in the assessment of technology platform
projects. Therefore, a multi-criteria portfolio value function was specified that accounted for:
(1) multiplicative relationships between project-level criteria that operated as PoS factors in
the model; (2) portfolio-level preference coefficients that acted as value of diversity factors
on projects falling under different portfolio criteria (i.e. platform types) in the model. As per
the project selection problem, uncertainty in performance and preference estimates was
integrated through the stochastic modelling of these parameters (for details see methods
section of Paper 1V).

3.3.3.Generating information

Once a model structure and alternatives for prioritization have been identified, the next step is
to generate the information required by the model. As highlighted in section 3.2., two types
of information can be distinguished: factual and preference information. A combination of
procedural and analytical tools was employed for generating this information.
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3.3.3.1. Procedural tools

Various procedural tools were employed to collect factual and preference information in the
thesis, including literature reviews, semi-structured interviews and group discussion sessions
(teleconferences, email exchanges and face-to-face meetings), online surveys and other
information templates. These tools are classified as procedural in this context because they do
not presuppose any contingent propositions on their own [257]) but can be rather viewed as
operational implementations of the propositions underlying the models they support (e.g. see
section 3.3.3.2. on use of surveys within preference elicitation models).

Literature reviews

Literature reviews were employed to identify needs and potential objectives for EID vaccine
R&D partnership building (Paper 1), to identify EID vaccine candidates and PoS estimates
relevant to vaccine development (Paper 11), and to generate long lists of potential
performance factors and value criteria for decision making (Papers I11-1V). In all reviews,
tailored search terms were developed, multiple databases were mined, reference lists of
identified sources were scanned, at least two researchers were tasked with collating the
evidence and multiple stakeholders were approached to confirm or to add to literature
findings, in line with good practice for completeness and quality assurance [258-260].

These reviews were helpful in different ways. The identified needs and potential objectives
for EID vaccine R&D partnership building (Paper 1) facilitated ideation fluency in
stakeholder consultations, steering discussions towards critical issues previously raised in the
literature that would have likely been omitted without any relevant literature prompts. The
mapping of EID vaccine R&D pipeline and PoS information (Paper I1) enabled the
estimation of realistic pipeline structures and costs adjusted for PoS in developing EID
vaccines. The identification of potential performance factors and value criteria (Papers I11-
1VV) prompted stakeholder discussions on these and helped mitigate potential risks such as
oversimplified problem representations or omissions of important concerns [261].

Semi-structured interviews & group discussion sessions

Semi-structured interviews and group discussions were employed to identify strategic
objectives (Paper 1), performance factors and value criteria (Papers 111-1V) of interest to
stakeholders engaged in the prioritization process. Questions included in the questionnaires
were crafted based on recommended problem structuring techniques in the decision analysis
literature [149, 261-264]. Questions revolved generally around the identification of sources of
value and the specification of reasons as to why these should be deemed important. Questions
were purposefully repetitive to allow for implicit values to become more explicit statements
of objectives and, in a way, to also test for stakeholder response consistency in a qualitative
manner.

One-on-one interviews were followed by group discussion sessions in the form of
teleconferences, email exchanges and face-to-face meetings to ensure completeness of
problem representations (Papers I, 111, 1V), or to update initial performance assessments
(Paper V). In the latter case, stakeholders were asked to discuss the technical merits of
project alternatives in diverse subject-matter expert group sessions. Experts were given the
opportunity to revise their individual assessments, if needed, without obtaining access on
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quantitative assessments provided by other stakeholders. This was to avoid anchoring biases
while minimizing overconfidence errors [261].

Online surveys and other information templates

Two types of survey and other information templates tools were employed to collect factual
and preference information across the stages of the prioritization problem. In terms of factual
information, EID vaccine R&D pipeline and cost information (Paper I1) was generated
through a structured data collection survey, administered via email. Here, product developers
were asked to confirm the status of the vaccines identified previously by the literature review
as well as to clarify development costs for developing these vaccines. EID vaccine project
(Paper I11) and vaccine technology platform project (Paper 1V) information was provided
by product developers through the online submission of multi-page project description and
budget documents in response to the launch of competitive Calls for Proposals. Stakeholders
reviewing the performance of alternatives in the project selection (Paper I11) and portfolio
selection problem (Paper 1) were given templates for submission of quantitative
assessments and qualitative justifications of their assessments. Guidelines for conducting
assessments were provided through instruction manuals, email and teleconference- based
clarifications, throughout the performance assessment processes.

Structured surveys were developed to elicit preferences that could be translated into
appropriate weighting factors for the estimation of overall values of alternatives considered
during the strategic framing (Paper 1) and the investment framing stage (Papers I11-1V). The
design of the preference elicitation survey templates was conditional on the choice of
preference elicitation method (see section 3.3.3.2.).

Regardless of purpose, all survey and information template tools were pilot tested for content,
structure, format and functionality with several colleagues of the investment entity internally,
then piloted with select respondents externally, prior to their formal launch, in line with good
practice [265, 266]. Upon submissions of information templates, at least two colleagues
checked for completeness of the submitted information. In the case of the pipeline and cost
information survey (Paper I1), further clarifications were provided in response to specific
questions over missing or unclear information submissions, via email and phone. Formal
eligibility screening procedures were undertaken in the cases of EID vaccine project (Paper
I11) and vaccine technology platform project submissions (Paper 1V), which CEPI
management was responsible for.

3.3.3.2. Preference elicitation techniques

Two types of preference elicitation techniques were employed in the thesis: stated choice
(Papers I and 1V) and stated preference methods (Paper 111). As alluded to in chapter 2,
these methods share common properties that make them compatible with multi-attribute
utility theory axioms and multi-criteria model specifications. However, they differ in how
they elicit preferences and consequently how they translate these into trade-off coefficients in
value functions.

Discrete Choice Experiment (DCE) methods

A DCE was employed to elicit preferences for strategic objectives (Paper 1) and for vaccine
technology platform types (Paper 1V). This is a stated choice method for decomposing
stakeholder preferences for alternatives into separate preferences for alternatives’

61



characteristics (the attributes) [226, 267]. The analysis of choices can then be used to
generate a utility function describing how variation in attributes (the explanatory variables)
contributes to the preference for an alternative (the dependent variable).

General overview

Given several attributes have been identified as relevant for describing the worth of an
alternative, alternatives can be modelled as positions (the levels) occupied on the different
attributes describing them within a choice experiment. For each set (typically a pair) of some
hypothetical alternatives (the choice set), a choice is made between alternatives occupying
varying levels on each attribute. In undertaking this choice task, stakeholders compare both
the level of one alternative against levels of other alternatives occupied on each attribute, and
the level of one attribute against levels of other attributes occupied by each alternative. In
doing so, stakeholders express their preferences for alternatives as an outcome of the
simultaneous consideration of both types of trade-offs, as ultimately reflected by their
statement of choice in a given choice task.

This choice task is repeated multiple times, i.e. the experiment requires stakeholders to repeat
their choice between alternatives through multiple choice set iterations, each time changing
the levels that alternatives occupy on each attribute. The total possible number of choice tasks
in an experiment will depend on the total possible combinations between the number of
attributes describing an alternative, the number of levels an alternative can occupy on each
attribute and the number of alternatives comprising the choice set in each choice task. For
instance, in presence of five attributes, each with three levels, 81 unique choice tasks would
need to be undertaken, if each task required a choice out of a set of three unique combinations
of attribute levels (i.e. unique alternatives).

In practice, having to choose from all possible combinations of attribute levels is too tedious
of an exercise for stakeholders to engage in. Therefore, preferences of only a fraction of all
possible alternatives are typically considered in a choice experiment design. Such a fraction
of alternatives can meaningfully support the elicitation of preferences in a choice experiment
if several ex-ante and ex-post properties are met (i.e. conditions before and after the launch of
the DCE). Ex-ante properties typically concern [268=271]: (1) whether there is a similarity in
frequency of occurrence of levels of attributes across all choice tasks of the experiment
(known as the property of balance); (2) whether the attributes are uncorrelated, and therefore
statistically independent of each other (known as the property of orthogonality); and (3)
whether each attribute’s levels are different across all alternatives within each choice set
(known as the property of minimum overlap). The degree of balance can be tested by
counting and comparing for equality between the total number of occurrences of each
attribute level across all choice tasks in the fractional experiment design. The degree of
orthogonality can be tested by computing pairwise correlations between attributes and their
levels considered in the selected fractional design. The degree of overlap can be tested by
counting the frequency that an attribute level repeats itself in each choice set. Whether a
fraction of all possible alternatives can adequately help capture preferences for alternatives in
an experiment will depend on the degree to which the two properties of balance and
orthogonality are satisfied and the degree to which overlap is minimized. Typically, there will
be a trade-off between the degrees to which these properties can be attained in a fractional
design. Therefore, the extent to which a fractional design can efficiently capture preferences
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for alternatives in an experiment will depend on whether the combined attainment of these
properties can be maximized (commonly measured by what is known as the D-efficiency
statistic) [271].

Ex-post properties typically concern [270, 272]: (1) whether a dominant alternative was
correctly chosen when compared with dominated alternatives in a choice set (known as the
dominance test); and (2) whether an alternative was consistently chosen out of a set of
alternatives when the same choice task was repeated in the experiment. Both dominance and
consistency tests are typically incorporated as additional choice tasks in the experiment,
intended to help clarify to what extent stakeholders appropriately attend to the choice tasks.
Whereas ex-ante properties must be accounted for before the DCE is launched, ex-post
properties can only be assessed after DCE responses have been obtained, and thus serve as
assurance about the quality of preference information collected.

Once a fractional design has been selected, the DCE can be conducted in different ways, e.g.
through an online or postal survey, face-to-face structured interviews, etc., depending on the
cognitive capacity of DCE respondents, their geographical disbursement, access to postal or
internet services, etc. [269]. Some general considerations about designing survey-based data
collection tools have already been described in section 3.3.3.1. Some additional
considerations when administering a DCE include: the number of stakeholders participating
in the experiment; the bias potentially caused by the order in which the choice sets occur or
the attributes are described; and the cognitive fatigue anticipated when the volume of choice
tasks a stakeholder is required to address is high [270, 272]. Depending on the number of
attributes, number of levels on each attribute, and number of alternatives comprising a choice
set in each choice task, the number of participating stakeholders required to generate
statistically significant results may be forbiddingly high. Various minimum sample size
calculation rules can be employed [273] to ensure that the number of stakeholders
participating in a DCE is sufficient. Contingent on such calculations, multiple survey versions
can be administered, dividing the total number of choice tasks between them, and/or
changing the order in which choice sets occur or attributes are described.

Once DCE response data has been obtained, analysis of choices typically involves a
probabilistic model of choice between alternatives, related through a logistic regression to the
levels of achievement of individual attributes. Common utility estimation models are the
Conditional Logit or Multinomial Logit models, although many other choice model
specifications exist (e.g. Multinomial Probit, Nested Multinomial Logit, etc.) depending on
whether dependent variables are polychotomous, whether alternatives are correlated, etc.
[269, 271].

Overview of application in thesis

A DCE was first employed for the estimation of an overall probability of attractiveness
associated with alternative strategic objective formulations (Paper 1). Strategy alternatives
were defined as positions (or levels) of importance on each strategic objective (the attributes)
considered in the model. A fractional design of 18 choice tasks was selected that maximized
D-efficiency out of a total of 1,000 design alternatives considered. The experiment was
administered via an online survey in two versions of 9 choice tasks each, with stakeholder
respondents, ordering of attributes and of tasks randomly selected within each individual
survey. Internal consistency tests (through a dominance and a repeat choice task) were
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included in all survey templates. A dummy-coded, linear, conditional logistic regression was
applied (see section 3.3.4.1.) to assess the contribution of strategic objectives’ importance on
preference for strategy alternatives.

Second, a DCE was employed for the estimation of preference weights on types of vaccine
technology platforms considered in the portfolio selection problem (Paper 1V). Portfolio
alternatives were defined as probability levels of successfully developing at least one
platform project on each platform type (the attributes). A fractional design of 32 choice tasks
was selected that maximized D-efficiency out of a total of 1,000 design alternatives
considered. Similarly to Paper I, the experiment was administered via an online survey in two
versions of 18 choice tasks each, with stakeholder respondents, ordering of attributes and of
tasks altered within each individual survey. A dominance and a repeat choice task were
incorporated in surveys to test for consistency of responses. A conditional logistic regression
was applied (see equation (4) in Paper 1V) to assess the contribution of changes in the
probability of generating at least one project for each platform type to a portfolio choice
being preferred. Results of this model were used to estimate preference functions for the
different platform types (see equation (5) in Paper 1V).

Bisection method

The bisection method [156] was employed to elicit within-criterion weights (or partial values)
for criteria of interest to decision makers in the project selection problem (Paper I11). This is
a compositional preference elicitation method in that it involves eliciting partial values for
criteria separately from between-criteria weighting [106]. This contrasts with DCE methods
described previously, which require the simultaneous consideration of within- and between-
criteria trade-offs when making choices between alternatives. The bisection method searches
for a value midpoint on a predefined criterion performance range, which can then be used to
generate a partial value function describing how changes in performance of an alternative on
a given criterion contribute to the preference for an alternative.

General overview

To begin with, the bisection method requires that the performance on a criterion is specified
within a range that corresponds to an interval scale of value, with endpoints of this scale
defined and the scale’s direction monotonically increasing or decreasing over the
performance range. The method then initiates a procedure of identifying a point within the
performance range that is midway, in value terms, between the two endpoints of the scale. It
does so by modelling alternatives as changes in performance corresponding to different
segments of the value scale within an iterative, pairwise choice procedure.

In the first iteration, a midpoint distinguishes between alternatives that splits the value scale
into two equal segments. If performance changes describing alternative A are considered
indifferent to performance changes describing alternative B, the procedure typically stops
there. l.e., the partial value function is considered linear in that the same rate of preference
applies over performance changes along the range. If alternative A or B is chosen (i.e. a
performance change describing one alternative represents a greater change in preference than
the other alternative), a new pairwise choice is made in a second iteration. Here, a value
midpoint distinguishes between alternatives A and B which corresponds to half the
performance range associated with the alternative selected during the previous iteration. This
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pairwise choice procedure is repeated several times, i.e. the method requires stakeholders to
update their choice between alternatives in multiple pairwise comparisons (assuming no
indifference between alternatives has been selected). Each time, alternatives can be
distinguished by a reference point equal to half the performance range associated with the
alternative selected in the previous iteration.

There is no golden rule on up to how many iterations should be run. Partly this should depend
on the nature of the performance range and how operationally meaningful different segments
of this range are, the smaller they become. In practice, it is commonly accepted [149], and
empirically tested [274, 275] that five iterations should be sufficient to enable the elicitation
of a partial value function.

Once a recursive pairwise choice procedure has been designed (e.g. in the form of a decision
tree), the bisection method can be administered in various ways, e.g. face-to-face
consultations or through surveys online. Similar considerations apply here as with
administering DCEs (see above) and as with survey- based data collection tools in general, if
administered this way (see section 3.3.3.1.).

Once pairwise choices have been made, analysis of choices typically involves a partial value
function. Such a function can be defined as a linear expression in which the criterion is
weighted by a partial value coefficient to account for the criterion’s marginal value. For each
segment of the interval scale that is distinguished by a midpoint, it is usual to specify the
partial value coefficient in terms of a ratio of the value over the performance range
corresponding to that segment.

Overview of application in thesis

The bisection method was employed for the estimation of partial values on criteria of interest
to decision makers in the project selection problem (Paper I11), via an online survey (24
respondents). Stakeholders answered up to six pairwise choice questions that iteratively
approached the value mid-point on each criterion, using a decision-tree logic (see appendix of
Paper I11). For each stakeholder, the pairwise choice questions identified a point within the
performance range that was midway, in value terms, between the two endpoints of the value
scale. Based on this, a partial value function was defined to account for each criterion’s value
over its performance range (for details, see methods section and appendix of Paper I11).

Swing weighting and trade-off methods

A combination of swing weighting [149] and trade-off methods [153] was employed to elicit
between-criteria weights for criteria of interest to decision makers in the project selection
problem (Paper I11). As with the bisection method, these techniques are compositional
preference elicitation methods in that they involve eliciting criteria weights separately from
(and typically after the elicitation of) partial values. Swing weights are used to reflect the
relative importance of criteria in multi-criteria value functions, capturing both the ordering
between criteria and the extent to which the measurement scale adopted discriminates
between alternatives [149]. The trade-off method can help assign values to criteria along this
scale, once an ordinal ranking of swings has been established.
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General overview

Swing weighting begins by rank ordering the criteria. This is typically done by considering
the swing from the worst value to the best value on each criterion. The criterion whose swing
is perceived to give the greatest increase in overall value of an alternative is assumed to have
the highest preference. This process is repeated on the remaining criteria, each time
identifying a criterion with the highest preference out of the remaining set, until an ordinal
ranking of criteria has been determined.

Once criteria have been ranked based on the above procedure, a value is assigned to the
highest ranked criterion, against which stakeholders are required to assess the relative value
of a swing from worst to best on the remaining criteria. Whereas there may be many ways of
doing this e.g. from qualitative rating to point allocation [149, 276], the trade-off method can
be useful when the total number of criteria is small and numerical precision is desired. This
method begins by considering two hypothetical alternatives against two criteria only
(considering all other criteria equal, if more than two criteria are relevant to the problem). An
iterative, pairwise choice procedure is then conducted to identify an indifference point for
which both alternatives are equally preferred. It does so by modelling alternatives as pairs of
criteria that differ by some value.

Similar to the bisection method, trade-off methods for elicitation of swing weights can be
administered in various ways and similar considerations apply around design of choice tools
(see section 3.3.3.1.).

Once pairwise choices have been made, analysis of these typically involves a multi-criteria
value function (see section 3.3.2.). Such a function can generally be defined as a linear
expression in which each criterion’s partial value is weighted by a scaling constant to account
for the relative value of changes in that criterion’s performance. It is common to derive these
scaling factors through marginal rate of substitution techniques [153]. Once these have been
computed, weights can be normalized to sum to 1, 100, or other scale of interest, allowing
this way the interpretation of each weight as a share of the total importance weight in the
overall value function [149].

Overview of application in thesis

Swing weights were elicited for criteria of interest to decision makers in the project selection
problem (Paper I11) via an online survey (24 respondents), using the trade-off method. Given
two criteria of interest, one of these was assumed to be more important based on stakeholder
perceptions, at the start of the elicitation exercise.

An iterative pairwise comparison (up to six questions) was used (see decision-tree logic in
appendix of Paper I11). This helped identify an indifference point within the performance
range of the highest ranked criterion, for which a swing from worst performance to this point
would be equally preferred to a swing from worst to best on the lowest ranked criterion.
Based on this, a relative value coefficient was estimated for the criteria per unit changes in
performance. This coefficient was then used to estimate the relative values of the swings in
performance of criteria associated with the indifference point so that they sum to 1 (for
details see appendix of Paper I1I).
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A similar approach to trade-off weighting was undertaken to elicit a time preference, which
was integrated through a time discounting function as a scaling factor on the overall value
function (for details see methods section and appendix of Paper I11).

3.3.4.Generating model outputs

Analytical outputs can be generated once models have been specified and factual and
preference information has been obtained. Given the general EID vaccine R&D prioritization
problem uncertainties (section 3.1.) and the way decision problems were structured (section
3.3.1) and modelled (section 3.3.2), three output generation techniques can be distinguished:
preference modelling through conditional logistic regression; Monte Carlo simulation; and
Simulation-Optimization.

3.3.4.1. Conditional logistic regression

In absence of quantitative data on the performance of alternatives against criteria of interest
(Paper 1), a direct elicitation of utility scores can be employed, given crude estimates of the
comparative desirability of alternatives are deemed sufficient. Section 3.3.2. describes such a
function specified for measuring the desirability of alternative strategy formulations. Section
3.3.3.2. describes how preference coefficients were elicited using a DCE to be incorporated
into a conditional logistic regression for assessing the contribution of strategic objectives’
importance on preference for strategy alternatives.

In its simplest form, a conditional logistic regression model calculates the probability of an
alternative being selected, based on which a likelihood function can be maximized to
generate utility coefficients associated with different levels of the attributes considered. In
this model, a dichotomous dependent variable indicates the choice, which is a linear
expression of explanatory variables (the attributes). In this expression, each attribute level is
weighted by a coefficient to account for the marginal utility associated with differences in
attribute levels between the choices being analysed. A relative probability of an alternative
being chosen compared with other alternatives can then be estimated by calculating the ratio
of the alternative’s utility against the utility of all alternatives being evaluated.

In this thesis (Paper 1), the strategy formulation that maximized utility was deemed the most
preferred strategy, contingent on the overall statistical significance of the attributes
considered in a conditional logit model. The overall attractiveness of this strategy was
compared with alternative strategies probabilistically. This was done in pairwise comparisons
between the preferred strategy and all alternative strategy formulations. For each pairwise
comparison, a relative probability of attractiveness was estimated as the ratio of the expected
utility of each alternative strategy formulation to the sum of this expected utility and the
expected utility of the most preferred strategy (for details see Paper 1).

3.3.4.2. Monte Carlo simulation

Where quantitative data was made available (Papers I1, 111, 1V), both performance and
preference estimates on alternatives were generated using Monte Carlo simulation. Monte
Carlo simulation is a random sampling technique for transforming input and output
parameters of a given value model into probability distributions, if such parameters have
previously been stochastically defined [277]. Given ranges of estimates have been assigned to
model parameters with known or assumed distributions, these parameters can be modelled as
statistically independent trials within a simulation experiment. For each parameter, an
estimate is randomly selected from a predefined distribution and parameter estimates are then
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combined to generate outcomes as prescribed by their underlying value models. This process
is repeated multiple times, i.e. the experiment runs the value model through multiple trial
iterations (typically several thousand times). The total number of occurrences of different
parameter estimates across all iterations allows the estimation of a range of these estimates
and their associated likelihood of occurrence. In doing so, random sampling helps calculate
the mean and variance in the estimate of a given parameter, as well as the probability that
different estimates are likely to occur within that range.

Simulation was first employed for the estimation of EID vaccine R&D pipeline outcomes and
associated costs (Paper I1). As explained in section 3.1., cost and PoS parameters were
stochastically defined. To move from single vaccine candidate costs to costs accounting for
PoS, the simulation drew cost and PoS estimates from their respective distributions 10,000
times, allowing each time for the sum of the product between the number of vaccine
candidates, PoS and cost per candidate to be calculated as vaccine candidates (their integers)
advanced through development phases. This allowed the calculation of likely pipeline
outcomes given the number of vaccine candidates made available and the estimation of the
mean and variance of PoS-adjusted costs expected for the attainment of these outcomes.

Second, simulation was employed for the generation of analytical outputs in the project
selection (Paper I11) and the portfolio selection problem (Paper 1V). In both problems,
given uncertainties in project assessments and heterogeneous stakeholder preferences (see
section 3.1.), model parameters were subject to significant variations and were therefore
stochastically defined. Consequently, it was possible for each iteration to randomly select one
reviewer, and randomly select a performance estimate from their performance distribution. At
the same time, each iteration randomly drew the preferences of a single stakeholder’s
distributions. The mean and variance of model parameters was estimated when analysing
estimates across all simulation iterations.

3.3.4.3. Simulation-optimization

As discussed in the previous chapter, optimization techniques are suitable for addressing
prioritization problems when these need to be satisfied in a maximizing or minimizing sense,
in presence of constraints and/or additional portfolio effects (e.g. diversity considerations,
etc.). In presence of multiple sources of extreme uncertainty or interdependencies between
alternatives, optimization problems can become increasingly complex either due to the
irregular structure of the search space or because the search becomes computationally
intractable [278]. Genetic or evolutionary programming can help address problems of such
complexity, where deterministic solutions (i.e. single point estimates representing global
optimum solutions without uncertainty) are not possible to obtain [278, 279].

An evolutionary algorithm will generate candidate solutions to some problem via random
selection and evolution of solutions to near-optimal solutions through a series of fitness-based
evolutionary steps. This type of algorithm typically operates within a Monte Carlo simulation
framework. The algorithm starts by randomly drawing from a population of candidate
solutions. As it assigns a set of values for the decision variables (e.g. makes a binary
selection, where these are specified in integer form), a simulation of several thousand
iterations is conducted to optimize the constrained objective function that is dependent on
parameter uncertainties. The model uses these outputs to decide what set of values it should
try next for the decision variables, aiming for better optima in relation to a current solution. A
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new simulation is conducted with the algorithm adapting its search through random changes
to the composition of the previous solutions, i.e. selecting the “fittest” and eliminating the
“least fit” candidate solutions. This process is repeated until: (1) the maximum computation
time allowed has been reached; (2) the number of ‘fitness’ iterations allowed has been
reached; (3) the maximum time allowed for fitness iterations to take place without improving
on the current solutions has been reached; (4) and a minimization of differences between new
versus previous near-optimal solutions has been achieved (known as convergence). In
practice, evolutionary programming software will typically pause when conditions 1-3 are
reached, asking the user if he or she would like to continue the search. The software will stop
the search when condition 4 is satisfied.

Once the algorithmic search has converged to an optimal solution, the analysis of model
inputs and outputs can be conducted probabilistically, i.e. their mean and variance can be
estimated by analysing estimates across all simulation iterations.

Simulation-optimization was employed for the estimation of minimum EID vaccine R&D
pipeline costs (Paper I1) and for the identification of optimal vaccine technology platform
portfolios (Paper 1V). In both cases, an evolutionary algorithm iteratively searched for
optimal solutions through a fitness function on candidate solutions, until convergence was
achieved. In both cases, given multiple, stochastically independent parameter uncertainties, a
chance constraint was introduced against which a percentile of values for the objective
function could be optimized, rather than the objective function’s expected value (for details
see methods sections of Papers I11-1V).

3.3.5.Dealing with uncertainty

Given that the systematic examination of uncertainty is generally a hallmark of good practice
[280], various procedural and analytical techniques were undertaken to test the impact of
uncertainty on model structures and outputs in the thesis.

3.3.5.1. Procedural tools

Dozens of teleconferences, email exchanges, face-to-face meetings and formal decision-
making forums were employed throughout the implementation of the multi-staged EID
vaccine R&D prioritization process. Collectively, these procedures helped reduce the
structural uncertainty as well as improve the quality of evidence in the various models.
Specifically, they allowed for decision makers and broader sets of stakeholders to: validate
the definitions and structure of strategic objectives (Paper I); approve the final lists of
criteria and their measurement specifications in the project selection (Paper 111) and portfolio
selection (Paper V) problems; update performance assessments and thus improve the
quality of evidence (Paper 1V); and highlight reasons for divergence (where that emerged)
between analytical outputs and actual decisions (e.g. see Paper I11). The latter triggered the
explicit consideration of interaction effects in subsequent prioritization problems (e.g. see
Paper 1V).

3.3.5.2. Analytical techniques
Deterministic sensitivity analyses

The uncertainty of model outcomes in the project selection (Paper 111) and portfolio
selection (Paper 1V) problems was large, as reflected by both the large variances around
investment alternatives’ values and by the substantial overlap between their confidence
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intervals. To test the contribution of performance versus preference estimates to variability of
outcomes in the models, analyses in both problems were re-run by re-specifying preference
parameters deterministically (their mean values). In both problems, these scenarios
demonstrated that less than 10% of the variation in model outcomes could be explained by
variations in preferences. Stakeholders were comfortable with the preference estimate
distributions without a need to further explore the impact of structural uncertainty through
different weighting methods.

Variability checks

In absence of economic or health-economic data, project selection (Paper I11) and portfolio
selection (Paper 1V) problems relied solely on expert opinions for the estimation of
performance measures of alternatives against criteria of interest. Given that over 90% of the
observed variation in model outcomes was due to variations in performance assessments, the
variability in stakeholder assessments was thoroughly examined for each criterion based on
the average difference of individual reviewers’ estimates from the average estimate across all
reviewers (for details see methods sections and appendices of Papers I11-1V). In both
problems inter-reviewer agreement levels were satisfactory, with differences reflecting
genuine differences of expert opinion.

Stochastic Dominance tests

According to portfolio theoretic assumptions (see chapter 2), stochastic dominance of
portfolios can be tested through variations of mean-variance statistics. Essentially, a risk
criterion is introduced, operating as a constraint in a portfolio value optimization function. A
portfolio can be deemed optimal only when its value is equal or higher whilst its risk is equal
or smaller in comparison to alternative portfolios.

The mean, variance, semivariance, absolute deviation, and the mean-Gini statistic were
estimated for each alternative in the portfolio selection problem (Paper 1V). This allowed for
different types of stochastic dominance tests and an assessment of risk-efficiency of the
identified optimization solution (for details see methods section and appendix of Paper 1V).

Probabilistic Sensitivity Analysis (PSA)

Variations of Probabilistic Sensitivity Analysis (PSA) were conducted to test for the impact
of model input imprecisions to the robustness of model outcomes in Papers 11-1V. PSA,
which operates within a Monte Carlo simulation framework, determines the likelihood that
different outputs will occur by simulating the consequences of random drawings from
probability distributions characterizing uncertain parameters in a model. In doing so, PSA can
both help identify the most likely sources of substantial variation in model outputs and
validate (or invalidate) these outputs.

PSA was used to identify the probabilities associated with different pipeline and cost

outcomes in the EID vaccine R&D cost minimization study (Paper I1), which helped
examine the degree of correlation between the variance in outcomes and the uncertain
parameters of the model.

Comparison of projects within each iteration of the simulation conducted in the project
selection problem (Paper 111) generated a ranking of projects, which, when analysed across
all iterations, allowed the estimation of the rank probability of a project.
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Pairwise comparisons between the optimal portfolio and alternative portfolios under the
budget constraint generated a ranking in each iteration of a simulation in the portfolio
selection problem (Paper 1V). The probability that the optimal portfolio would outrank each
of these alternatives was then estimated based on the frequency of pairwise rankings, across
all simulation iterations. The composition of portfolio alternatives was also examined, based
on the frequency of different projects being included across clusters of these, grouped from
lower to higher probability ranges of being outranked by the optimal portfolio. This allowed
for the identification of projects having the most significant impact on variation of portfolio
value, with implications on the optimal portfolio’s robustness.
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4. Summary of results

Previous chapters presented how a prioritization framework was developed and its methods
structured to address a set of interconnected problems of strategic objective setting,
investment boundary setting, project and portfolio selection in the context of EID vaccine
R&D. The practical necessity of establishing a new multi-stakeholder entity for investing in
EID vaccine development creates an opportunity for assessing whether this framework can
help stakeholders make informed, real-life decisions and how prioritization models’
supportive function can evolve. The current chapter provides a summary of the evidence
emerging from the implementation of the framework across the two stages of the EID vaccine
R&D prioritization problem. In doing so, the chapter also illustrates how the prioritization
models informed decisions in face of decision uncertainty and how they were adapted in light
of learning outcomes and evolving trade-offs from their application.

4.1. Stage 1. Strategic framing

4.1.1.Strategic objective setting (Paper |)
A VFT process and an analysis of stakeholder preferences elicited through a DCE identified
four strategic objectives for EID vaccine development in the context of CEPI:

e Strategic objective 1: Improve R&D preparedness, through the development of
vaccines to the latest R&D stage possible, complemented by other translational R&D
milestones and regulatory innovations.

e Strategic objective 2: Improve the speed of R&D response, through the availability of
manufacturing capacity on demand, clinical infrastructure to test vaccine candidates,
and rapid-response vaccine platform technologies for EIDs.

e Strategic objective 3: Improve market predictability, through the generation of
positive externalities to businesses and to the public, the minimization of disruptions
to other business or public health work, and the availability of incentives for vaccine
developer engagement in EID vaccine R&D.

e Strategic objective 4: Improve equity, through the availability of vaccines to priority
populations, the strengthening of low- and middle-income country (LMIC) capacity,
and the promotion of shared responsibility in financing across geographical regions.

Through their preferences stated in the choice model, stakeholders expressed the desire for a
strategy that prioritizes preparedness and market predictability objectives, if some importance
is also placed on equity and response speed objectives (see Figure 4 in Paper I). Practically,
this meant that priority should be given to EID vaccine development through clinical safety
and immunogenicity studies in humans (phase 2a), complemented by enabling and regulatory
science innovations and incentives for developers to minimize losses from their engagement.
Priority should also be given to developing rapid response technology platforms, or to
ensuring the availability of manufacturing capacity, or to strengthening clinical testing
infrastructure. Finally, at least one of the following should be prioritized under the equity
objective: measures for securing vaccine access to priority populations, improving vaccine
development capacities in affected regions, or promoting the sharing of financing
responsibilities across regions.
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The outputs of this exercise served as the basis for the specification of goals for estimating
optimal pipeline and funding boundaries (Paper I1), within which subsequent investment
decisions could be made. Moreover, prioritization models were possible to develop to support
investments in priority EID vaccine development (Paper I11) and vaccine technology
platforms (Paper 1V), aligned with the investment entity’s strategic objectives identified and
structured through this process.

4.1.2.Investment boundary setting (Paper II)

A combination of literature review- and survey- based approaches identified a pipeline of 224
vaccine candidates from preclinical through to phase 2 for 11 priority EIDs (see Table 4 in
Paper I1). As the first goal was to identify a maximum number of projects for successfully
developing at least one vaccine candidate against each priority EID, the simulation-
optimization model identified different minimum pipeline structures per disease. 7 EIDs—
Zika, Ebola, Chikungunya, Rift Valley Fever, MERS, Marburg, and Lassa—had sufficient
vaccine pipelines for investments to generate successful phase 2a outcomes, irrespective of
PoS assumptions. The following upper boundaries on project numbers for future investment
were therefore possible to set, contingent on PoS assumptions: 4 to 10 projects for
Chikungunya; 5 to 9 projects for Zika; 7 to 15 projects for Rift Valley Fever; 7 to 16 projects
for MERS; 9 to 18 projects for Marburg; and 11 to 21 projects for Lassa. An Ebola vaccine
had already been successfully advanced through phase 2 and was therefore excluded from
further analysis. Under a high PoS scenario, an upper boundary of 11 projects could also be
set for Nipah. However, the successful progression of a vaccine through to end of phase 2a
would be unlikely under a low PoS scenario, given the available candidates for the disease.
Vaccine pipelines for Crimean Congo haemorrhagic fever, severe acute respiratory
syndrome, and severe fever with thrombocytopenia syndrome comprised too few candidates
for any phase 2a outcomes to be predicted through investments in these, even under a more
optimistic PoS.

Setting these outcomes as pipeline constraints under the second goal of the model, it was
possible to estimate the maximum investment ceiling for the successful development of a
vaccine per EID: $112-150M ($34-289M range) for Chikungunya; $149-158M ($45-357M
range) for Zika; $224-244M ($61-570M range) for Rift VValley Fever; $244-245M ($71-
543M range) for MERS; $274-358M ($86-792M range) for Marburg; and $319-469M
($99M-1.1B range) for Lassa. Under an optimistic PoS scenario, the investment ceiling for
Nipah was estimated at $469M ($99M-1.1B range). The non-attainment of the model’s first
goal for the remaining EIDs—Crimean Congo haemorrhagic fever, severe acute respiratory
syndrome, and severe fever with thrombocytopenia syndrome—meant that cost estimates for
these diseases were conditional on 18-47 new vaccine candidates becoming available at the
preclinical phase (see Table 5 in Paper I1).

The two goals of the simulation-optimization model were set as an outcome of the strategic
objective setting exercise (Paper 1) and the quantification of the preparedness objective as
reflected in CEPI’s business plan [281]. Given the uncertainties associated with PoS, costs
and characteristics of product developers (for details see methods section and appendix of
Paper 1), the two-staged stochastic formulation of the model was able to identify optimal
performance levels for each goal; albeit with wide ranges around the expected pipeline and
cost estimates under each scenario considered in the model.
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The outputs associated with attaining the two goals of the simulation-optimization model
informed decisions in different ways. First, it was possible to identify those disease areas
where vaccine development investments would have a greater chance of satisfying the
organization’s strategic objective targets — Lassa, MERS, Nipah, Rift Valley Fever,
Chikungunya. CEPI is currently funding vaccine development against all these pathogens.
Second, within each disease area it was possible to identify a pipeline and funding ceiling that
could serve as a constraint in subsequent investment decisions (e.g. see Papers I11-1V).

4.2. Stage 2. Investment framing

4.2.1.Vaccine R&D project selection (Paper Ill)

In order to support the attainment of strategic objective 1 (see Paper 1), a MCDA was
employed to value, rank and inform the selection of vaccine candidate projects that could
improve: a) the likelihood of generating vaccines relevant for use in response to CEPI’s
initial priority EIDs — Lassa, MERS, and Nipah (denoted as O1); b) the likelihood that the
technology platforms supporting these vaccines would be suitable for use in vaccine
development against newly or unexpectedly emerging EIDs (denoted as O2).

Out of an initial list of 33 projects that expressed interest in a Call for Proposals, use of
eligibility criteria and of rule-based techniques (see chapter 3) narrowed down this list to 18
projects (7 for Lassa; 7 for MERS; 4 for Nipah) selected by CEPI for an extended review.
Eligibility criteria reflected principles around equitable access, cost coverage and risk sharing
that had been identified as operational boundaries under the strategic objective setting process
(Paper 1). For the evaluation of the 18 projects, it was assumed that no more than 6 projects
should be funded per EID, based on optimistic estimates of Phase 1 candidates required for at
least one candidate to advance through to end of phase 2a (Paper I1). This assumption was
supported by an expectation that projects selected for funding would be ready to start Phase 1
development by the time of project launch. It was further assumed that no more than $300M
out of $700M initial capital should be allocated to selected projects, based on organizational
budgeting that reflected the relative importance of strategic objective 1 during the strategic
objective setting process (Paper 1). This assumption was further supported by optimistic
estimates of funding needed to advance at least one candidate to advance through to end of
phase 2a for each of these diseases (Paper I1). With these assumptions in mind, a ceiling of
14 projects was set as an upper constraint in the selection of vaccine candidate projects.

Stakeholder consultations identified five criteria as relevant to the evaluation of projects
against O1 and O2: C1. Applicant Competency, C2. Technical Feasibility, C3. Manufacturing
scalability & speed, C4. Use potential for target pathogens, C5. Use potential for new
pathogens. Expert assessments of projects on these performance criteria suggested a
substantial overlap in the confidence intervals around most projects’ aggregate performance
on O1 and O2 (see Table 2 in Paper I11).

Stakeholders suggested different value to outcomes O1 and O2 generated by different
projects, a non-linearity in preferences for these outcomes, and a preference for faster
development timelines (see Table 3 in Paper I11). Specifically, stakeholders attached more
value to the likelihood of projects generating vaccines relevant for use in response to each of
the three target pathogens — Lassa, MERS, and Nipah — than to the likelihood that the
technology platforms supporting these vaccines would be suitable for use in vaccine
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development against newly emerging infections. Their preferences also implied increasing
marginal returns to improvements in outcomes O1 and O2 generated by different projects.
Moreover, the discount rate on overall project value was high, reflecting stakeholders’
preference for shorter timeframes within which projects could be completed.

The aggregation of value accounting for variations in performance and preference estimates
resulted in a ranking of projects by value and cost-to-value that could not easily distinguish
projects due to overlapping confidence intervals around these estimates. A probabilistic
ranking analysis within a Monte Carlo simulation generated clear project rankings through
the consideration of top 14 rank likelihoods by value versus cost-to-value, despite the large
uncertainty in criteria performance and stakeholder preferences (see Figure 3 of Paper I11).
These findings deviated from real-life decisions mainly because of technology platform
considerations. This practically meant that two projects were recommended by decision-
makers that limited platform diversity into the investment though increasing the number of
projects for Nipah, despite their modest value across outcomes considered in the model.
Consequently, two projects were excluded that the MCDA had positioned in the top 14 by
value and by cost-to-value rank likelihoods.

These findings differentiated vaccine candidate alternatives in face of significant outcomes
uncertainty, informing deliberative stakeholder processes of decision-making. However, the
divergence in decisions and model outputs pointed to criteria that more explicitly capture
distributional considerations — i.e., what is an acceptable spread of investment across vaccine
projects employing different platforms to achieve target outcomes. These considerations were
explicitly accounted for when structuring prioritization models in subsequent investment
decision contexts (e.g. see Paper 1V).

4.2.2.Technology platform R&D portfolio selection (Paper IV)

In order to support the attainment of strategic objective 2 (see Paper 1), a Portfolio Decision
Analysis (PDA) was employed to support the selection of a technology platform portfolio
that could maximize the likelihood of accelerated vaccine development in response to
outbreaks of new infections.

As in the vaccine R&D project selection problem, equitable access, cost coverage and risk
sharing principles — identified as operational boundaries under the strategic objective setting
process (Paper 1) — were translated into eligibility criteria. Use of these and of rule-based
techniques (see chapter 3) narrowed down an initial list of 38 projects to 16 projects — 4 RNA
projects; 4 Viral Vector projects; 3 DNA projects; 3 Protein projects; 2 gene-encoded mAb
projects — selected by CEPI for an extended review.

Anchored on learnings from the vaccine R&D project selection problem (Paper I11) and on
new stakeholder consultations, the goal was to select a portfolio that maximized the
likelihood of accelerated vaccine development for newly emerging infections, accounting for:
uncertainty in project evaluation; and formally incorporating stakeholder preferences,
including on platform diversity. It was further assumed that no more than $140M should be
allocated to the selected portfolio, based on organizational budgeting that reflected the
relative importance of the strategic objective 2 during the strategic objective setting process
(Paper ).
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Stakeholder consultations identified seven factors influencing platform project PoS: C1.
Applicant competency; C2. Project feasibility; C3. Clinical benefit; C4. Safety potential; C5.
Manufacturing scalability & speed; C6. Operational suitability; C7. Operational
sustainability. Expert assessments of projects on these factors suggested a wide range of
platform project PoS estimates, but also a significant overlap between these (see Figures 2a-c
in Paper 1V).

Stakeholders suggested different preference to the probability of each platform type
generating at least one successful rapid response platform project, and a non-linearity for
preferences in this probability (see Table 4 in Paper 1V). Specifically, stakeholders attached
more value to the probability of at least one successfully developed project on RNA and on
Viral Vector platforms than on DNA, Protein or gene-encoded mAb platforms. Stakeholders
also suggested consistently decreasing returns to investing in increasing the probability of at
least one successful project of a single platform type. For instance, stakeholders preferred an
improvement of 0% to 30% in this probability for RNA platforms to the same gain in this
probability for Viral Vector or other platforms. However, once exceeding 30%, the
incremental return on this probability for RNA became less, justifying diversifying the
portfolio into other platform types (for details, see section 3.2 in Paper V).

The aggregation of portfolio value accounting for PoS uncertainty and platform preference
trade-offs resulted in a marginally superior optimality frontier by value-to-budget in a
simulation-optimization model than in a simpler alternative — the frontier that would have
been generated if projects were ranked by expected PoS-to-Cost, then incrementally added to
the portfolio without accounting for whether the resulting portfolios would maximize
portfolio value under different budget constraints. More specifically, the optimal portfolio
generated by this model under the $140M constraint — composed of the two best performing
projects under each of the platform types RNA, Viral Vector, and Protein — was also the
recommended portfolio by decision-makers to CEPI. However, the portfolio that CEPI finally
approved excluded 1 Viral Vector and 1 Protein project from this portfolio, following on
further due diligence of the recommended projects by internal CEPI expert teams.

Although the CEPI approved portfolio was also positioned on the optimal value-to-budget
frontier (see figure 4a in Paper 1V), various means of variance analyses suggested that the
optimal portfolio was stochastically dominant to this portfolio as well as all other portfolios
under the $140M constraint (see figures 5 and 6 in Paper V). A probabilistic sensitivity
analysis confirmed the optimality of the model solution, but also indicated high sensitivity to
the downside risk of two out of the six projects comprising this portfolio (see figures 7a,b in
Paper 1V); which were eventually not approved for funding by CEPI. This raised questions
about the robustness of the PDA solution relative to CEPI’s formal attitude to portfolio risk.

Whereas it was not within the PDA’s scope to support due diligence of recommended
projects and CEPI’s follow-up decisions, the probabilistic sensitivity analysis pointed to the
importance of further due diligence on highly risky projects before actual investments were
initiated. Importantly, this finding speaks to the need of making preferences explicit about
levels of acceptable risk in portfolios as well as in projects, in face of substantial outcomes
uncertainty and portfolio interaction effects. This could include, for instance, data on how
decision makers trade-off increasing expected portfolio value and increasing variance around
this value, and data on the acceptable level of outranking probability. Practically, this finding
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also points to the importance of learning loops through experience-based feedback resulting
in periodic updates of previous investment decisions, as more information emerges about
project strengths and risks.
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5. Discussion
5.1. Key findings

This PhD thesis reported the development and application of an integrated prioritization
modelling framework for addressing a series of strategically interconnected decision
problems in EID vaccine development. There are three key sets of findings that can be drawn
from the thesis. First, it is possible to develop a coherent framework to inform the appropriate
design of prioritization models that address related decision problems within a common
strategic frame. The framework presented in this thesis demonstrates how prioritization
modelling can benefit from theoretical foundations, particularly as these emerge from utility
and portfolio optimization theories of decision making. In doing so, the framework highlights
the need for adaptability of prioritization models to changing problem characteristics, while
compliance is maintained with procedural and axiomatic principles around stakeholder
engagement, problem structuring and model specification within an overarching strategic
frame. Moreover, it does this through the integration of various normative and
methodological perspectives to health product development prioritization, without attempting
to impose strict normative judgements on some methods being more useful over others.

Second, it is possible to employ such a framework to generate evidence to inform EID
vaccine R&D priorities and investment decisions through the systematic combination and
adaptation of procedural and rigorous analytic tools. In terms of setting the strategic frame, it
was possible for values to be structured — despite the multiple stakeholders and their diverse
perspectives — and some quantitative thinking about trade-offs to bring strategic decisions
stemming from CEPI’s social bargaining processes closer to actual commitments for action
(Paper 1). The outputs of the VFT process and choice model were endorsed as part of CEPI’s
business plan and new investment opportunities were launched, aligned with these outputs;
their budgets reflecting the relative importance of strategic objectives in the DCE. Building
on the outcome of the strategic objective setting exercise, it was possible to generate EID
vaccine development cost estimates by combining pipeline and cost information in a
simulation-optimisation model, demonstrating investment boundaries in face of cost and PoS
uncertainties (Paper I1). These outputs informed the prioritization of pathogens against
which subsequent investments would be made; with more funding allocated to date to Lassa,
MERS, and Nipah, and some funding allocated to Rift VValley Fever and Chikungunya [19].

In terms of making investment decisions, it was possible to anchor a MCDA on objectives
and boundaries set in the strategic frame and use this to support the prioritization of vaccine
R&D investments in face of project performance uncertainty and variance in stakeholder
preferences (Paper I11). The use of a Monte Carlo Simulation reflected the uncertainty in
rank probabilities that distinguished Lassa, MERS and Nipah vaccine projects, and that were
broadly consistent with actual decisions. Learnings from deviations between model outputs
and decisions due to structural limitations of the MCDA allowed for a PDA to more
accurately reflect decision-maker preferences to fund a diverse portfolio of platform projects
for newly emerging infections (Paper 1V). Whereas a probabilistic sensitivity analysis on
these outputs raised questions about the robustness of the PDA solution, final decisions
validated these concerns, following on further due diligence on projects.
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Third, the results of the application of these models suggest new evidence on EID vaccine
development objectives, costs, risks and preferences. In terms of objectives, preparedness
emerged as the highest priority, but it would be more desirable if advanced in parallel with
market predictability, response and equity objectives. The average cost of successful EID
vaccine development through end of phase 2a was estimated at up to $319-469M ($137M-
$1-1BN range, contingent on PoS assumptions), requiring investment in 11 to 21 preclinical
candidates to account for risks of project failure. However, investment is likely to be two to
three times lower for pathogens with more vaccine candidates at advanced development
stages — e.g. Chikungunya, Zika, Rift Valley Fever, MERS, Marburg.

The average PoS of EID vaccines through end of phase 2a was estimated at 33% (14-66%
range) — as demonstrated by expert assessments on a number of Lassa, MERS and Nipah
vaccines (see Table 2 of Paper I11) — falling well within the min-max range of published
benchmarks for vaccine candidates entering clinical development (see Table 1 of Paper II).
When investing in vaccines, there is more value to this likelihood than to the likelihood that
the technology platforms supporting these vaccines will be suitable for vaccine development
against newly emerging infections.

Rapid response platform project PoS through end of phase 1 is low but also varies according
to the platform type on which projects are being developed: <1-36% for Viral Vectors; <1-
26% for Protein; <1-23% for RNA; <1-12% for DNA; <1-7% for gene-encoded mAb. There
is more value to investing in RNA and Viral Vector platforms for rapid response to newly
emerging infections than to DNA, Protein or gene-encoded mADbs. However, a diversified
investment approach across multiple platforms is seen as justified in face of substantial
platform PoS uncertainty and diminishing returns in investing in projects of a single platform

type.

5.2. What is known on the topic and what this thesis
adds

Prior to the formation of CEPI, the evidence on EID vaccine development priorities and
investments had been scarce (for details, see discussion sections in Papers I-1V). This
included evidence gaps both on investment alternatives, their expected costs and
performance, and on values regarding strategic priorities and investment trade-offs. However,
new evidence from the world’s experience with COVID-19 is gradually emerging, as this
relates to EID vaccine development priorities and strategies including on vaccine access [27,
282-285], pipelines and costs [7, 286-288], timelines and success rates of R&D efforts [289].
In addition, the literature on methods to support broader health product development
prioritization problems is large, indicating an increasing use of multi-criteria models across
diverse application domains (see Chapter 2 for a detailed review). Collectively, this evidence
base highlights the importance of appropriate problem structuring and the consideration of
preferences, uncertainty and practical constraints when designing prioritization models within
dynamically evolving contexts.

With methodological insights and evidence gaps from the literature in mind, two sets of
contributions can be drawn from the thesis around evidence and the experience using
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methods to elicit this in order to support EID vaccine R&D priorities and investment
decisions.

5.2.1.Evidence contributions

In terms of strategic objectives, the thesis clearly highlights the relative importance of
preparedness and that this cannot be disassociated from adequate attention also to market
predictability, response speed and equity objectives. The relevance and impact of this
strategic framing has become apparent by the world’s positioning and accelerated vaccine
development efforts in response to the COVID-19 pandemic [18, 27].

Second, the research presented in this thesis provides new cost estimates for EID vaccine
development (for a summary, see section 5.1; for details, see Paper I1). The scale of vaccine
R&D pipeline structures and associated investment needs has not been made explicit before.
The cost estimates reported in Paper 11 highlight how significant the pipeline gaps and
funding challenge are for optimizing EID vaccine R&D preparedness. This analysis identifies
several disease areas for which the upstream vaccine R&D pipeline today is insufficient and
highlights the need for entry of new vaccine candidates into preclinical development if the
chances of minimum vaccine R&D preparedness targets are to be improved.

Third, the thesis suggests new PoS estimates for EID vaccines (Paper I11) and technology
platforms (Paper 1V), where such estimates had previously been absent from the literature
(for a summary, see section 5.1). In doing so, the thesis identifies and quantifies specific
aspects of PoS, as these relate to technical and operational feasibility of projects, offering
specific definitions for vaccine and platform PoS assessments that are largely omitted from
the literature.

5.2.2.Methodological contributions

The thesis highlights modalities and merits of different procedural and analytical techniques
employed to support the EID vaccine R&D prioritization problem, as its characteristics
evolved across stages. Specifically, five sets of reflections can be drawn that provide grounds
for the assessment of appropriateness of methods to support prioritization efforts within an
integrated framework.

(1) Adaptability of problem structuring techniques to changing problem characteristics

Choice of problem structuring techniques within strategically interconnected problems will
depend not only on problem characteristics (e.g. stakeholders, alternatives, criteria) but also
on how these characteristics evolve across stages of the problem. For instance, procedural
tools accounting for principles on stakeholder selection and participation will be important in
early stages of ill-defined problems. Their application may be less critical once such
principles (and stakeholders) have been rooted into the operational procedures of the
investment entity.

Goal programming can help specify the boundaries of investment opportunities within which
strategic objectives can be operationalized. However, it is only likely going to be a useful
problem structuring technique if the goals adequately translate previously identified
objectives into some quantitative target measures.

Assuming stakeholders have been identified, analytical techniques for problem structuring
will vary depending on whether alternatives and fundamental values have already been
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defined. Means-ends mapping is a useful operational implementation of VFT in strategic
decision contexts where neither alternatives or values are established, albeit time consuming,
cognitively cumbersome and visually complex. Where alternatives and fundamental values
have been specified, simpler rule-based techniques for criteria structuring and screening of
alternatives can be applied, assuming some form of discipline is desired that adheres to
rational decision-making.

(2) Overall compliance with theoretical assumptions

Where multiple criteria characterize the prioritization problem, a MCDA model specification
will be appropriate as it encourages compromises to be made explicit whilst offering a
rational structure for doing so. As highlighted in chapter 2, value-based MCDA models will
be more appropriate where rational preferences are assumed and where decisions are
marginal, demanding precision and consistency of preference orderings in repeated decision
settings. Specifically, if preferential independence between criteria is satisfied, value-based
MCDA models can take the additive form (see section 3.3.2.). With these assumptions and
properties in mind, models representing the strategic objective setting (Paper 1), project
selection (Paper I11) and portfolio selection (Paper 1V) problems were possible to build
through an appropriate structuring of criteria in line with the additive multi-criteria value
paradigm.

It should be noted that although a member of the value-based paradigm [149, 290], AHP will
be challenging to apply, even though it is often used in health product development
prioritization problems in practice (see chapter 2). AHP was intentionally not considered in
the framework for two reasons. First, it has the potential of violating the rule of transitivity in
preference orderings, or what in social choice theory is called the independence of irrelevant
alternatives [291-293]. Given a set of criteria has been established, preference orderings in an
AHP model are not built on the relative worth of changes between levels of performance on
criteria but on the relative worth of alternatives on these. A weight in AHP is therefore
causally related to the total set of alternatives being considered on each criterion.
Consequently, inconsistencies in preference orderings (i.e. violations of the transitivity rule)
are likely as alternatives come in or out of the decision space, inducing rank reversals
between alternatives remaining in the decision set. Theoretically, this should not be much of a
concern in one-off problems but poses challenges in repeated problem contexts where
alternatives move in and out of the investment space on an ongoing basis, such as in EID
vaccine development.

Second, the use of ratio scales for stating preferences in AHP is problematic as it assumes the
existence of a natural reference point against which comparisons can be made (e.g. a natural
zero when measuring mass or length) [149]. This suggests an absolute order in the strength of
preferences (e.g. alternative A preferred x times as much as alternative B). Such preference
structures are rarely the case in decision problems where reference points are strongly
influenced by their framing [294] and marginally related [236].

(3) Flexibility in value model formulations

Within the additive multi-criteria value paradigm, model variations will depend on the nature
of the alternatives (e.g. interactions necessitating portfolio- level re-formulations of
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alternatives), and scales used to define criteria (e.g. quantitative and continuous versus
qualitative or discrete).

In the strategic objective setting problem (Paper 1), alternatives were combinations of
strategic objectives’ characteristics that were only qualitatively defined. In absence of
continuously scaled definitions on criteria, models making use of partial values and scaling
factors were not possible to use. Conditional logistic regression based on a DCE was deemed
appropriate as the model allows for criteria to be measured on an arbitrary scale and
represented by a limited number of discrete levels (e.g. low, medium, high degree of some
criterion’s attainment) [256].

Where alternatives were well defined and independent as well as described by quantitative
measures of performance against criteria on continuous scales (Paper 111), an additive multi-
attribute value function was possible for ranking alternatives until a given constraint was
exhausted. Where alternatives were characterized by interdependencies and thus the decision
space exponentially increased (Paper 1V), a multi-attribute value optimization function was
deemed more appropriate for identifying an optimal subset of alternatives, given some
constraints.

(4) Consistency of preference elicitation methods

Stated preference and stated choice methods employed in this thesis share common properties
[235, 236, 295], which are useful when precision is desired to discriminate between
alternatives. However, they go about eliciting preferences in different ways, with analytical
and practical implications.

First, they elicit within- criterion and between- criteria weights differently (see section
3.3.3.2.), resulting in either single preference coefficients, or both partial value and relative
value coefficients within a value function. In a DCE, trade-offs between criteria and between
levels of performance within criteria are made simultaneously through the comparison of
whole alternatives. Assuming stakeholders think rationally about the criteria and that there
are enough levels in a model, the resulting preference coefficients should both display
interval properties and serve as scaling constants [235, 236, 272]. In stated preference
methods, partial values are typically estimated separately (e.g. via the bisection method) from
the elicitation of relative values (e.g. via swing weighting and/or trade-off methods). Partial
value functions naturally generate interval scales and relative values are typically interpreted
as scaling constants in a value model.

Second, methods pose variable levels of cognitive and practical demands on stakeholders.
Questioning procedures in DCEs are typically less demanding or time-consuming, partly
because choosing between alternatives is more intuitive than having to describe a partial
value function [236, 256]. However, the sample of stakeholders in relation to the number of
criteria and levels considered in a model will largely determine the suitability of these
methods in practice [273]. Because of the stepwise nature of stated preference methods,
questioning procedures become increasingly demanding the more criteria are being
considered, especially if stakeholders are geographically disbursed, necessitating questions to
be administered online. Where choices for which numerical consequences could be
established may not be easily obtained (e.g. in portfolio selection problems), the cognitive
demands imposed on stakeholders will substantially increase. Stated preference elicitation
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approaches may not be desirable from a practical point of view, if stakeholders’ time is
limited [235] or their ability to think numerically is constrained [296].

Given their relative strengths and limitations, choice between these types of methods will
depend less on theoretical, and more on cognitive and practical limitations encountered in
different decision problems. Given both types of methods had to be administered online,
choice of method between the project selection (Paper I11) and portfolio selection (Paper
1) problems was driven primarily by differences in the number of criteria considered and
sample size.

(5) Balancing procedural and analytical techniques for handling uncertainty

The EID vaccine R&D prioritization problem is characterized by deep and multiple
uncertainties. It is therefore logical for such uncertainties to be dealt with in different ways
within prioritization models. From a technical point of view, stochastic models help capture
the range of likely outcomes and their sensitivity to parameters characterized by imprecise
measures and variability in data sources for their estimation [106, 297]. Simulation-based
techniques explicitly capture such uncertainties through ranges instead of misleadingly
precise point estimates. The variance in outcomes that surfaces from these methods facilitates
the use of different techniques to test for dominance or robustness of prioritization model
outputs. However, as such techniques simply compute the results of underlying models, they
are also naturally expected to share any shortcomings of these models [110].

Stakeholder procedures are essential complements to technical approaches to handing
uncertainty in prioritization models. They allow for the testing of stakeholders’ intuition and
their exploration of alternative model structures or problem solutions [149]. For instance,
stakeholder engagement early in problem structuring can help identify areas of disagreement
with model assumptions and influence how criteria are defined, or how weighting methods
are applied. Once model outputs have been generated, processes to familiarize stakeholders
with the sources and impact of uncertainty in prioritization models can increase their
confidence in model outputs.

Inevitably, whether models and their outputs hold in practice will depend on the degree to
which they represent the reality of a shared understanding of the problem by the stakeholders
involved [298]. Consequently, a balance will need to be achieved between stakeholder
confidence in models and their outputs versus complexity of model structures and analyses,
including uncertainty implications [238].

5.3. Limitations

The research presented in this thesis comes with a number of limitations. Whereas limitations
specific to prioritization model applications are discussed thoroughly in Papers I-1V, this
section focuses on aspects associated with the overall development of the prioritization
framework and its application.

5.3.1.Framework development
The perspectives feeding into the development of the prioritization modelling framework are
limited primarily to the evidence emerging from the health product development
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prioritization literature. It is my view that this body of literature is representative enough to
serve the purpose of identifying the types of prioritization problems, the types of criteria, and
the types of processes and analytical tools that ought to be considered when designing
prioritization models with a product development focus. | argue this because the theoretical
and empirical foundations underpinning this literature are sufficiently broad to capture a
variety of norms from ethical theories, decision analysis and operations research, which are
not just limited to product development or to health alone. Indeed, the same decision analytic
and operations research norms and methodological perspectives become apparent in reviews
of the R&D prioritization literature more broadly (e.g. see [110, 299-301]); though the menu
of optimization, uncertainty or preference measurement techniques in these reviews is wider.
Moreover, whereas it would become an intractable exercise to review all approaches within
the broader health research prioritization literature [104], which is substantial, several
reviews [58-63] indicate a similar variety of policy, governance and ethical norms that
become apparent, though less frequently, in the health product development prioritization
literature. It is also worth noting that the list of criteria and other valued goals become much
longer in these broader bodies of the literature but are probably also less relevant to health
product development, as different types of priority setting questions and problems are often
being addressed.

Nonetheless, there is one type of question that policy and ethical strands of health priority
setting theory and practice pose, which the framework developed in this thesis does not
explicitly address: to what extent are prioritization processes legitimate and prioritization
outputs justifiable against principles of fairness or equitability, societal relevance or need?
This omission is because legitimacy, societal relevance and fairness of prioritization were
assumed implicit in the formal formation of a globally relevant organization to address an
area of urgent social need. Where these conditions do not apply, e.g. in less formal disease
priority setting contexts, the development of prioritization frameworks would benefit from a
more thorough investigation of processes to capture societal value expectations as well as
ethical externalities for stakeholder groups and target users.

5.3.2.Framework application

First, success in application of the framework is hard to define and measure. There is
generally little evidence in the literature of the validity of priorities generated through
prioritization models. And there are few reflections on whether the generated priorities are
contingent on choice of method or how they result in improvements to important outcomes
(e.g. see [62]). It is therefore reasonable to assume that merits cannot be adequately attributed
to any method unless these are also repeatedly tested, validated and updated in practice.
Practical validity should not be merely viewed as conformity of model outputs to actual
decision making but more importantly as the degree to which real-life preference orderings
are captured in a manner consistent with the requirements of the model being employed
[236].

The choices and uses of prioritization models in this thesis are pragmatic. However, they are
by no means expected to be the only options as choice and use of methods is a process in its
own right and should include the impact of learning and adaptation through feedback. This
learning and adaptation becomes particularly apparent between the project selection (Paper
I11) and portfolio selection problems (Paper 1V), and in the way that decision criteria were
updated, interdependencies between alternatives were acknowledged, and a calibration step
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of initial performance assessments was added. Building on the lessons from the project
selection model application, these changes led to a better alignment between model outputs
and decision-maker preferences for portfolio selection. Indeed, deviations between model
outputs and decisions should be anticipated even if not desired, and their sheer presence
should not be viewed as good enough a reason for invalidating a model. Instead, it is the
understanding of the reasons behind any deviations that may help explain to what extent
prioritization models are valid, and to what extent they require updating to more effectively
support real-life decision making. One benefit of using an integrated framework of
prioritization modelling in repeated decision contexts, such as that of EID vaccine
development, is the opportunity for continuous learning and periodic adaptation of models,
without loss of relevance to an overarching strategic frame.

Second, practical limitations ought to be acknowledged. As chapters 2 and 3 highlighted,
choice of analytical tools to support real-life prioritization problems will be dependent on
both the nature and the level of awareness of the problem; as well as practical constraints,
such as time availability, sample sizes, cognitive burden, and diversity in perspectives of
stakeholders involved in the prioritization process. Real-life constraints of this nature will
naturally limit the degree of sophistication that can be built into prioritization models, if
models are to become an accepted way of decision support in practice. Methods employed in
the thesis were relatively simple, drawing on well-established methodologies from the
literature with low modelling complexity, especially in comparison to what is available in
specific literature niches. Analytical tools, especially as these related to preference elicitation,
were tailored according to the number and diversity of stakeholders involved, their cognitive
capacity, time availability and geographical disbursement.

Striking a balance between modelling sophistication and practical utility is not easy. But there
is also a learning curve that stakeholders go through as they familiarize themselves with
prioritization models. An advantage of prioritization models in repeated decision contexts is
that they can gradually increase in sophistication to more accurately reflect problem
complexities as stakeholders improve their understanding and recognize the benefits from
working with more accurate models. A practical challenge however is maintaining
consistency of the models as these are adapted to address new problems within repeated
decision contexts, especially as sophistication requirements increase. A certain level of
consistency between models was maintained in the thesis, perhaps because of the
‘universality’ of the criteria used and their linkage with an overarching strategic frame.
Another reason for this was perhaps the fact that the same stakeholders were, to some extent,
engaged throughout all stages of the EID vaccine R&D prioritization problem. A third factor
was perhaps the fact that the decision analyst was a member of staff of the investment entity,
championing the use of methods internally and generally being available to resolve questions
and concerns throughout the prioritization modelling process. More research would be
needed to understand to what extent practical constraints limit the appropriateness of
prioritization models and whether biases in method choice and implementation are influenced
by the relationship between the decision analyst and the decision maker.

Furthermore, prioritization modelling approaches vary considerably in how they balance
human judgement and use of evidence to generate quantitative inputs to the analysis, as
demonstrated by the literature review in Chapter 2. The approaches presented in this thesis
adopted a quantitative approach to prioritization modelling within an integrated frame.
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Primary emphasis was placed on analytical support aspects, and less so on stakeholder
engagement process (e.g. how to design a workshop to elicit performance estimates or value
judgments from stakeholders). Whereas further work would be required to determine the
appropriate prioritization modelling approach in different settings, Good Practice guidelines
have recently been developed [104, 106, 155, 239, 240], which this thesis has adhered to
when designing the reported methods.

5.3.3.Evidence from framework’s application

A key limitation of multi-criteria prioritization models that account for stakeholder
preferences is that the evidence they generate is often decision context- specific. This relates
to both the types of criteria stakeholders identify as relevant for addressing a problem, and to
the value stakeholders place on these when ordering decision alternatives against them. In the
context of the EID vaccine development prioritization problem reported in this thesis,
strategic objectives (Paper 1), decision criteria and preference trade-offs (Papers I11-1V)
were deemed relevant and served a practical, supportive function to the stakeholders
involved. However, the exclusion of stakeholder groups is expected to have an impact on
objectives and criteria considered in a prioritization context, affecting the generalizability and
applicability of prioritization outcomes across different settings. This raises the question:
whose values should be used to structure prioritization problems? For instance, it is often
argued that in health settings it is the preferences of the public that should be employed to
allocate resources [65, 66, 302-304]. This thesis argues that the added value of prioritization
modelling rests mainly on its methods for structuring and elicitation of values as these
become relevant to stakeholders that carry decision-making authority for investments,
ensuring this way accountability in decision making. Indeed, if applied appropriately,
prioritization models can justify differences in criteria while ensuring analytical rigor and
transparency in a variety of decision-making contexts. However, in an international multi-
stakeholder setting that prioritizes public, private and philanthropic sources of funding for the
public good, how representative are the values of those stakeholders engaged in driving
priorities for R&D investment? Further research and discussion of whose value should inform
strategic objectives, decision criteria and choices for investment is required to further test and
validate the legitimacy and representativeness of some of this thesis’s findings.

A second limitation on evidence relates to cost and PoS estimates reported in the thesis.
These estimates were driven mainly by forward-looking projections, in absence of any
substantial data on realized EID vaccine R&D expenditure or performance in the literature.
They also assumed largely sequential pathways for vaccine development as well as presence
of financial and operational challenges that are common in any vaccine development under
normal conditions. Accounting for the uncertainty that characterizes the assessments, as
reflected by the reported confidence ranges, these estimates provide an overall cost and risk
tag for bringing projects against priority EIDs successfully through to end of R&D target
endpoints. Although both types of estimates fall within range of published benchmarks,
factors may well drive realised estimates either way — downwards or upwards — compared
with the cost and risk expectations provided in this thesis. This point is exemplified by the
COVID-19 response experience. Here, substantial investment and global support has been
provided to developers for parallel vaccine development [18, 305]. This has so far resulted in
the minimization of business and financial risks for vaccine developers; and in a higher
technical and regulatory success rate over an unprecedently compressed time horizon, as
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demonstrated in particular by the RNA and Viral Vector vaccine approvals [306-308].
Practically, these discrepancies point to the importance of ongoing research on costs and risks
and to the caution in extrapolating from predictive estimates in different decision contexts as
well as different development pathway paradigms.

5.4. Implications for future research and practice

Drawing from the research findings and its limitations, two sets of implications can be
considered for future research and for policy and practice.

5.4.1.Implications for research

First, more research is needed to test and validate the prioritization framework. This should
include a better understanding of practical constraints and biases on uptake of models by
practitioners to better bridge theory with practice. It is worth noting that while the framework
applications faced methods challenges, requiring a novel combination of methods,
performance of these methods were not formally tested. Testing and validation will also be
required in different decision contexts within EID vaccine development. This may require an
update of current key information e.g. on PoS and cost estimates of vaccines and technology
platforms, or of sources of preference e.g. on attitudes to risk, if this is to become more
globally relevant to policy makers and practitioners beyond the context of application of this
thesis. Finally, broader societal value expectations will need to be captured, as well as ethical
externalities for stakeholder groups and target users, especially in more exploratory contexts
of re-assessing strategic objectives and priorities in EID vaccine development, post-COVID-
19.

Second, given the world’s ongoing experience with COVID-19, more research will be needed
to understand the direct and indirect impact of COVID-19 on: (1) strategic objectives for EID
vaccine R&D; (2) costs of vaccine development; (3) PoS estimates for both vaccines and
technology platforms; (4) stakeholder preferences for prioritizing new EID vaccine
development investments. Importantly, the COVID-19 pandemic exemplifies the need for
prioritization models to better capture health outcomes and socio-economic implications from
investments. This has been challenging to do in the context of this thesis, partly because of
the extreme uncertainties around disease progression in event of sporadic and unpredictable
outbreaks of EIDs. Partly this was also a reflection of stakeholder views on what criteria and
outcomes mattered for models to serve a practical, supportive function to real-life investment
decisions. However, given the disruptive impact that COVID-19 has had so far on economies
and health systems worldwide, more explicit health-economic models may be needed to
assess resource allocation trade-offs between EIDs and other areas of importance in global
health in the future.

Third, more research is needed to test the practical utility and validity of the prioritization
framework across different application domains. The framework presented in this thesis
could be relevant to any newly established organization or collective entity responsible for
R&D investment and coordination in face of decision uncertainty, especially where there are
clear societal needs but poor market incentives. For instance, it would be interesting to see
through such new applications to what extent the framework’s basic structure remains
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resilient versus how prioritization models adapt procedural and analytic tools to different
problem characteristics, such as other decision criteria and stakeholder trade-offs.

5.4.2.Implications for policy and practice
The thesis illustrates how prioritization of investments in EID vaccine development can
benefit in practice from:

e clear formulation of strategic objectives and funding boundaries to set the context in
which consequent decisions can be made;

e rational and transparent decision support tools that are tailored to identified stakeholder
needs, balancing rigor with a practical, supportive function.

For these reasons, the prioritization framework presented in this thesis lays some foundations
for how to support repeated decision-making in EID vaccine development. This is further
exemplified by adaptations of reported models to support additional investment opportunities
by CEPI for other technology areas beyond the scope of this thesis — e.g. Rift Valley Fever
and Chikungunya vaccines; rapid response technology platforms; and COVID-19 [309] -
capturing performance of investments along a common scale of measurement and measuring
value against a common set of fundamental objectives.

It is likely that the framework will prove useful also for newly established entities supporting
R&D more broadly; where a structured approach to planning and management of investments
will be needed, and where societally valued goals are present but monetary gains are less
important. In such complex settings, prioritizing investments can benefit from clear strategic
frames within which multi-criteria models can meaningfully support consequent R&D
decisions. As new strategies and governance structures for R&D continue to emerge, it will
be important to apply such techniques to set priorities and prioritize investments through
participatory and transparent means.
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6. Conclusion

Vaccines for EIDs are needed to respond effectively to epidemics and avert global crises.
This thesis has offered an analytical framework and a new evidence base around costs, risks,
and value considerations for prioritizing investments in EID vaccine R&D. It has done so
through the development and application of multi-criteria prioritization models within an
integrated frame to support decisions of an EID vaccine R&D funding organization operating
in an international multi-stakeholder setting.

The findings suggest that decision analytic and optimization modelling methodologies can
rationalize the allocation of resources in a complex global health R&D prioritization context,
characterized by: strong stakeholder interests and conflicting priorities; uncertainty in funding
needs to satisfy strategic R&D portfolio targets; uncertainty in performance of R&D
investment alternatives; and portfolio-level interdependencies. As the global governance
structure for EID R&D investment continues to emerge in response to COVID-19, it will be
important to apply an appropriate prioritization framework to elicit clear priorities through
systematic means, and in doing so, to improve the desired EID mitigation efforts.
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Epidemics of emerging infectious diseases (EIDs) are  (Kieny et al. 2016). Along similar lines of reasoning,
a growing threat to global health and prosperity.  various post-Ebola outbreak reports have called for
Recent outbreaks of Ebola, Zika, MERS (Middle East either vaccine-specific or broader product-focused

respiratory syndrome), and SARS (severe acute re-  research and development (R&D) funds (Plotkin
spiratory syndrome) have caused significant mortality, et al. 2015, United Nations Secretary General 2016),
morbidity, and socioeconomic disruption across multi-  financing facilities (Moon et al. 2015), partnerships

ple continents (Kieny et al. 2016, Sands et al. 2016). (Norheim et al. 2014), or strategies (Center for Infec-
Timely vaccine development can avert humanitarian  tious Disease Research and Policy 2015) to improve

crises and limit the socioeconomic damage associ-  global preparedness against EIDs in the future.

ated with these outbreaks (Coalition for Epidemic To address these challenges, leaders from govern-
Preparedness Innovations 2016). However, safe and  ments, intergovernmental organizations, foundations,
effective vaccines for most epidemic infectious dis-  industry, and civil society came together in 2016 to ex-
ease threats are lacking (Plotkin et al. 2015, Gouglas  plore new ways to drive vaccine R&D for priority EIDs
et al. 2018). (Brende et al. 2017, Rottingen et al. 2017). Between

The World Health Organization (WHO) hasargued = February and July of 2016, three expert task teams
that without coordinated investments, the world will ~ convened to assess problems and potential solutions
not be able to effectively respond to future epidemics  for (1) pathogen prioritization, product development,
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and regulatory pathways; (2) partnership models;
and (3) financing strategies (Rottingen et al. 2017).
Several authors of this article were initially involved in
the task team responsible for identifying appropriate
partnership models and bringing together all task team
policy recommendations into a strategy document to
establish the Coalition for Epidemic Preparedness In-
novations (CEPL Coalition for Epidemic Preparedness
Innovations 2016).

Task team proceedings revealed the need to iden-
tify and agree on a number of well-defined strategic
objectives and operating principles for CEPI. Given
the large number of stakeholders with diverse per-
spectives (over 100 stakeholders from industry, gov-
ernment, foundations, and civil society), efforts to
generate consensus were at risk for devolving into
a social bargaining process that could generate re-
sults that were not representative and/or were am-
biguous. In an effort to lend transparency, account-
ability, and clarity to this exercise, we implemented
a combination of value-focused thinking (VFT) and
an exploratory discrete choice experiment (DCE) to
identify, structure, and explore the relative impor-
tance of CEPI's strategic objectives.

An Exploratory Decision-Analytic Approach

VFT is a long-established decision-analytic approach
appropriate for identifying and structuring objectives
in strategic decision problems (Keeney 1992). Such
problems—framed in the management literature as
wicked problems of organized complexity (Rittel and
Webber 1973, Ackoff 1974, Mason and Mitroff 1981)—
reflect states of extreme complexity, whereby the prob-
lems and solutions are neither obvious nor easy to agree
on (Belton and Stewart 2010); multiple stakeholders
are involved with multiple and often conflicting ob-
jectives (Montibeller and Franco 2010, Punt 2017);
and stakeholder perspectives are negotiated through
social bargaining, that is, intense dialogue processes
(Thomas 1984, McMillan and Overall 2016).

The premise of VFT is that early and systematic
attention to stakeholder values can lead to mean-
ingful descriptions of objectives and justifications on
why these are important, including, where possible,
associations of their relevance to other objectives.
Analytically, VFT defines values within a given de-
cision context as explicit statements of what one
wants to achieve (Keeney 1994), distinguishing be-
tween two types of objectives: (1) fundamental ob-
jectives, which characterize the essential reasons or
endpoints for a given decision, and (2) means ob-
jectives, which enable the achievement of funda-
mental objectives (Keeney 1992).

A number of tools and techniques can be applied to
distill the relationship between means and end ob-
jectives in VFT frameworks, several of which are

reviewed in Parnell et al. (2013) and Kunz et al. (2016).
Evidence of the method’s application in setting stra-
tegic objectives is rich across several domains (Keeney
and McDaniels 1992, Keeney 1996, Parnell et al. 1998,
McDaniels and Trousdale 1999, Tan et al. 1999, Yoo
et al. 2001, Bullock et al. 2008, Morais et al. 2013,
Simon et al. 2014, Kunz et al. 2016 Abuabara et al.
2017). However, VFT has rarely been explicitly ap-
plied in the health space. Its limited application, for
example, in evidence-based medicine may be because
values have been traditionally seen as sources of bias
that can and should be controlled for (Kelly et al. 2015,
Neumann and Cohen 2015). This may also be because
a great deal of thought has already gone into the
concept of value in health, with some consensus as to
what values should be achieved (Porter 2010). Con-
sequently, the benefit of using tools to support prob-
lem structuring in a priori relatively well-defined prob-
lems is expected to be only marginal (Marsh et al.
2016). However, VFT was recently applied to help con-
struct a multicriteria evaluation model for new med-
icine reimbursement decisions (Angelis and Kanavos
2017), and it has been proposed as an analytical ap-
proach to support strategy formulation for healthcare
management through means—ends objective struc-
turing (Ginter et al. 2013).

Whereas VFT can help identify and structure ob-
jectives for strategic planning, specifying the relative
importance of such objectives requires appropriate
preference elicitation techniques. There are numerous
preference elicitation techniques in the health litera-
ture (Marsh et al. 2016). One such methodology is the
DCE (Bridges et al. 2011b), which is particularly
helpful in the absence of revealed preference data
(Mangham et al. 2009). DCEs have become in-
creasingly popular in health valuation (Thokala et al.
2016) and priority setting (Marsh et al. 2012, Franken
and Koolman 2013, Grepin et al. 2018). They can be
relatively quick preference elicitation instruments
(Lagarde and Blaauw 2009), which is an advantage in
time-constrained strategic decision-making contexts.

To our knowledge, no explicit VFT approaches
have been applied to date to identify and structure
strategic objectives of organizations investing in
global health R&D. And we are aware of only one
other study that has applied a DCE for health systems
goal valuation (Franken and Koolman 2013). In
combining VFT with DCE, we demonstrate an im-
portant role of decision analysis in strategy formu-
lation, where the consideration of multiple objectives
and their relative importance can facilitate structured
dialogue processes between stakeholders making
strategic decisions in global health R&D.

Our article is structured as follows. The methods
section provides an overview of the analytical steps—
from VFT to DCE methods—undertaken to help CEPI
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decision makers define and structure strategic ob-
jectives as well as determine their relative impor-
tance. The results section presents the VFT and DCE
findings. Theoretical and practical lessons learnt
from the application of the methodology in CEPI
context are discussed in the discussion and conclusion
sections.

Methods

We undertook four analytical steps to help CEPI
decision makers—CEPI task teams, founding partners,
and leadership group (Coalition for Epidemic Prepared-
ness Innovations 2016)—define and structure CEPI’s
strategic objectives and to determine their relative
importance. First, we conducted stakeholder consul-
tations to identify needs, challenges, potential objec-
tives, and benefits of establishing new mechanisms for
EID vaccine R&D. Second, we constructed means—ends
argument chains from problem statements to funda-
mental objective concepts relevant to CEPI’s strategy
formulation. Third, we refined the results of this ob-
jective structuring exercise with CEPI stakeholders
through teleconferences and face-to-face group dis-
cussions. Fourth, we elicited preferences over alter-
native strategic objective formulations through a DCE.
This section provides an overview of the approach
adopted. More details on the methodology can be found
in Appendices A and B in the online supplement to
this paper.

Stakeholder Consultations

We conducted 31 in-depth, semistructured one-on-
one consultations with official representatives of
organizations and individual experts comprising
members of CEPI task teams. Although there is no
correct number as to how many such interviews one
should conduct, approximately 30 is the average num-
ber of interviews conducted in exploratory, qual-
itative research before saturation is reached (Mason
2010). The chance of obtaining most possible answers
to kick-start the VFT process was maximized by means
of a saturation criterion, that is, no new ideas gener-
ated after three consecutive interviews per subject-
matter expertise or sectoral affiliation (Francis 2010,
Saunders et al. 2018). Saturation was reached after 28
interviews. This procedure was intended to increase
the baseline content validity of the VFT exercise.

Stakeholders selected for consultation were key
partners in the establishment of CEPI and who met at
least one of the following criteria:

e had subject matter expertise on epidemic in-
fectious pathogens; vaccine R&D, including nonclini-
cal and clinical development aspects, manufacturing
capacity, and regulatory pathways; partnership models;
and funding strategies;

* had sectoral representation (industry, govern-
ment, philanthropic sectors);

* had geographical representation (north-south
balance); or

e were in a group likely to be affected by decisions
on CEPI operations (i.e., industry, WHO, civil society,
representatives of regions likely to be affected by EID
outbreaks).

The number of interviewees and the criteria con-
sidered for stakeholder inclusion in the consultation
process allowed us to ensure a sufficiently broad set of
perspectives and informed the effort to identify ob-
jectives. Following good practices identified else-
where in theliterature (Keeney 1994, Kunz et al. 2016),
all interviews followed the same approach (see Ap-
pendix A in the online supplement to this paper) and
included questions about

* lessons for R&D partnership building from ex-
periences with recent EID outbreaks in terms of needs
and priorities, opportunities, and roadblocks;

® operating principles that should define the space
within which CEPI was to operate;

e strategic objectives CEPI should aim for and
prioritize to address the needs, opportunities, and
roadblocks in this field;

e partnership model alternatives that CEPI should
consider; and

¢ benefits that CEPI should anticipate from the
operation of such partnership models.

The questions included in the questionnaire were
crafted based on Keeney’s (1992) recommended tech-
niques to identify objectives. Although somewhat re-
dundant in their guidance, these questions were pur-
posefully repetitive to allow us to make implicit objectives
more explicit (Keeney 1996) and, in an implicit way,
to also test for stakeholder response consistency in a
qualitative manner.

In line with good practices (Kunz et al. 2016), we
drew, where possible, potentially relevant concepts
from the literature to steer discussions with stake-
holders toward critical issues previously raised in the
literature but that were not addressed adequately
during the consultations.

Means—-Ends Mapping

The initial consultations generated some results that
were not exclusively objectives (e.g., problem state-
ments, preferred partnership models, relevant ac-
tors and functions for CEPI, operating principles for
CEPI). We separated these concepts and established
relationships between them by examining the reasons
for each, and, where possible, their implications. This
allowed us to determine potentially fundamental ob-
jectives and policy values for CEPI, as well as to link
these through means—ends argument chains. For a
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review of means-ends mapping methods, see Belton
and Stewart (2002), Montibeller and Belton (2006),
Montibeller et al. (2008), and Franco and Montibeller
(2011); for further examples of means—ends mapping
theory and applications in problem structuring and de-
cision making, see Howard (1988), Belton et al. (1997),
Eden and Ackermann (1998, 2013), Bana e Costa et al.
(1999), Ensslin et al. (2000), Rosenhead and Mingers
(2004), Bryson et al. (2004), Eden (2004), Ackermann
etal. (2007), and Rodriguez et al. (2017). We depicted
these objectives as a network of concepts connected
by links denoting chains of arguments within and be-
tween seven reasoning clusters:

e Problems: What are the perceived problems for
R&D partnership building from experiences with
Ebola and other recent EID outbreaks? Why are these
problems important, and what are the potential im-
plications if these problems remain unaddressed?

e Actors: What actors can address these problems
and why?

e Functions: What types of functions could and
should these actors offer, including resource assets or
other types of competencies and capabilities?

o Alternative models: What modes of action or
partnership approaches could and should these ac-
tors establish to provide these functions?

e Priorities: Which of these modes of action or
partnership approaches are mostimportantand why?

e Expected benefits: What are the expected benefits
associated with each of these partnership approaches,
and why?

e Objectives: Why are these anticipated benefits
important?

Although the final question listed here may not
quite sound like an objectives-focused question, it is
important to highlight that one often begins to think
hard about fundamental objectives after some bene-
fits become apparent as well as the reasons why these
are likely to be important (Keeney 1996). Articulating
the features that distinguish revealed benefits pro-
vides, therefore, a sound basis for identifying fun-
damental objectives within a VFT framework, ideally
with such a question being logically structured to-
ward the end of the discussion process.

Based on interviews with CEPI stakeholders, we
initially identified 464 concepts and 1,274 relation-
ships between these. After clustering the concepts and
their relationships into means—-ends chains of argu-
ments according to the above procedure, we gener-
ated a reasoning map with 62 concepts and 251 means-
ends argument chain connections. Redundancies of
previously reported concepts were eliminated from
this map (see details in Appendix B in the online sup-
plement to this paper). In addition to serving as a
practical consistency check between stakeholder

responses, this last step also helped us bridge the
theoretical gap between strict assumptions on attri-
bute properties commonly required in multiattri-
bute valuation methods versus the desired flexibility
in structure and fewer modelling assumptions com-
monly observed in causal mapping (Montibeller and
Belton 2006).

Group Discussions

A series of teleconferences, email exchanges, and face-
to-face meetings (Kristensen 2016) took place with a
broader set of stakeholders to validate the results of
the initial consultation exercise and to clarify CEPI’s
potential objectives and policy values, which would
determine the context and goal orientation for CEPI's
strategy formulation. These discussions led to the
specification of a provisional hierarchy of preferen-
tially independent means—ends objectives as well as a
set of policy values—such as operating and gover-
nance principles—that set the overall frame within
which appropriate definitions of strategic objectives
would be obtained.

Discrete-Choice Experiment

A DCE was employed to elicit stakeholder prefer-
ences among objectives and to combine these into an
overall probability of attractiveness associated with
alternative strategic objective formulations. DCE par-
ticipants were given a series of choice sets in which
they were asked to choose between strategies defined
by the level of importance by strategic objective. Strat-
egy attractiveness against each strategic objective (at-
tribute in the DCE) was defined as one of three levels,
reflecting the level of importance for a strategic objec-
tive within the strategy formulation (see Table 2). Given
the time constraints on the analysis, the three levels
of performance were based on initial stakeholder con-
sultations and definitions that were derived from
these. Table 2 summarizes the strategic objective def-
initions (attributes) and importance levels.

Following good practices in DCE implementation
(Ryan et al. 2008, Mangham et al. 2009, Johnson et al.
2013, Hauber et al. 2016), an experimental design of
two blocks of 9 choice sets (i.e., 18 choice sets in total)
was generated using SAS JMP® Pro 12 software (SAS
Institute Inc. 2016). The software generated 1,000
alternative designs so that we could select the most
optimal design based on the D-efficiency statistic. The
orthogonality of the selected design was assessed
based on the correlations in the covariance matrix.
The highest correlation in the covariance matrix was
0.5, and the average correlation was 0.003. Manual
edits to this design were made to remove any dom-
inant choice sets and, in doing so, to improve the
balance of the design.
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Figure 1. (Color online) An Example Illustrates the Types of Questions Included in the DCE

Carefully review the 2 strategy alternatives below, and the level of importance assigned to each strategic objective
characterizing the strategies: Preparedness, Response speed, Market predictability, and Equity. Based on these
characteristics, which of the following two strategy alternatives would you recommend as more effective for the
coordination of vaccine development against priority pathogens by the partnership?

Preparedness )

Response speed )

Market predictability )

Equity )

No importance

High importance

No importance

High importance

High importance

Low importance

No importance

No importance

Two other choice sets were added to each of the two
blocks of choice sets: a dominance test and a con-
sistency test. The survey was administered online
using Questback Essentials®. The order of the 18
experimental choice sets within these sets was ran-
domized between participants.

The survey was sent to 72 recipients: members of
the three CEPI task teams and the leadership group;
see “Annex 3: List of CEPI members” in CEPI busi-
ness plan (Coalition for Epidemic Preparedness In-
novations 2016, pp. 57-59). Where multiple persons
represented a single organization, a survey invita-
tion was sent once and consolidated responses were
requested for these organizations. The survey was
completed by 55 respondents, representing over 100
individuals engaged in CEPI’s establishment. Fig-
ure 1 shows an example of a question included in the
survey.

To assess the contribution of attribute performance
to strategic objective preference, a dummy-coded,
linear, conditional logistic regression was applied using
JMP, version 12 (SAS Institute Inc. 2016). This type of
analysis is a well-established and suitable approach
for modelling discrete choices through the estimation
of the probability of individuals making a particular
choice from presented alternatives (McFadden 1974).
Here, the utility for each choice option depends on the
criterion levels defining that option. Therefore, it is
not the characteristics of the DCE participants that are
modelled, but the choice options.

The results of the model were used first to estimate
the overall statistical significance of the attributes
considered in the DCE (i.e., logworth values and likeli-
hood ratios). Conditional on these overall attribute sig-

nificance findings, the results of the model were then
used to estimate the main effects of the different at-
tribute levels; see the parameter coefficients in Table 4.
Given the nature of the model and total number of
survey responses received, the statistical significance
of each attribute level was calculated using the Wald
statistic, which is asymptotically distributed as a stan-
dard normal distribution (Wasserman 2006). The most
desirable strategy formulation was identified as the
one with the highest utility, defined as the sum of all
statistically significant parameter coefficients associ-
ated with attribute levels in the model. Finally, the
probability of different strategy formulations being
preferred was estimated, for each alternative, as the
ratio of the expected utility to the sum of this ex-
pected utility and the expected utility of the most
preferred strategy (i.e., the baseline comparator).

Results
Our findings demonstrate that the prioritization of
preparedness and market predictability objectives is
likely to generate the most-supported vaccine R&D
strategies against EIDs only if some importance is also
placed on equity and response speed objectives.
Table 1 summarizes needs and potential objectives
for EID vaccine R&D partnerships as prompted by the
literature up to February 2016, aimed to facilitate
ideation fluency in stakeholder consultations. For a
comprehensive reporting of stakeholder input, see
Table B.1 in Appendix B in the online supplement to
this paper. Needs range from fully dedicated and cen-
tralized approaches to highly flexible coordination ap-
proaches between existing actors. Potential objectives
vary from increasing the level of R&D preparedness
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Table 1. Various Needs and Potential Objectives for EID Vaccine R&D Emerged from Consultations and the Literature

Needs

Potential objectives for a new institutional response

Flexible and sustainable partnership models for EID .
vaccine R&D (Gronvall et al. 2007, Norheim et al.
2014, Center for Infectious Disease Research and
Policy 2015, Moon et al. 2015, Plotkin et al. 2015,
World Health Organization 2015, United Nations

Secretary General 2016)

Platforms that expedite flexible and ethically acceptable o
vaccine testing and data sharing, as well as promote
community trust, accountability and transparency of
funding (Cohen and Kupferschmidt 2014, World
Health Organization 2015, International Crisis Group
2015, Osterholm et al. 2016)

Incentives for vaccine developers to proactively
develop vaccines, to break regulatory barriers,
establish operating principles, improve governance
processes, and reduce commercial disincentives
(Kamal-Yanni 2015, World Economic Forum 2015,
Lucey and Gostin 2016)

Cross-sectoral collaborations to secure vaccine-led
preparedness in the absence of other interventions
(Knobler et al. 2004, World Health Organization 2010,
U.S. Department of Health and Human Services
2012)

Dedicated and centralized management of assets and o

resources in advance of EID outbreaks (Moss and
Michaud 2013, World Economic Forum 2015, Hoyt
and Hatchett 2016)

Alignment with existing normative bodies and o

initiatives (World Health Organization 2016a)

Contain outbreaks of EIDs of epidemic potential, and market failure
(World Health Organization 2015)

Accelerate vaccine development as part of outbreak control strategies
however epidemics evolve (Castillo-Chavez et al. 2015, World Health
Organization 2016b)

* Improve our ability to respond to new threats and prepare with novel R&D

paradigms to address future epidemics (Gronvall et al. 2007, World Health
Organization 2015)

Manage international health crises in a collaborative spirit (Tully et al.
2015)

Build trust through research and encourage policy change in countries
likely to be affected by EID outbreaks (Silkavute et al. 2013)

Minimize business disruption for industry by covering costs and
rewarding risk (Plotkin et al. 2015)

Reduce the impact of liability exposure (Knobler et al. 2004, Sands et al.
2016)

Accelerate approval timelines for products developed on novel technology

platforms (Institute of Medicine 2010)

Improve global development and manufacturing capacity for rapid and
reliable vaccine production, satisfying biocontainment conditions (U.S.
Department of Health and Human Services 2012, Sands et al. 2016)
Streamline the vaccine production process and offer flexible defense
strategies (U.S. Department of Health and Human Services 2012,
Osterholm et al. 2016)

Create special regulatory pathways and regulatory science standards
(Maher et al. 2012, U.S. Food and Drug Administration 2014)

Ensure access and distribution of vaccines in response to outbreaks at
affordable prices to reach those at greatest risk (Ton 2015, Sands et al. 2016)
Advance EID vaccine R&D through the pipeline where funding is the
bottleneck (Saito and Takeuchi 2009, Boddie et al. 2014, Boddie 2015)
Stimulate new and more efficient approaches to vaccine development and
production (Smith et al. 2003, Gilfillan et al. 2004, Relman 2006, Gronvall
et al. 2007)

Reduce risks of global supply and also support a quick manufacturing
scale-up and delivery where needed (Fuerst et al. 2009, Pagliusi et al. 2016,
Sands et al. 2016)

Set R&D priorities and pathogen-specific R&D road maps (World Health
Organization 2015; 2016a, b)

Share resources and services around the development of products
(Gronvall et al. 2007), the purchasing of products (Global Alliance for
Vaccines and Immunisation 2014), and the management of partnerships
(Hafer et al. 2010)

around R&D, manufacturing, and regulatory processes
to improving institutional response speeds to EID out-
breaks, improving incentives for private sector par-
ticipation, and ensuring access and trust in vaccines
through affordable pricing and regional R&D capa-
bility strengthening in countries likely to be affected
by EID outbreaks. Figure 2 illustrates constructed
means-ends argument chains from perceived prob-
lem statements to anticipated benefits that enabled
the structuring of stakeholder objectives and values;
see Table B.1 in Appendix B in the online supplement
to this paper for a full mapping of means—ends argu-
ment chains. It demonstrates that CEPI stakeholders

perceived the sporadic and unpredictable emergence
of EIDs and the lack of coordination and cooperation
frameworks to address these as the greatest chal-
lenges in efforts to improve global health security
associated with EID epidemics. They argue that vac-
cine R&D can contribute to better EID outbreak pre-
paredness. However, they flagged many problems
that would need to be resolved, such as misconcep-
tions about the value of vaccines, lack of interest and
infrastructural capacities to support R&D, large R&D
complexities and costs, and low willingness for infor-
mation access and sharing to support vaccine devel-
opment, testing, and emergency use. Stakeholders
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Figure 2. (Color online) A Reasoning Diagram Illustrates the Means-Ends Chain of Arguments Constructed to Identify

Strategic Objectives for CEPI

Problems Expected benefits Priorities
No co- Lack of R&D gaps Lack of Stockpiled Improved Platform More Improved Clarity on Distributed In-house
ordination market & trust vaccines R&D benefits rapid R&D health rokes R&D capability
clarity complexity networks outcomes capacities building
High costs  Regulatory Lack of infrastructure Improved  Affordable Flexible Demand Sharing of A— Hybrid Flexible Dedicated
and barriers regulatory varcines defences predictabil financing What R&D partnerships R&D
pricing pathways ity burden b f models capacities
Lack of information Unpredictable Improved Cost Time Improved Improved enefits Concrate Accessto Clinical trial
sharing emergence of EID delivery savings savings profile of clinical are R&D knowhow capacity
systems vaccines nerworks outcomes building
expected,
Why are o and why? :
Are these anticipated Which of
these . . benefits important, Principl these
problems Objectives ond why? rincipies modes of
fmportaﬂ[‘? Preparedness Response p Cost Equitable Rick/Benef £
Who can speed - - Coverage access it sbar-r'g acuon are
Mission most
address Market Equity Global health Accounta- Neutrality Public importanr
these predictabiity security biity interest & ’
trust and why?
problems
r and why?
Actors Functions Alternative models
Vaccine Funders International Financing  Knowhow Priority Flexible/ end- Dedicated
producers organizstions sharing setting to-end PDP R&D
networks
Technical Government and ——- Managing R&D projects/ capacity ——lp Early stage Regulatory
experts other champions i portfolios/ partnerships buildin . R&D and access
2 What types of functions k g % What modes of action could/ unarshipe  slatforms
Regulators Clinical could and should these Palicy, advocacy, Govarning/ should actors establish to Clinical trial Tech
development actors offer? awareness ENEagEing . . partnerships/ transfer
partners ﬁ raising stakeholders pfOWdE thesefunctrons? networks platforms

Notes. To reduce the visualisation complexity of the reasoning diagram in this figure, not all means—ends relationships are illustrated among
arguments within and between chain blocks. For details, see Table B.2 in Appendix B in the online supplement to this paper.

predicted different types of actors—such as vaccine
developers, funders, governments, regulators, and in-
ternational expert organizations—could tackle several
of these problems by serving different functions. These
could include financing and incentivizing R&D, shar-
ing data and know-how, scoping disease threats and
setting R&D priorities, managing R&D efforts and
building R&D capabilities, raising awareness of the
critical issues, and improving global levels of stake-
holder engagement in this space. Such functions
could be provided through institutional partnerships
and networks between product developers, regula-
tors and governments, and clinical trial partners.

Clarity on operating principles around equitable
access, cost, and risk sharing would be needed re-
gardless of the coordination mechanism chosen. Such
an organizational design should aim to generate a
pipeline of vaccines for priority EIDs, build technical
and institutional capabilities that can accelerate
vaccine development and manufacturing in response
to newly emerging disease threats in the future,
minimize disruptions for vaccine developers, and
improve the distribution of R&D capabilities and fi-
nancing responsibilities across geographical regions.
Stakeholders perceived the ultimate objective as se-
curing the world from future EID outbreaks becom-
ing humanitarian and economic crises.

Figure 3 summarizes the strategic objective hier-
archy and values for CEPI identified through the
objective identification and structuring process. This
analysis suggests that to achieve its mission, CEPI
should consider four objectives:

e improve R&D preparedness through the develop-
ment of vaccines to the latest R&D stage possible,
complemented by other translational R&D milestones
and regulatory innovations;

e improve the speed of R&D response through the
availability of manufacturing capacity on-demand,
clinical infrastructure to test vaccine candidates, and
rapid-response vaccine platform technologies for EIDs;

e improve market predictability through the gener-
ation of positive externalities to businesses and to the
public, the minimization of disruptions to other business
or public health work, and the availability of incentives
for vaccine developer engagement in EID vaccine R&D;

e improve equity through the availability of vac-
cines to priority populations, the strengthening of
low- and middle-income country (LMIC) capacity,
and the promotion of shared responsibility in fi-
nancing across geographical regions.

According to stakeholder preferences, equitable
access, cost coverage, and risk/benefit sharing are
principles, or boundaries within which they would
like to see CEPI strategy operationalized; for details,
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Figure 3. (Color online) The Figure Illustrates the Provisional Strategic Objectives Hierarchy for CEPI

Mission

Preparedness Response speed

Capacity for
| accelerated vaccine
development and
manufacture ensured

Vaccines developed
— tolatest R&D stage
possible

Complementary
innovations

| levelbred to Sinoor | Clinical trial capacity

. ensured
translational R&D
milestones
Rapid response
| Regulatory pathway | vaccine platform
innovations explored technologies

developed

Market Predictability Equity
Timely and sufficient Positive
— access to vaccines — technological
ensured externalities ensured

Regional vaccine

developmentand | Business disruptions
manufacturing minimized

capacities improved

Vaccine R&D Long-term
financing burden predictability of
— sharing across — vaccine R&D
geographies financing for industry
improved ensured

Operating principles: (1) Equitable access. (2) Cost coverage/No profit, no loss. (3) Shared risks, shared benefits.

see CEPI business plan (Coalition for Epidemic Pre-
paredness Innovations 2016).

Table 2 presents the criteria definitions and their
associated levels of importance considered in the
DCE, because these were derived through the ob-
jective structuring process.

Table 3 presents the overall effect and statistical
significance of the strategic objectives (attributes in
the DCE) on the attractiveness of CEPI’s strategy. As
these figures demonstrate, all four strategic objectives
included in the DCE are significant and should be
considered in the formulation of an attractive CEPI
strategy.

Table 4 presents the independent effect that dif-
ferent importance levels assigned to each strategic
objective would have on the overall attractiveness of
CEPI’s strategy, based on the DCE. We define strat-
egy attractiveness as a function of the level of im-
portance placed on preparedness, response speed,
market predictability, and equity objectives, and the
means objectives’ targets associated with each of these
ends and their importance levels. As the parameter
estimates in the table suggest, placing low or high
importance on preparedness and on market predict-
ability would have a strong positive effect on the at-
tractiveness of CEPI's strategy. In contrast, placing low
importance on equity and on response speed would
have a positive effect on strategy effectiveness but a
diminishing and statistically uncertain effect if they
were given high importance.

Based on the dominance and consistency tests in-
cluded in the survey choice sets, 95% of DCE survey
respondents appear to have provided a consistent
response and 80% of them correctly addressed the
dominance question. When the probability that the
dominance question was preferred was modelled
based on the choice model (Tervonen et al. 2018), we
estimated that only 35% of respondents would be
expected to select the dominant option, suggesting
that DCE respondents attended to the task.

Figure 4 presents the predicted probabilities as-
sociated with formulating a desirable CEPI strategy
given different combinations between low and high
levels of importance of the strategic objectives and
comparing these to a baseline strategy. These results
indicate stakeholder preferences for the strategic ob-
jectives assessed. Specifically, 16 alternative strategy
formulations were ranked based on their likelihood
of being considered attractive. The baseline com-
parator was a strategy that places high importance
on preparedness and market predictability, and
low importance on response speed and equity. The
least attractive strategy is one that places low impor-
tance on all strategic objectives. There would be ap-
proximately a 61% chance that a CEPI strategy would
be desired if high importance was placed on all ob-
jectives, ignoring statistical significance values. And
there would be a 10% chance that a CEPI strategy
would be desired if low importance was placed on all
objectives.
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Table 2. A Number of Attributes and Levels of Importance Were Used in the DCE

Attribute (ends objective)

Indicator (means objective)

Description

Maximize level of preparedness
stage possible

Achieve translational R&D milestones

Achieve regulatory innovations

Maximize response speed

Get clinical infrastructure ready to test

Advance vaccines developed to latest

Get facilities ready to manufacture

e A collection of vaccines through end of Phase I and/
or stockpiles in the next few years

* A number of complementary innovations such as
standardized assays, reagents, and animal models, to
support vaccine development

* New or improved decision-making processes for
accelerated assessment of safety, efficacy, quality,
and performance of EID vaccine candidates by
regulators

e Facilities ready to develop and scale up manufacture
of vaccines in response to priority disease outbreaks

* A network of clinical trial centers brought together
and utilized effectively when efficacy testing is
needed

Develop rapid response platform technologies ¢ Vaccine platform technologies ready to use for the

Improve market predictability Achieve positive externalities

Minimize disruptions

Secure long-term predictability of financing

Improve equity Promote vaccine access

Promote LMIC capacity benefits

Increase sharing of responsibilities

rapid development of vaccines against unexpected
pathogens

* Benefits from use of platform technologies for vaccine
development in other disease areas with different
public health impact or commercial use potential

e Capacity to redirect R&D efforts to pathogens for
which no vaccine is available when need occurs,
without disrupting ordinary business and public
health work

* Cost recovery for R&D guaranteed and market size
expectations clarified through appropriate incentives
established

e Timely and sufficient access to licensed or stockpiled
Phase 1/11I vaccines by countries/populations in need
in case of outbreaks, utilizing WHO guidance

¢ Increased vaccine development and scale-up
manufacturing capacity for local responses to
outbreaks, regionally dispersed across LMIC
geographies

e Shared burden of financing vaccine development and
rational distribution of governance roles and
responsibilities across north- and south-based entities

Note. Thelevels of importance used in the DCE are as follows: At the high importance level, the targets for all three indicators must be met. At the
low importance level, the targets for at least one indicator may be met. At the no importance level, it does not matter whether targets for any of the

three indicators are met or not.

Given the statistical uncertainty around high im-
portance levels preferred for equity and response
speed, and accounting for objective definitions (Ta-
ble 2), the above results suggest that priority should
be given to the development of vaccines to the latest
phase possible and at least through the end of Phase
IIa (i.e., clinical safety and immunogenicity studies in
humans), complemented by enabling science and
regulatory innovations. Priority should also be given
to generating incentives for vaccine developers and
minimizing disruptions from engaging in EID vaccine
R&D. Furthermore, at least one of the following ac-
tivities should be prioritized under the response
speed objective: developing rapid-response vaccine
platform technologies, ensuring the availability of
manufacturing capacity, or strengthening clinical in-
frastructure to test EID vaccines. And at least one of

the following activities should be prioritized under
the equity objective: ensuring availability of EID
vaccines to priority populations, strengthening LMIC
capacity for vaccine R&D, or promoting shared re-
sponsibility in financing across geographical regions.

Discussion

This study demonstrates how decision analysis can
support a rational and transparent approach to
strategy formulation that accounts for and ranks the
preferences of multiple stakeholders in an interna-
tional health policy setting. There are three key les-
sons and implications that can be drawn from the
study. First, it is possible to combine rigorous prob-
lem structuring and quantitative preference elicita-
tion methods to support strategy development and
objective setting in a highly complex R&D planning
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Table 3. The DCE Generated a Number of Overall Effects and Statistically Significant

Attributes

Effect summary Likelihood ratio tests
Attribute Logworth p-value Likelihood ratio x* Prob. > x*
Preparedness 21.078 0.000 97.066 <0.0001
Market predictability 6.186 0.000 28.487 <0.0001
Response speed 5.994 0.000 27.604 <0.0001
Equity 5.874 0.000 26.637 <0.0001

context with many diverse and strong interests. We
show how the VFT approach can be used to identify
and structure stakeholder values to clarify strategic
objectives in global health R&D when the diversity of
stakeholder perspectives and the complexity of de-
cision making are both high. Furthermore, the ap-
plication of the DCE demonstrates how it can be used
to elicit preferences over difficult strategic choices
prior to their implementation.

Second, as the global governance structure for
outbreak response continues to emerge, it will be
important to apply these techniques to elicit clear
strategic objectives and means that will frame the
desired response, and in doing so, to improve EID
mitigation efforts. Given the large number of stake-
holders with different and sometimes competing
objectives, there is a danger that more widely held
values and strategic objectives can be hijacked or lost
through an interest-heavy social bargaining process.
The application of value-based thinking and choice
trade-offs can rationalize and democratize this pro-
cess in the future.

Third, decision analysis can be implemented in a
dynamic way, allowing it to adapt to rapidly changing
decision-making contexts. It is important to demon-
strate this quality to maintain confidence in its practical,

supportive function (Keeney 1996). For example, a new
R&D investment strategy to combat antimicrobial
resistance would likely require a different set of ob-
jectives and would suggest a different structuring of
means and ends and their respective trade-offs, even
if objectives appeared to be the same in name
(imagine how many different meanings equity can
have in health; Mooney 1987). This should reduce the
generalizability of decision-analytic outcomes across
different settings. However, the utility of decision
analysis rests mainly on its methods for value struc-
turing and elicitation, which, if applied appropriately,
can justify differences in content while ensuring ana-
lytical rigor and transparency in a variety of manage-
ment decisions.

What is Known on This Topic

Decision analysis can enhance transparency and offer
an explicit measure of comparison among options to
promote rational decision making. This attribute is
well documented in the strategic management literature
(Montibeller et al. 2006) even when social bargaining
processes tend to otherwise dominate (Thomas 1984,
Montibeller and Franco 2010). Even though the ap-
plication of decision analysis for strategic goal setting
in health is limited (Franken and Koolman 2013, Ginter

Table 4. The Relative Importance of Strategic Objectives Varied in CEPI Strategy Choice

Standard p-

Parameter Coefficient error Lower 95% Upper 95% value
Preparedness (low importance) 1.56 0.22 1.15 2.04 0.00
Preparedness (high importance) 1.16 0.29 0.59 1.75 0.00
Market predictability (low importance) 0.71 0.20 0.33 1.14 0.00
Market predictability (high importance) 1.08 0.28 0.53 1.64 0.00
Response speed (low importance) 0.81 0.17 0.48 1.14 0.00
Response speed (high importance) 0.25 0.27 —0.28 0.78 0.36
Equity (low importance) 0.83 0.18 0.49 1.19 0.00
Equity (high importance) 0.21 0.25 -0.28 0.71 0.39
Model fit criteria

Negative log-likelihood® 470.45

Negative Firth log-likelihood® 442.78

“The values of the negative log-likelihood indicate, overall, a good model fit. However, small sample
sizes may also suggest biased parameter estimates, and in order to address this problem, all estimates

presented in Table 2 are Firth (1993) bias adjusted.
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Figure 4. (Color online) Predicted Probabilities that a CEPI Strategy Will Be Preferred Vary According to Different
Combinations of Levels of Importance Considered Among the Strategic Objectives

1) High Prep./High Market./Low Res./Low Eq.
2) High Prep./High Market./High Res./High Eq.
3) High Prep./High Market./High Res./Low Eq.
4) High Prep./High Market./Low Res./High Eq.
5) High Prep./Low Market./High Res./High Eq.
6) Low Prep./High Market./High Res./High Eq.
7) High Prep./Low Market./High Res./Low Eq.
8) High Prep./Low Market./Low Res./High Eq.
9) Low Prep./High Market./High Res./Low Eq.
10) Low Prep./High Market./Low Res./High Eq.
11) High Prep./Low Market./Low Res./Low Eq.
12) Low Prep./High Market./Low Res./Low Eq.
13) Low Prep./Low Market./High Res./High Eq.

I 25%
——— 24%

Alternative strategy formulations

I 15%
14) Low Prep./Low Market./High Res./Low Eq.
15) Low Prep./Low Market./Low Res./High Eq.

—— 12%
I 12%

16) Low Prep./Low Market./Low Res./Low Eq. s 10%

0% 20%

I 30%
—— 30%
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I—— 28%

T 100%
I 1%
————m—m—— e
55

I 35%

I 33%
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Probability of strategy attractiveness (%)

Note. Prep., Preparedness; Market., market predictability; Res., response speed; Eq., equity objectives.

et al. 2013), evidence from other sectors suggests that
at least half of all strategic decisions fail as a result of
poor decision-making processes (Nutt 2002, Bryson
2018). Premature dispute resolution and consensus
building approaches can prevent choices from be-
coming apparent to decision makers and therefore pro-
mote inferior, internally inconsistent policy choices,
in the absence of decision-analytic approaches that
structure and address the relative importance of
stakeholder values (McDaniels and Trousdale 1999,
Abuabara et al. 2017). Organizations that satisfy key
stakeholders” values are more likely to enhance the
legitimacy of their strategies (Ackermann and Eden
2011). However, the impact of decision analysis on
commitment to action, it has been argued, cannot be
proven easily at an empirical level (Montibeller and
Franco 2010). Moreover, decision analysis can lose its
meaning if the skills, resources, or commitment of stake-
holders are lacking when engaging in deliberative
strategic planning (Bryson 2018).

The evidence base from previous research and
practice on strategic objectives for EID vaccine R&D
is limited. Following the 20152016 Ebola outbreak
in West Africa, the WHO created a R&D Blueprint
for EID preparedness and response coordination at
the global level (Kieny et al. 2016). Recent outbreaks
(Ebola and subsequently Zika) also revealed that few
reward systems are in place to compensate companies
for the costs they incur in responding to these out-
breaks, lending weight to other preexisting disin-
centives to private sector participation such as poor
commercial prospects, uncertain regulatory path-
ways, and a lack of preestablished operating principles

for coordination (Kamal-Yanni 2015, World Economic
Forum 2015, Lucey and Gostin 2016). Equity is an
important concept and common objective in global
health financing organizations, such as the Bill &
Melinda Gates Foundation (2018), Wellcome Trust
(2018), and Global Alliance for Vaccines and Immu-
nisation (2018). This principle has been well addressed
in strategies of product-development partnerships
and global health R&D initiatives in the endemic, pov-
erty, or neglected disease space; examples include
the Drugs for Neglected Diseases Initiative (2009),
Medicines for Malaria Venture (2017), and Program
for Appropriate Technology in Health (2018).

What This Study Adds

Our study attempts to overcome some of the chal-
lenges identified in the literature in two ways. First,
definitions of preparedness and response objectives
were constructed, especially as they relate to vaccine
development. Moreover, this is the first time that
equity and market predictability concerns for EID
R&D have been explicitly addressed at the level of
strategic priority setting.

Second, the systematic structuring of values and
some quantitative thinking about value trade-offs has
brought strategic decisions stemming from CEPI’s
social bargaining processes closer to actual commit-
ments for action, as reflected in CEPI business plan
and actions taken thereafter. On one hand, CEPI's
leadership group and founding partners endorsed
these means—ends strategies as part of CEPI’s busi-
ness plan launch in late 2016, after numerous formal
decision-making forums and deliberations informed
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by different versions of the decision-analytic findings
(Coalition for Epidemic Preparedness Innovations 2016,
Kristensen 2016, Brende et al. 2017). Not all quanti-
tative data presented in this article (e.g., Table 4 and
Figure 4) were presented in detail to the decision
makers, because of both cognitive burden concerns
and a perceived risk of diverting too much attention
from social bargaining in an extremely time-constrained
environment. However, overall analytical outcomes—
such as logworth values, likelihood ratio statistics, and
overall utility functions of the most preferred strat-
egy formulations (Table 3)—were reported and offered
stimuli for discussions around policy values and funda-
mental objectives.

In addition, since CEPI’s official launch (Reuters
2017), the organization has issued three separate in-
vestment opportunities under the just-in-case pre-
paredness and response speed (just-in-time pre-
paredness) objectives: two calls for proposals (CfPs) to
support vaccine development against five priority EIDs
(Coalition for Epidemic Preparedness Innovations
2017, Christodoulou 2019) and a CfP to support the
development of rapid, multipurpose vaccine platform
technologies (Coalition for Epidemic Preparedness In-
novations 2018). All CfPs are supported by decision-
analytic frameworks that are aligned with CEPI’s
strategic goals (Gouglas and Marsh 2019, Gouglas
et al. 2019). Under the just-in-case preparedness
objective, CEPI has also been advancing efforts on
standardized assays and regulatory pathways for emer-
gency use through various working groups in close col-
laboration with the WHO (Gouglas et al. 2019). Under
the equity objective, advocacy and resource mobili-
zation efforts are under way to improve the equity in
EID vaccine R&D financing across geographic re-
gions. CEPI is working closely with several partners
to improve the long-term predictability of financing
EID vaccines, including through stockpile commit-
ments, among other examined market incentives
(Gouglas et al. 2019). Under the platform technology
CfP, CEPI is also working with industry to leverage
positive technological externalities to other vaccine
areas, thus contributing to CEPI’s commitment to the
market predictability objective. Retrospectively, this
evidence of CEPI's commitment to action comes in
contrast with the prevailing skepticism in the literature
about the lack of impact that decision analysis can have
on strategic decisions in practice.

Limitations

VEFT is only one of many problem-structuring tech-
niques in decision analysis (Leon 1999, Belton and
Stewart 2010, Marttunen et al. 2017). VFT assists with
strategy setting because it clarifies stakeholder pref-
erences and objectives in ill-structured decision prob-
lems (Keeney 2008, Montibeller and Franco 2010). It

does not, however, enhance perceptions of the course
of future events that may impact decision making,
which other techniques may be better suited to stim-
ulate (Kunz et al. 2016).

The elusive and often conflicting nature of value
statements can prevent them from conforming to the
classical concept of goal hierarchy that is also used in
VET (Wenstop and Myrmel 2006). Moreover, VIF can
be mentally challenging (Arvai et al. 2001), may re-
quire time and effort to be understood (Kunz et al.
2016), and can become complex in its visualization
(Becker et al. 1995). A wider range and creative use of
problem-structuring tools may therefore be required
to identify and understand the interaction of stake-
holder values within an overall analytical frame of
means—ends objectives (Kunz et al. 2016). The ap-
plication of a number of tools presented in our study,
including evidence drawn from the literature, semi-
structured interviews, group discussions, and means-
ends mapping, demonstrates how their use can help
VEFT specify and structure the objectives and then use
them to inform the decision process.

This study attempted to address several drawbacks
associated with DCEs. First, a systematic approach to
criteria development in DCEs is generally lacking
(Helter and Boehler 2016). When cognitive shortcuts
are used or erroneous interpretations are made of
criteria and their preferential relationships, DCEs can
generate unreliable inputs for policy decisions (Ali
and Ronaldson 2012). Our study has attempted to
address this limitation through the use of a rigorous
method to identify and structure criteria prior to DCE
design.

Second, DCEs require precise criteria definitions,
and ambiguity in the specification of their assessment
levels can lead to less realistic or meaningful analytical
outcomes (Hall et al. 2004, Ryan 2004, Mangham et al.
2009). Drawing directly from the results of the problem-
structuring process, the specifications of criteria levels
in our model reflected the early maturity of the orga-
nization. As CEPI strategy becomes more focused over
time, future decision-analytic exercises should improve
the specificity of criteria descriptions and assessment
levels and should consider additional trade-offs between
subcriteria where preferential independence between
these is observed.

Third, the sample size for the DCE was small in
relation to many DCEs commonly found in the lit-
erature (de Bekker-Grob et al. 2012, de Bekker-Grob
et al. 2015), which may have influenced our findings.
Given the sample size, number of choice sets, alterna-
tives, and criteria levels included in the design, the DCE
presented here was viewed as explorative (Baltussen
et al. 2006). Although there is no agreement on what
the minimum sample size or method for calculating this
in the DCEs should be (de Bekker-Grob et al. 2015),
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our working assumption during the DCE design was
that as few as 20 respondents should suffice to esti-
mate broadly reliable preference data in exploratory
DCE contexts (Orme 2010, Lancsar and Louviere 2008,
Bridges et al. 2011a). We received 25 responses to
Version 1 and 30 responses to Version 2 of our survey.
Using the Johnson and Orme rule of thumb (Johnson
and Orme 2003, Orme 2010), which is the most com-
monly applied minimum sample-size calculation rule
in DCEs in healthcare (de Bekker-Grob et al. 2015), the
minimum sample size required for both survey ver-
sions was met, given the number of attributes and
levels included in the design.

Stakeholder preferences varied moderately, as re-
flected in the standard deviation estimates (Table 4),
even after accounting for bias effects in the design of
the survey. Preference variation was most evident
around placing high importance on market pre-
dictability, response speed, and equity objectives. This
variation was statistically significant in the case of
market predictability but not so for response speed and
equity objectives. Perhaps a larger sample size in the
future could give a more definitive answer as to the
expected coefficients and associated variation on high
levels of importance for response speed and equity
objectives.

Finally, we should acknowledge some additional,
practical limitations with the method’s application.
First, while the DCE allowed for a rough ordering of
objectives in the face of preference variation, the
methodology did not remove this variation, and it
was important to engage stakeholders in thoughtful
discussion without too much emphasis on quantita-
tive data, given practical time constraints. On one
hand, this meant a missed opportunity for validating
stakeholders” preference inputs into the DCE, which
is generally considered a good practice in the decision
analysis literature (Salo and Hamadldinen 2010,
Montibeller and Winterfeldt 2015, Marsh et al. 2016).
On the other hand, considering the practical constraints—
cognitiveburden, sample size, and timeline limitations—
strategic decision-making processes are not always
amenable to rigorous preference elicitation.

Second, in the context of sample-size limitations, as
is often the case when working with expert and
decision-making committees, there are limitations on
the complexity of the value models that can be char-
acterized by choice models, such as DCEs. However,
this will be less of a concern when stakeholders whose
values are of interest are a larger group, such as pa-
tients or the general population. Nevertheless, a DCE
was employed because the expert and decision-making
groups were quite representative of the global commu-

nity relevant to EID mitigation, and logistical limitations
meant that it was necessary to elicit preferences using
a survey. This decision was vindicated by the results
of the choice analysis, which was sufficiently precise
to allow us to differentiate preferences associated with
many of the levels in the choice sets. Other preference
elicitation methods could also be employed, such as
workshop-based swing weighting (e.g., Phillips and
Bana e Costa 2007); however, such methods are gen-
erally restricted by practical constraints of time, lo-
cation, and availability of stakeholders engaged.

Conclusions

The analysis reported in this study demonstrates the
use of an exploratory decision analysis process to
support the identification, structuring, and prioriti-
zation of strategic objectives of a new organization
aimed at improving global R&D preparedness against
EID epidemics. The systematic structuring of values
and some quantitative thinking about value trade-
offs helped CEPI stakeholders explicitly agree on a
commonly preferred set of strategic commitments for
action, as reflected in CEPI’'s business plan, despite
differences in their perspectives. In doing so, the anal-
ysis has provided a strategic narrative upon which
the organization still bases its investment objectives,
as reflected by several major funding opportunities
issued over the past three years.

More broadly, our study highlights how formal
decision analysis supports priority setting for in-
ternational strategic initiatives with multiple stake-
holders. It provides analytical rigor to problem struc-
turing and preference elicitation, increasing the level
of transparency and explicitness of complex strategic
decision processes and outcomes in global fora. In
settings where large numbers of stakeholders with
conflicting objectives prevail, negotiations can devolve
into social bargaining processes that do not accurately
reflect the strategic objectives perceived as important
by all stakeholders. As new strategies and governance
structures for global health continue to emerge, it will
be important to apply such techniques to elicit clear
strategic objectives through democratic means. The
application of value-based thinking and choice trade-
offs can rationalize and balance strategic decision-
making processes in the future.
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Electronic Supplementary Materials

This supplement provides additional information on methods and results of the study we
discuss in the main body of this paper. Appendix A provides the questionnaire template used
for stakeholder consultations. Appendix B provides the aggregated list of objectives and
relationships that were used to inform the means-ends reasoning map presented in the

study.

Appendix A

Questionnaire for Stakeholder Consultations

1. In your view, what lessons can we derive for R&D partnership building from experiences with
Ebola and/or other recent emerging infectious disease (EID) outbreaks, briefly explaining:
a. What are the needs and/or priorities for partnership building now vs in the future?

b. What are the opportunities and what are the potential roadblocks now vs in the future?

2. What should be the objectives of CEPI and how would you go about operationalizing them

further - e.g.:

a. Increase level of R&D preparedness around R&D, manufacturing, regulatory processes, etc.?
b. Improve speed of response to outbreaks of epidemic or pandemic potential, e.g. in terms of

speed of development, speed of manufacturing, speed of regulatory processes, etc.?



c. Improve market security for product developers, e.g. financial attractiveness, market
predictability, market position, market protection, etc.?
d. Other (please specify)?

e. Any of the above combinations?

3.In your opinion, what are the R&D partnership model alternatives that should be considered
in greater detail by Task Team 2, briefly explaining:
a. What is appropriate by pathogen, R&D stage, geography, market potential, etc.?

b. What is feasible by pathogen, R&D stage, geography, market potential, etc.?

4. What key functions would you expect a new EID vaccine R&D partnership to serve and why?
Discuss in light of examples, such as:

a. Financing and/or rewarding R&D

b. Implementing and/or managing R&D

c. Developing and/or managing Intellectual Property (IP)

d. Manufacturing

e. Capacity building in potentially endemic settings in terms of R&D, manufacturing, other
(please specify)

f. Data sharing

g. Other (please specify)

5. What benefits would you anticipate from the operation of a new EID vaccine R&D
partnership?

Discuss in light of specific examples, such as:

a. Addressing unmet medical needs for specific pathogens?

b. Stimulating flexible defences against multiple and/or unknown pathogens?



c¢. Building R&D, manufacturing and/or supply capacity for better preparedness to respond to
international public health emergencies?

d. Accelerating speed of R&D, manufacturing and/or regulatory response to emerging epidemics
or pandemics?

e. Achieving market security, e.g. financial attractiveness, market predictability, market position
etc.?

f. Other and/or any combinations of the above (please specify)?

6. What types of assets and/or competences or capabilities should (and could) different types
of actors bring to such partnerships and why? Discuss in light of examples from:
a. public, private, non-profit sectors

b. funding, product development, regulatory and/or other function

7. What are your preferences in terms of:

a. Best partnership model(s) going forward, most attractive features and conditions for feasible
implementation?

b. Most important partnership functions given different budget levels, partner competences,
pricing / reward options, political / regulatory constraints?

c. The role if any and the potential capabilities, you see for your organization as a member of the

Partnership

8. Any concluding comments and/or additional thoughts...



Appendix B

Aggregated List of Objectives and Relationships Informing the Means-ends

Reasoning Map

Table B.1. The Table Shows an Aggregated List of Identified Objectives and Means-ends Argument

Chains

Reference Concept Concept Reporting frequency Within chain block Between chain block

ID cluster (#times mentioned) reasoning direction reasoning direction

1.3. Problems Lack of coordination & cooperation 18 From 1.3.t0 1.5, 1.9. From 1.3.t05.1.,5.2.,

frameworks 53.,54.,55.,56.,5.7.
1.1. Problems Lack of market clarity 14 From1.1.t0 1.3, 1.4., From1.1.t05.2.,5.3,,
1.6.,1.9. 5.4.,5.6.

L.5. Problems R&D gaps & complexities 7 From 1.5.t0 1.7, 1.9. From 1.5.t0 5.1., 5.2.

1.8. Problems Misconceptions & lack of trust 7 From 1.8.to 1.3., 1.10. From 1.8.t0 5.4.,5.5.

1.10. Problems Lack of stakeholder engagement 6 From 1.10. to 1.3. From 1.10.t0 5.1.,5.2.,
53.,54.,55.,5.6.,5.7.

1.4. Problems Regulatory and legal constraints 5 From 1.4.to 1.3. From 1.4.t05.3.,54.,
5.5.,5.6.

1.7. Problems Lack of infrastructural capacities 4 From 1.7.to 1.3. From 1.7.t0 5.1.,5.2.,
5.7.

1.2. Problems High R&D costs and unaffordable pricing 3 From 1.2.to 1.3, 1.5. From 1.2.t0 5.1.,5.2.

1.6. Problems Lack of information access and sharing 2 From 1.6.to 1.3., 1.4. From 1.6.t05.3.,5.4.,
5.5.

1.9. Problems Sporadic and unpredictable emergence of 2 From 1.9. to 5.6.

epidemic infectious disease

5.1. Actors Vaccine developers/ manufacturers 26 From5.1.t04.2.,4.3.,
4.6.

5.2. Actors Funders 9 From 5.2.t04.1.,4.4.

54. Actors International organizations 9 From5.4.t04.1.,4.2.,
43.,44.,45.,46.,4.7.

5.6. Actors Technical experts 8 From 5.6.t0 4.2.,4.6.

5.5. Actors Government and other champions 6 From 5.5.t04.1.,4.3.,

4.5.,4.7.



5.3.

5.7.

4.1.

4.2.

44.

4.6.

43.

4.5.

4.7.

3.6.

3.1

3.2.

3.4.

3.3.

3.5.

7.8.

7.4.

7.6.

7.9.

Actors

Actors

Functions

Functions

Functions

Functions

Functions

Functions

Functions

Alternative

models

Alternative

models

Alternative

models

Alternative

models

Alternative

models

Alternative

models

Priorities

Priorities

Priorities

Priorities

Regulators
Clinical development partners

Financing/ incentivizing

data/ knowhow sharing

scoping/ priority setting

Managing R&D projects/ portfolios/

partnerships

capacity building

policy, advocacy, awareness raising

Governing/ engaging stakeholders

Flexible/ end-to-end Product Development

Partnership model

Advanced development and manufacturing

networks

Early stage R&D partnerships

Regulatory and access platforms

Clinical trial partnerships/ networks

Tech transfer platforms

Prioritize clarity on principles and
stakeholder roles for governance and

coordination

Prioritize distributed R&D and
manufacturing capacities

Prioritize in-house expertise/ capability
building for coordination

Prioritize flexible/ hybrid partnership

models

28

17

14

11

17

15

From 4.1.
4.6.

From 4.2.

From 4.4.

From 4.6.

From 4.5.
From 4.7.

4.5.,4.6.

to4.2.,4.3,,

to 4.3.

to4.1., 4.6.

t04.2.,4.3.

to 4.1.

to4.1., 4.3,

From 5.3.t04.2.,4.5.
From 5.7.t0 4.3., 4.6.
From4.1.t03.1.,3.2.,
3.6.
From4.2.t03.1.,3.2.,
3.3.,3.4.,35.,3.6.
From4.4.t03.1.,3.2.,
3.6.
From4.6.t03.1.,3.2.,
3.6.
From4.3.t03.1.,3.2.,
3.3.,3.5,3.6.

From 4.5. t0 3.4.
From4.7.t03.1.,3.2.,
3.3.,3.4.,35,3.6.
From 3.6.t0 7.1.,7.2.,
73.,74.,75.,7.6.,71.,
7.9.

From3.1.t0 7.1.,7.4.,
7.5.,7.6.,7.7.
From3.2.t07.4.,7.5.,
7.6.,7.7.

From 3.4.t0 7.7.

From 3.3.to0 7.2.

From 3.5.t0 7.3., 7.4.

From 7.8.t0 6.2.,6.3.,
6.4.,6.5.,6.6.,6.7.,6.8.,
6.9.,6.11.,6.12.,6.13.,
6.14.

From 7.4.t06.2.,6.4.,
6.9.,6.10., 6.14.

From 7.6.t0 6.1., 6.9.,
6.13.

From 7.9.t0 6.1.,6.2.,

6.4.,6.9.,6.14.



7.7.

7.1.

7.5.

7.3.

7.2.

6.1.

6.13.

6.4.

6.2.

6.9.

6.7.

6.6.

6.14.

6.5.

6.8.

6.10.

Priorities

Priorities

Priorities

Priorities

Priorities

Expected

benefits

Expected

benefits

Expected
benefits
Expected

benefits

Expected
benefits
Expected
benefits
Expected
benefits
Expected
benefits
Expected
benefits
Expected

benefits

Expected

benefits

Prioritize loose partnerships for coordination

Prioritize dedicated R&D and manufacturing
capacities

Prioritize concrete vaccine development
outcomes

Support tech transfer partnerships and access
to knowhow

Prioritize clinical trial network/ capacity
building

A collection of vaccines successfully
developed through phase II and stockpiled in
case of emergencies

Improved coordination for EID R&D,

manufacturing and distribution

Positive spillovers from platform
technologies

Improved manufacturing capabilities/
capacities available for timely development
of vaccines against unexpected threats

Improved health/ public health outcomes

Improved regulatory pathways for EID
countermeasures

Access to affordable vaccines by priority
populations

Stimulating flexible defences against
multiple and/or unknown pathogens

Demand predictability

Improved distribution of responsibilities/
burden for supporting EID countermeasure
development

Improved distribution of manufacturing

capacities across geographies

15

10

From 6.1.t0 6.4.,6.9.,

6.14.

From 6.13.t06.1.,6.2.,
6.3.,64.,65.,6.6.,6.7,
6.9.6.10.,6.11.,6.12.,

6.14.

From 6.4.t06.2.,6.11.,
6.12., 6.14.

From 6.2.t0 6.9., 6.14.

From 6.7.t0 6.1.,6.5.,
6.6.

From 6.6.t0 6.3., 6.9.

From 6.14. t0 6.9.

From 6.8. to 6.10., 6.13.

From 6.10. t0 6.2., 6.6.

From 7.7.t0 6.1.,6.9.,
6.13.

From 7.1.t0 6.1.,6.2.,
6.4.,6.9.,6.14.

From 7.5.t06.1.,6.2.,
6.9.

From 7.3.t0 6.2., 6.6.,
6.9., 6.10.

From 7.2.t0 6.9., 6.15.

From 6.1. to 2.1.

From 6.13.t02.1.,2.2.,

23,24

From 6.4.t02.3.,2.4.

From 6.2. to 2.2.

From 6.9.t0 2.1.,2.2.

From 6.7.t02.1.,2.2.,

2.3.

From 6.6. to 2.5.

From 6.14.t0 2.1.,2.2.

From 6.5.t0 2.3., 2.6.

From 6.8.t02.4.,2.7.

From 6.10. to 2.4.



6.11.

6.12.

6.3.

6.15.

2.1.

2.2.

2.3.

2.4.

2.6.

2.5.

2.7.

M.1.

Expected
benefits
Expected
benefits
Expected
benefits
Expected
benefits
Objectives
Objectives
Objectives
Objectives
Objectives
Objectives
Objectives

Mission

Improved cost efficiencies in R&D

Improved time efficiencies in R&D

Improved reputation and perceptions of
vaccines

Improved clinical trial networks

Just-in-case preparedness

Just-in-time preparedness

Market predictability

Local response capacity strengthening
Cost coverage

Equitable access

Risk/benefit sharing

Global health security

From 6.11. to 6.6.

From 6.12.t06.2.,6.11.,

6.14.

From 6.15.t0 6.6.,6.9.,

6.12.

From 2.3.t0 2.1.,2.2.

From 2.4.t02.1.,2.2.

From 6.11.t0 2.6.,2.7.

From 6.12. to 2.2.

From 6.3. to 2.2.

From 6.15.t0 2.1.,2.2.,
24.

From 2.1. to M.1.
From 2.2. to M. 1.
From 2.3. to M.1.

From 2.4. to M. 1.
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Estimating the cost of vaccine development against
epidemic infectious diseases: a cost minimisation study

Dimitrios Gouglas, Tung Thanh Le, Klara Henderson, Aristidis Kaloudis, Trygve Danielsen, Nicholas Caspersen Hammersland, James M Robinson,
Penny M Heaton, John-Arne Rettingen

Summary

Background The Coalition for Epidemic Preparedness Innovations was established in 2016, to develop vaccines that
can contribute to preparedness for outbreaks of epidemic infectious diseases. Evidence on vaccine development costs
for such diseases is scarce. Our goal was to estimate the minimum cost for achieving vaccine research and
development preparedness targets in a portfolio of 11 epidemic infectious diseases, accounting for vaccine pipeline
constraints and uncertainty in research and development preparedness outcomes.

Methods We assembled a pipeline of 224 vaccine candidates from preclinical through to phase 2 for 11 priority
epidemic infectious diseases. We used a linear regression model to identify drivers of development costs from
preclinical through to end of phase 2a. Drawing from published estimates of vaccine research and development
probabilities of success, we simulated costs for advancing these 224 vaccine candidates through to the end of phase 2a.
We combined these findings to determine minimum costs for progressing at least one vaccine through to the end of
phase 2a per epidemic infectious disease by means of a stochastic optimisation model.

Findings The cost of developing a single epidemic infectious disease vaccine from preclinical trials through to end of
phase 2a is US$31-68 million (US$14-159 million range), assuming no risk of failure. We found that previous
licensure experience and indirect costs are upward drivers of research and development costs. Accounting for
probability of success, the average cost of successfully advancing at least one epidemic infectious disease vaccine
through to the end of phase 2a can vary from US$84-112 million ($23 million-$295 million range) starting from
phase 2 to $319-469 million ($137 million-$1-1 billion range) starting from preclinical. This cost includes the
cumulative cost of failed vaccine candidates through the research and development process. Assuming these
candidates and funding were made available, progressing at least one vaccine through to the end of phase 2a for each
of the 11 epidemic infectious diseases would cost a minimum of $2-8-3-7 billion ($1-2 billion-$8 - 4 billion range).

Interpretation Our analysis provides new evidence on vaccine research and development pipelines and associated
costs for 11 epidemic infectious diseases, highlighting both funding needs and research and development gaps for
achieving vaccine research and development preparedness targets.

Funding This work was partly supported by the Research Council of Norway through the Global Health and Vaccination
Programme GLOBVAC.

Copyright © 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
4.0 license.

Introduction
Vaccines can be powerful tools for preventing potential
outbreaks of epidemic infectious diseases from becoming
humanitarian crises.! Developing these vaccines requires
investment.”? However, evidence on what it would cost
to successfully develop a sound epidemic infectious
disease vaccine portfolio is scarce.’ This is partly because
of a paucity of explicit, publicly available cost data. In
addition, there is little agreement across global vaccine
development funders on which epidemic infectious
disease investments should be prioritised, which stems
from an absence of global research and development
portfolio strategy and coordination.*

In response to the 2014 Ebola epidemic in west Africa,
WHO prioritised 11 pathogens that are most likely
to cause severe outbreaks in the near future:* Crimean

www.thelancet.com/lancetgh Vol 6 December 2018

Congo haemorrhagic fever, chikungunya, Ebola, Lassa,
Marburg, Middle East respiratory syndrome coronavirus,
Nipah, Rift Valley fever, severe acute respiratory syn-
drome, severe fever with thrombocytopenia syndrome,
and Zika. WHO has now updated this list,” however all
11 diseases remain of considerable epidemic preparedness
importance.

In general, vaccine development from discovery to
licensure can cost billions of dollars, can take over
10 years to complete, and has an average 94% chance of
failure.®* Where national health security concerns exist,
whether due to naturally emerging disease or bio-
terrorism-related threats, governments such as those of
the USA, the UK, France, and Germany invest in research
and development even if global markets are extremely
small, as the cases of Ebola and other African viral
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Research in context

Evidence before this study

There are almost 600 literature references on vaccine
candidates being developed against 11 priority epidemic
infectious diseases (appendix). This information has previously
neither been collated systematically nor has its actual
development status been confirmed. Moreover, evidence on
the cost of pharmaceutical research and development has been
made available since at least the 1950s; however, this has been
limited to mainly chemical drug products. Whereas
publications by Di Masi and colleagues have provided the
foundations on which numerous analyses or critiques of
pharmaceutical research and development costs have since
been conducted, evidence on vaccine-specific research and
development costs for epidemic infectious diseases has been
limited. The handful of articles published to date are either
descriptive, based on expert opinions with limited data inputs
to validate those claims, or focusing on single pathogens or
only on clinical research and development phases. Recent
studies have attempted to overcome several of the above
limitations, focusing their analyses on poverty diseases or
epidemic infectious diseases, as well as differentiating more
systematically between costs associated with incremental
versus breakthrough innovations.

Added value of this study

Our study presents a comprehensive dataset of vaccine
research and development candidates against 11 epidemic
infectious diseases, which combines a systematic search of a
substantially sized literature and the confirmation of current
development status of these candidates by vaccine developers
active in the field. Moreover, our study attempts to overcome

haemorrhagic fevers have shown.” However, worldwide
investments in epidemic infectious disease are small.®

A new entity, the Coalition for Epidemic Preparedness
Innovations (CEPI), was set up in 2016 to stimulate,
finance, and coordinate the development of vaccines
against epidemic infectious diseases, especially in cases
in which market incentives alone are insufficient.” Owing
to the sporadic and unpredictable emergence of epidemic
infectious diseases, large-scale vaccine efficacy studies
(phase 2b-3) are almost impossible unless there are
ongoing epidemic infectious disease epidemics. Part of
CEPI’s scope is to address the just-in-case research and
development preparedness gap between late preclinical
and early clinical safety and efficacy testing (phase 2a) of
epidemic infectious disease vaccines, in advance of
epidemic outbreaks.

CEPI has committed to fundraise and invest at least
US$1 billion until 2021.” Our previous analysis, which
was presented as part of the CEPI preliminary business
plan 2017-21," examined the total number of vaccine
candidates CEPI would need to invest in today, to advance
two to three candidates for two to three epidemic
infectious diseases through to phase 2a and stockpile

some of the limitations identified in previous vaccine research
and development cost analyses in several ways. First,

we consider probability of success distributions drawn from
multiple published estimates, acknowledging uncertainties in
research and development which cannot be explained by
single sources. Second, we draw our cost data from both
historically incurred and projected cost estimates in
infectious disease vaccine research and development,

as reported by vaccine developers who are active specifically
in the field of epidemic infectious diseases. This gives us
confidence that the baseline cost estimates informing our
models can provide a more accurate reflection of total
investments needed for vaccine development. Third, our
collected data suggest that costs associated with new
technologies may not differ from costs associated with
well-established technologies—a finding that is contradictory
to prevailing assumptions made in extant literature. Our
analysis suggests that it is indirect costs, and variations in
costs associated with different levels of experience of the
organisations developing these products, that drive cost
estimates in upward directions.

Implications of all the available evidence

We demonstrate that it is possible to combine up-to-date
evidence on vaccine research and development pipelines with
rigorous cost analysis methods to generate robust estimates of
vaccine research and development investment needs in
epidemic infectious diseases. Our methods and findings can
benefit future assessments of global health research and
development costs, improving the credibility of funding need
claims and of portfolio planning.

for phase 2b-3 and emergency use in 5 years, under a
$1 billion budget constraint.

In this study we estimate the cost of epidemic infectious
disease vaccine development from preclinical phase
through to the end of phase 2a, on the basis of new data
and analytical tools. Assuming that one phase 2b-3 ready
vaccine candidate is a reasonable minimum vaccine
research and development preparedness target per
epidemic infectious disease, the study gives an indication
of the number of minimum vaccine candidates and cost
to achieve this.

Methods

Study design

We took four distinct analytical steps to help us ascertain
costs for achieving minimum vaccine research and
development preparedness targets in a given portfolio of
11 epidemic infectious diseases. First, we mapped existing
epidemic infectious disease vaccine research and
development pipelines and collected self-reported cost
data from vaccine developers, associated with epidemic
infectious disease vaccine research and development
from preclinical phase through to phase 2a. Second, we
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tested for drivers of vaccine development costs drawn
from published studies, using various statistical tech-
niques. Third, we drew vaccine research and development
probabilities of success from published estimates. We
combined these with self-reported cost data to simulate
costs adjusted for probability of success for advancing
vaccines from preclinical testing through to phase 2a,
within a Monte Carlo framework. Fourth, we used
the cost and probability of success parameters of the
simulation to determine minimum portfolio costs
required for achieving at least one phase 2b-3 ready
candidate for each epidemic infectious disease through a
stochastic optimisation model.

Data collection

The epidemic infectious diseases included in this study
were selected from WHO'’s original blueprint list of
priority emerging infectious diseases.* This list has
recently been updated to exclude chikungunya and
severe fever with thrombocytopenia syndrome,® but we
include these in our analysis as they are still assumed
to have considerable epidemic disruption potential. We
drew our probability of success data from the preclinical
phase literature (table 1).*¢** The remainder of our
data collection efforts focused on vaccine candidate
identification and on associated costs. Whereas vaccine
candidates were identified through a two-step approach
involving a literature review and a survey, cost data
were collected via self-reporting in a survey and via
mining CEPI’s own database of projects and associated
budgets.

We searched PubMed, Google, Google Scholar,
ClinicalTrials.gov, the International Clinical Trials Registry
Platform, country-level trial registries, National Institutes
of Health reporter, and WHO pipeline tracker using terms
based on [pathogen name], [vaccine candidate name],
[developer name], “vaccine” and combinations of these.
Searches were limited to the last 11 years (Jan 1, 2006, to
Aug 31, 2017). To ensure completeness, we also searched
more freely in websites and press releases of organisations
identified as epidemic infectious disease vaccine develop-
ment partners, and scanned reference lists of relevant
articles for any missed vaccine candidates from previous
searches. Acknowledging that not all pipeline information
is publicly available, nor updated regularly, we confirmed
the status of the vaccines identified in the literature by
sending a survey to 414 organisations. The survey asked
recipients to: validate the current status of development of
a pre-filled list of vaccine candidates that our team had
collated via literature searches, grant database searches
and clinical trial registries searches over the past 12
months prior to survey launch, including information on
disease, phase of development, vaccine technology type,
and product development partners; clarify current sources
of funding, development costs incurred and future
funding needs for bringing the vaccines through phase 2
and potentially phase 3 in response to potential disease

www.thelancet.com/lancetgh Vol 6 December 2018

Preclinical Phase1 Phase2 Study period Study period

start (year) end (year)

Struck (1996)2 57% 72% 79% 1983 1994

Wilson (2010)* 40% 33% 33% Expert based Expert based
(phaseland2  (phaseland2
together) together)

Davis et al (2010) 48% 74% 58% 1995 2011

Pronker (2013)° 41% 81% 31% 1998 2009

Chitetal (2014)" N/A 40%  74% 2000 2013

BIO (2015) N/A 70%  43% 2006 2015

WHO (2016; simple)? 41% 68% 46% Data from Data from
Di Masi (2003)”  Di Masi (2003)”

WHO (2016; complex)? 41% 50% 22% Data from Data from
Di Masi (2003)”  Di Masi (2003)”

Wong et al (2018; all indications)*® N/A 77% 58% 2000 2015

Wong et al (2018; orphan vaccines)® N/A 90% 54% 2000 2015

Lowest PoS reported in literature 41% 50% 22% N/A N/A

Highest PoS reported in literature 57% 90% 79% N/A N/A

N/A=not applicable.
Table 1: Published estimates of probability of success for vaccine research and development

outbreaks, including stockpile estimates for phase 3 trials
and for emergency use (the latter not reported in the
paper); specify main drivers of R&D costs and technical
success to date and identify potential drivers of future
costs and technical risks for bringing vaccine candidates
through late phases of clinical development. Organisations
were those whom we identified as owners, partners, or
supporters of epidemic infectious disease vaccine research
and development (appendix).

Through our survey and access to CEPI data, we
collected new, confidential epidemic infectious disease
vaccine research and development cost data. In total, we
compiled a set of 138 vaccine research and development
cost entries, associated with non-clinical, clinical, process
development, and manufacturing activities (appendix).
We checked for consistency between our survey data and
CEPI’'s own data on vaccine research and develop-
ment budgets prior to merging into a single database
(appendix). This dataset excludes costs associated with
basic laboratory research activities, phase 2b-3 efficacy
testing, and stockpiles of investigational material for
phase 2b-3 studies.

Drivers of vaccine development costs

The literature suggests that research and development
timelines, indirect costs, sectoral affiliation (ie, commercial
vs non-commercial public or private sectors) and licensure
track record of vaccine developers, licensure track record
of vaccines for a given disease, and platform technology
complexity are all contributing factors to vaccine research
and development costs.**”"* Drawing from this evidence,
we constructed several new variables, some of them
dichotomous, and we performed various correlation,
regression, analysis of variance (ANOVA) and pairwise
t tests in order to: ascertain how strongly these variables

See Online for appendix
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Stage 1- How many vaccine candidates would ideally need to
enter into preclinical, or phase 1, or phase 2, to achieve at least
one phase 2a outcome by EID?

Stage 2*- How much investment would be needed to achieve at least one phase 2 outcome by EID,
given existing and new preclinical vaccine candidates being made available?

Objective

Decision
variables

Input
parameters

Output
parameters

Constraints

Minimise number of phase 2b-3 ready vaccine candidates (95% Cl)

Number of new vaccine candidates initiating investment at
preclinical, or phase 1, or phase 2

Number of vaccine candidates available in the pipeline from
preclinical through phase 2 (by EID); PoS by R&D phase (low vs
high PoS scenario)t

Number of phase 2b/3 ready candidates (by disease; 95% Cl)

Decision variables=integers; Decision variables=non-negative;
Number of phase 2b-3 ready candidates (by disease) =1 (99% Cl)

Minimise US$ cost associated with developing at least one phase 2b/3 ready vaccine candidate per EID (95% Cl)
Number of ideal vaccine candidates initiating investment by R&D phase; (number of existing vaccine
candidates by R&D phase + number of new preclinical vaccine candidates)

Number of vaccine candidates available in the pipeline from preclinical through phase 2 (by disease);
Number of vaccine candidates newly made available in the pipeline at preclinical phase (by disease); Cost by
R&D phase (low vs high cost distribution scenarios)T; PoS by R&D phase (low vs high PoS scenario)t

Number of phase 2b-3 ready candidates (total and by disease) (95% Cl); US$ for achieving phase 2b-3 ready
candidates (total and by disease; 95% Cl)

Decision variables=integers; Decision variables=non-negative; Decision variables<available + new preclinical
pipelines; Decision variables=zideal minimum pipelines for at least one phase 2b-3 ready candidate expected

(by disease); Number of phase 2b-3 ready candidates (by disease) =1 (95% Cl)

PoS=probability of success. R&D=research and development. *Excluding Ebola owing to two phase 2 outcomes already having been achieved for this disease. tCost and PoS distributions by R&D phase used in
this model are provided in the appendix.

Table 2: Stochastic optimisation model parameters across solution stages

€1389

are related to each other; whether any of these variables are
statistically significant explanatory factors of cost; and, if
so, which of these can explain variations observed in
estimated costs. We also ran a hierarchical cluster analysis
to identify other potential factors not captured by the
regression model. We did this by computing the distance
between clusters using a Euclidean metric as the similarity
measure for our data (appendix).

Expected vaccine research and development costs

We considered three key input parameters for
estimating vaccine research and development portfolio
costs from preclinical through to phase 2a: (1) vaccine
development project costs by research and development
phase; (2) probability of success by research and
development phase; (3) the number of vaccine projects
available in the pipeline. Given the relevance of vaccine
developer licensure track record and a large variation in
self-reported costs not explained by regression or
clustering analyses (appendix), we incorporated this
uncertainty into a Monte Carlo simulation. Specifically,
we defined cost distributions for lower and upper
bounds by dividing our sample into two groups: a lower
bound group associated with costs reported by product
developers with no vaccine licensure track record;
and an upper bound group associated with costs
reported by product developers with previous licensure
experience. For each group, we constructed discrete
cost distributions by research and development phase,
assigning equal probabilities to the respective self-
reported cost estimates. In addition to costs, we
constructed triangular distributions for probability of
success by research and development phase. Triangular
distributions were chosen since they are commonly
used to define ranges of values for uncertain variables
where available data is either scarce or heterogeneous
enough to not clearly dictate the appropriate range and
frequency of the possible values of variables.” They
are characterised by minimum, maximum, and modal,

or most likely, values that collectively define the
boundaries and shape of the distribution triangles
(appendix).

To move from single vaccine candidate costs to portfolio
costs accounting for probability of success, we ran the
simulation 10000 times, each time randomly drawing
from the following: cost distributions—for each group
and research and development phase, each iteration
randomly selected one cost estimate from the respective
distribution; probability of success distributions—for
each research and development phase, each iteration
randomly drew a probability of success estimate from the
respective distribution.

Within each iteration, the sum of the product of the
number of available vaccine candidates, probability of
success, and cost was calculated as the vaccine candidates
(their integers) advanced through to the end of phase 2a.
This allowed the estimation of the mean and 95% CIs of
costs adjusted for probability of success for each iteration
of the simulation, which, when analysed across all
iterations, allowed the calculation of the likely phase 2a
outcomes associated with the number of vaccine
candidates considered (appendix).

Stochastic optimisation of research and development
portfolios and costs

Whereas simulation-based analyses can provide
analytical depth to highlighted scenarios, they have a
relatively low capacity to demonstrate optimal solutions
on their own, such as how to minimise or maximise
objectives in epidemic infectious disease vaccine
research and development. Given the inherently risky
nature of vaccine research and development, stochastic
optimisation approaches are likely to represent realistic
reflections of the uncertain expectations from the
pharmaceutical research and development process.
Several stochastic modelling approaches have been
proposed in pharmaceutical research and development
management to address various portfolio optimisation

www.thelancet.com/lancetgh Vol 6 December 2018



Articles

Average EID vaccine R&D cost (US$) by R&D phase Average EID vaccine R&D cost(US$) by R&D phase PoS-adjusted EID vaccine R&D cost

(self-reported)* (simulation)t (US$; simulation)

Preclinical Phase 1 Phase 2 Total Preclinical Phase 1 Phase 2 Total Starting from  Starting from  Starting from

phase 2 phase 1 preclinical

High cost/high PoS scenario
Mean 26284880 14207067 28002370 68494317 26285345 14207153 28002393 68494335 112005164 200890239 468538014
SD 28345786 15265428 26226347 67747184 27914228 15032372 25826057 40849928 103304711 142019505 332532567
Sth percentile 1710000 1918200 3921100 11654600 1710000 1926000 3973000 19472597 15892000 53595000 98609900
95th percentile 98833489 55361056 93551555 247746100 81190698 49087223 73645079 158508350 294580316 493560396 1060235774
Minimum 1710000 1900000 3800000 9500000 1710000 1900000 3800000 7410000 15200000 22800000 36636000
Maximum 140000000 70000000 140000000 350000000 140000000 70000000 140000000 309895833 560000000 1120000000 2345436114
Low cost/low PoS scenario
Mean 7866576 6806587 16778360 31451513 7886096 6806116 16778294 31450728 83893986 166665969 319206692
SD 5925791 5722608 10508552 18975332 5895823 5694263 10458030 13377017 52306472 86375514 150096592
Sth percentile 2000000 2000000 4600000 9500000 2000000 2000000 4600000 13749750 23000000 60495500 136327312
95th percentile 19501799 18800657 37045400 66489160 19227000 17872540 36918000 56741358 184590000 333504000 593891509
Minimum 1800000 1027000 4370000 8415000 1800000 1027000 4370000 8300000 21850000 32120000 78000000
Maximum 37441000 30155280 54474105 117057000 37441000 30155280 54474105 95704246 272370526 602459509 1266053842

R&D=research and development. PoS=probability of success. *Cost of advancing one EID vaccine through to end of phase 2a as self-reported through survey, assuming 100% PoS. tCost of advancing one EID
vaccine through to end of phase 2a based on simulation, assuming 100% PoS. $Cost of advancing one EID vaccine through to end of phase 2a based on simulation, accounting for PoS.

Table 3: Cost estimates of epidemic infectious disease vaccine R&D, based on self-reported and simulation-optimisation data

problems (see literature overview in appendix).” Drawing
from previous evidence, we built a two-stage stochastic
optimisation model—ie, a stepwise optimisation of
objectives that includes uncertainty—to identify optimal
research and development portfolios and costs for
progressing at least one vaccine candidate per epidemic
infectious disease through to end of phase 2a. In stage 1,
we derived the minimum number of ideal candidates
required to achieve at least one phase 2b-3 ready
candidate for an epidemic infectious disease, starting
from preclinical testing, to phase 1 and phase 2,
respectively. Using this information against the evidence
on available pipelines per epidemic infectious disease,
we derived the minimum and maximum number of
vaccine candidates needed by research and development
phase to progress at least one of these through to end of
phase 2a. In stage 2, we drew from stage 1 findings to
define lower and upper boundaries of vaccine candidates
by research and development phase, on the basis of
which we estimated the minimum cost of successfully
developing at least one phase 2b-3 ready candidate per
epidemic infectious disease.

We provide a detailed overview of the stochastic
optimisation model’s rationale, formulation, and solution
search method in the appendix. We summarise the
objectives, decision variables, input parameters, output
parameters, and constraints associated with each
solution stage of the optimisation problem in table 2.

In this model, we treated cost and probability of success
by research and development phase parameters as
random variables with the same distributions as in the
simulation. The stochastic modelling approach ensured
the robustness of our optimisation findings—ie, allowed
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us to run probabilistic sensitivity analyses on all the
outputs of the model, capturing both the sources of
variability as well as the probabilities attached to different
modelling outputs expected (see appendix for more
details).

Role of the funding source

The funders had no role in the study design, data
collection, data analysis, interpretation, or writing of the
study. At the time of the initiation and design of this
project, the chief executive of the funding source (J-AR)
was the principal investigator of the grant. He had no
role in the funding or follow-up of the project from the
funder’s side after taking on his current funding-source
role. He was involved in study design, data interpretation,
and writing of the study. DG had full access to all the data
in the study and had final responsibility for the decision
to submit for publication.

Results

From our literature search, we identified 262 vaccine
candidates in preclinical to phase 2 stages for
11 epidemic infectious diseases. Of the 414 organisations
we approached, we received survey responses from 64,
covering 314 vaccine candidates for epidemic infectious
diseases in total. Of these, 121 were confirmations of
vaccine candidates that were active, not yet started, or
on-hold owing to lack of funding, previously identified
through the literature review. 193 were newly reported
vaccine candidates, of which 97 candidates had infectious
diseases of epidemic potential outside the scope of the
WHO priority list. From the original set of 262 vaccine
candidates identified in the literature for the 11 WHO
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Preclinical trials

Preclinical Phase 1 Phase 2a Phase 2b-3
[ Low PoS and low cost scenario [ High PoS and high cost scenario
21
11 9(8-11)
5 (4-6) 5(4-7) 30-5)
|—1—| |—I—| 1(1-3) 1(13)
3| L L
T T 1 T T T 1 T T 1
Phase cost (low): ~$165 million Phase cost (low): ~$63 million Phase cost (low): ~$90 million
($42 million-404 million) ($18 million-175 million) ($23 million-10 million)
Phase cost (high): ~$289 million Phase cost (high): ~$77million Phase cost (high): ~$103 million
($19 million-893 million) ($10 million-245 million) ($16 million-271 million)
9 10
b
s 6 5(5-8)
o |
I_L| 4(3-5) 1(1-4) 1013)
£ - ol
T T T 1 T T 1
Phase cost (low): ~$68 million Phase cost (low): ~$98 million
($10-179 million) ($25-233 million)
Phase cost (high): ~$85 million Phase cost (high): ~$116 million
($12 million-295 million) ($20 million-295 million)
o~
&
£
a 5
4 1013 101-3)
—— sl

Phase cost (low): ~$84 million
($23 million-185 million)
Phase cost (high): ~$112 million
($16 million-295 million)

Figure: Estimated cost of progressing at least one epidemic infectious disease vaccine from preclinical through to end of phase 2a

PoS=probabilities of success. Figures in US$.

priority epidemic infectious diseases, 104 remained
unspecified owing to lack of responses at the end of the
survey; 44 were confirmed as terminated, on hold for
technical reasons or were not confirmed at all as active
projects by survey respondents; and 114 were confirmed
as active, not yet started, or on hold owing to lack of
funding or other reasons not related to technical failures.
In total, these pipeline searches amounted to 224 vaccine
candidates from preclinical to phase 2, for 11 priority
epidemic infectious diseases (appendix).

Reported vaccine development costs from preclinical
testing through to end of phase 2a range from $8 million
to $350 million (table 3). Based on the regression
analysis, previous licensure experience and indirect costs
associated with operating models of vaccine developers
are statistically significant explanatory factors driving an
increase in research and development costs. Previous
licensure of vaccines for a given disease can potentially
drive a reduction in research and development costs.
However, a licensed prophylactic vaccine for humans
does not exist for any of the 11 epidemic infectious
diseases. A hierarchical clustering analysis suggests
that increased research and development costs in

clinical research and development phases may also
potentially be associated with increased industrial sector
affiliation. Substantial variation in reported costs cannot
be explained despite considering several factors,
including, in addition to the above, research and develop-
ment timelines and previous licensure track-record of
platform technologies (appendix).

The simulation suggests that the advancement of a
single epidemic infectious disease vaccine candidate
from preclinical through end of phase 2a can cost
$31-68 million ($14-159 million range), assuming no
risk of failure (table 3). However, the total cost of
progressing one epidemic infectious disease vaccine
successfully through to end of phase 2a is dependent
on the probability of success and on the shape of
the vaccine research and development pipeline. As the
figure demonstrates, accounting for probability of
success and assuming no clinical vaccine candidates
exist for a given epidemic infectious disease, 11 to
21 preclinical candidates would be required if at least one
of these were to progress through to end of phase 2a, at
a cost of $319-469 million ($137 million-$1-1 billion
range). Similarly, six to ten phase 1 candidates would
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Number of confirmed vaccine Expected US$ cost, preclinical through to phase 2a (95% Cl) Expected number of phase 2b/3 ready
candidates vaccine candidates (95% Cl)
Preclinical Phase 1 Phase 2 Low PoS-low cost scenario High PoS-high cost scenario Low PoS-low cost  High PoS-high cost
scenario scenario
Ebola 37 4 1 661 million (297-1200 million) 1800 million (428-4100 million) 3(1-7)* 9 (5-14)*
Zika 28 8 1 587 million (260-1100 million) 1500 million (391-3500 million) 3(2-6) 9(6-13)
Chikungunya 20 5 2 424 million (187-768 million) 1100 million (282-2500 million) 2 (1-4) 6 (4-9)
Lassa 28 431 million (183-800 million) 1200 million (270-2800 million) 2 (1-5) 6(3-9)
MERS 21 4 389 million (172-703 million) 1100 million (257-2400 million) 1(1-4) 5(3-8)
Marburg 19 2 322 million (142-593 million) 901 million (210 -2000 million) 1(1-3) 3(2-6)
Rift Valley fever 15 2 258 million (112-466 million) 703 million (165-1600 million) 1(1-3) 3(2-5)
Nipah 13 191 million (82-359 million) 558 million (116-1300 million) 0(0-2) 2 (1-4)
CCHF 6 1 95 million (39-179 million) 279 million (62-620 million) 0 0(0-1)
SARS 6 81 million (34-154 million) 242 million (47-554 million) 0 0(0-1)
SFTS 1 - 8 million (2-19 million) 26 million (2-81 million) 0 0
Total 194 24 6 3600 million (1600-6600 million) 9800 million (2400-21600 million) 13 (6-34)* 43 (26-70)
MERS=Middle East respiratory syndrome. CCHF=Crimean Congo haemorrhagic fever. SARS=severe acute respiratory syndrome. SFTS=severe fever with thrombocytopenia syndrome. R&D=research and
development. *New candidates, as two phase 3 ready candidates already exist.
Table 4: Costs and expected R&D outcomes from advancing all available vaccine candidates for 11 epidemic infectious diseases from preclinical through to end of phase 2a

be needed for at least one candidate to advance through
to end of phase 2a, at a cost of $167-201 million
($61 million-$485 million range). Assuming vaccine
candidates and funding were made available, progressing
at least one vaccine through to end of phase 2a for each
of the 11 epidemic infectious diseases would cost a
minimum of $2-8-3-7 billion ($1-2 billion-$8-4 billion
range). Finally, at least one candidate would progress
through to end of phase 2a, out of initial investments of
$84-112 million ($23 million-$295 million range) in four
to five phase 2 candidates.

At the time of writing, there are 194 preclinical trials,
24 phase 1, and six phase 2 vaccine candidates under
development for 11 epidemic infectious diseases. As
table 4 demonstrates, 13 candidates (six to 34 range)
would progress through to end of phase 2a at a cost of
$3-6 billion ($1-6-6-6 billion range), in a low probability
of success and low cost scenario (table 4). Under a high
probability of success and high cost scenario, the cost
for 43 phase 2b-3 ready candidates (26-70 range)
would amount to $9-8 billion ($2-4-21-6 billion
range). Seven epidemic infectious diseases—Zika,
Ebola, chikungunya, Rift Valley fever, Marburg, and
Lassa—have sufficient vaccine pipelines for investments
(if made available) to guarantee successful phase 2a
outcomes regardless of probability of success (in reality,
phase 2b-3 ready candidates already exist for Ebola).
Under a low probability of success scenario, the
successful progression of a vaccine through to end of
phase 2a cannot be guaranteed for Nipah, given the
available candidates for this epidemic infectious disease.
Vaccine pipelines for Crimean Congo haemorrhagic
fever, severe acute respiratory syndrome, and severe
fever with thrombocytopenia syndrome comprise too
few candidates for any phase 2a outcomes to be predicted
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through investments in these, even under a more
optimistic probability of success.

Based on the stochastic optimisation (table 5), lower
investments would be needed in a smaller number
of vaccine candidates to achieve phase 2a outcomes
in chikungunya, Zika, Rift Valley fever, Middle East
Respiratory Syndrome, and Marburg, as their clinical
vaccine pipelines are modestly mature. Higher invest-
ments across a larger number of preclinical vaccine
candidates would be needed for a Lassa phase 2b-3 ready
vaccine to be guaranteed. 18 to 55 new preclinical
candidates would need to be added to the vaccine
pipelines of Nipah, Crimean Congo haemorrhagic fever,
severe acute respiratory syndrome, and severe fever
with thrombocytopenia syndrome collectively for a
phase 2b-3 ready candidate to be guaranteed in each of
these epidemic infectious diseases.

A probabilistic sensitivity analysis is embedded in the
findings through stochastic modelling (appendix). This
analysis demonstrates that whereas zero phase 2a
outcomes are unlikely given the numbers of vaccine
candidates supported by research and development
phase under the low and high probability of success
scenarios, outcomes previously mentioned and beyond
one phase 2b-3 ready candidate per epidemic infectious
disease are dependent on the probability of success. In a
scenario in which low costs were associated with high
probability of success distributions, the same numbers
of vaccine candidates would need to be supported as per
the high probability of success and high cost scenario to
achieve minimum phase 2a outcomes per epidemic
infectious disease, but the overall portfolio cost would
reduce to US$1-6 billion ($715 million-2-9 billion
range). In contrast, in a scenario where high costs were
associated with low probability of success distributions,
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Number of preclinical  Number of phase 1 Number of phase 2 Expected US$ cost, preclinical through phase 2a (95% Cl) Expected number of

candidates (high PoS/ candidates (high candidates (high phase 2b/3 ready vaccine

high cost to low PoS/  PoS/high costtolow  PoS/high cost to low candidates (95% Cl)

low cost scenario) PoS/low cost PoS/low cost

scenario): numberof  scenario): number of
available candidates  available candidates

Numberof Number Low PoS/low cost scenario High PoS-high cost scenario Low PoS-low  High

available  of new cost scenario  PoS-high

candidates candidates cost scenario

needed
Chikungunya 0-3 2-5 2 155 million (66-289 million) 112 million (34-252 million) 1(1-3) 1(1-2)
Zika 4-8 1 149 million (54-299 million) 158 million (45-357 million) 1(1-3) 1(1-3)
Rift Valley fever ~ 5-13 2 224 million (100-409 million) 244 million (61-570 million) 1(1-3) 1(1-2)
MERS 3-12 4 - 244 million (108-439 million) 245 million (71-543 million) 1(1-3) 1(1-3)
Marburg 7-16 2 - 274 million (119-495 million) 358 million (86-792 million) 1(1-3) 1(1-3)
Lassa 11-21 319 million (137-590 million) 469 million (99-1100 million) 1(1-3) 1(1-3)
CCHF 6 3-12 1 o 289 million (125-531 million) 414 million (94-911 million) 1(1-3) 1(1-3)
Nipah 11-13 0-8 319 million (137-590 million) 469 million (99-1100 million) 1(1-3) 1(1-3)
SARS 6 5-15 319 million (137-590 million) 469 million (99-1100 million) 1 (1-3) 1(1-3)
SFTS 1 10-20 319 million (137-590 million) 469 million (99-1100 million) 1(1-3) 1(1-3)
Total 50-91 18-55 13-20 5 2800 million (1200-5000 million) 3700 million (900-8400 million) 10 (10-30) 10 (10-29)
Table 5: Minimum R&D portfolios and costs for progressing at least one vaccine candidate through end of phase 2a, per epidemic infectious disease
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the same numbers of vaccine candidates would need to
be funded as per the low probability of success and low
cost scenario to successfully advance at least one vaccine
through to end of phase 2a successfully. In this case,
however, the associated portfolio cost would increase to
$6-8 billion ($1-5-15-1 billion range; appendix).

Discussion
The vaccine research and development cost estimates
produced in this study highlight the need for substantial
investments in priority epidemic infectious diseases if
minimum vaccine research and development prepared-
ness targets—ie, at least one phase 2b—3 ready vaccine
candidate per epidemic infectious disease—are to be
achieved, given the relatively large number of preclinical
candidates and the low probability of success associated
with these. Our analysis identifies several disease
areas for which the upstream vaccine research and
development pipeline today is insufficient, and highlights
the need for entry of new vaccine candidates into
preclinical development if the chances of minimum
vaccine research and development preparedness targets
are to be increased. Moreover, we demonstrate that
higher vaccine research and development costs, and in
particular clinical research and development costs, are
likely to be associated with greater industrial sector
affiliation and previous licensure experience of vaccine
developers. If this experience were assumed to translate
to higher probability of success, investing in these
projects could progress more epidemic infectious disease
vaccines through to end of phase 2a.

Our analysis demonstrates that it is possible to use
simulation-optimisation techniques to generate vaccine

development cost estimates by combining pipeline and
cost information, subject to multiple objectives against a
range of constraints. In doing so, this study meaning-
fully combines up-to-date evidence on research and
development pipelines and project costs with rigorous
analytical methods to demonstrate investment needs
under alternative scenarios. Moreover, we have done this
study with the consideration of research and development
cost drivers and uncertainty in both costs and probability
of success informing the analysis.

Evidence on the cost of pharmaceutical research and
development has been made available since at least the
1950s;"” however, this has been limited to mainly chemical
drug products.® Whereas the Di Masi and colleagues
publications”** have provided the foundations on which
numerous analyses or critiques of pharmaceutical
research and development costs have since been
conducted,®**** evidence on vaccine-specific research
and development costs for epidemic infectious diseases
has been scarce for several reasons. First, the process of
vaccine development might differ substantially from that
of drug development, with implications for scale and
intensity of resource use and associated costs by research
and development phase.* Second, the complexity of the
platform technologies used to develop vaccines might
influence research and development costs.**** The
literature assumes that new technologies with no licensure
track-record will induce higher research and development
costs than well-established technologies. Third, the
complexity of the pathogen against which vaccines are
developed might affect research and development
costs,*** with vaccines against pathogens for which
licensed vaccines already exist assumed to cost less.
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The handful of articles published on vaccine research
and development costs to date are either too descriptive
or based on expert opinions with little data input to
validate those claims,*** focusing on single pathogens”
or only on clinical research and development phases.”*
Studies**—one drawing on source data and assumptions
from the other—have attempted to overcome several of
the above limitations, focusing their analyses on either
poverty diseases or epidemic infectious diseases, which
are both characterised by poor commercial potential, as
well as differentiating more systematically between costs
associated with incremental versus breakthrough
innovations.**

Our study attempts to overcome some of the
limitations identified in previous vaccine research and
development cost analyses and tries to deviate from
recent studies focused on epidemic infectious disease
vaccine research and development in several ways. First,
although we draw our probability of success estimates
from published evidence specific to vaccine research and
development,**>™® we consider probability of success
distributions instead of point estimates, acknowledging
uncertainties in research and development that cannot
be attributed to specific explanatory factors, as our
regression analyses have shown. Second, we draw our
cost data from both historically incurred and projected
cost estimates in infectious disease vaccine research and
development, as reported by vaccine developers who are
active specifically in the field of epidemic infectious
diseases. This gives us confidence that the baseline cost
estimates informing our models can provide a more
accurate reflection of total investments needed for
epidemic infectious disease vaccine development.

Third, our collected data suggest that costs associated
with new technologies do not differ substantially from
costs associated with well-established technologies—
a finding that is contradictory to the prevailing
assumptions made in the literature to date. This may be
because of the compounding complexities of certain
pathogens that make it difficult to disassociate pathogen-
specific from technology-specific cost drivers, unless one
has access to more granular cost data. However, a more
plausible explanation perhaps is that cost variations
are strongly associated with business models, rather
than the technologies themselves, by which the various
vaccine developers in epidemic infectious diseases are
operating in the industry or non-industry sector.* Our
statistical analysis suggests that platform technologies
are not a substantial explanatory factor for average
vaccine development project costs, even if we control for
the assumption that the data may be nested with respect
to the individual pathogens. Instead, it is indirect costs
and variations in costs associated with different levels of
experience in the organisations developing these
products that drive cost estimates upward.

Our study has several limitations. First, the average
vaccine development project cost estimates, from which
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our simulation-optimisation approach draws, are based
on self-reported data by vaccine developers. Despite the
statistical analyses and our consistency checks with CEPI
and literature sources to minimise bias, such bias
is likely to persist in any self-reported cost projections.
This implies a certain price for innovation that vaccine
developers are willing to accept in order to engage
in research and development, which may differ across
sectors and organisations operating with different
business models and internal cost structures.” However,
in practice, project costs in areas of relatively low
commercial potential are more likely to be established by
payer—developer negotiations around risk and benefit
sharing, which balances payer constraints with the
developers’ appetite for financial risk exposure. Coupled
with unexpected circumstances, such as unforeseen
regulatory requirements, or technological spillovers
from other research and development activities, such
factors may well drive realised vaccine research and
development expenditures either way, downwards or
upwards, compared with the estimates provided in this
study.

Second, the assumption that higher probability of
success is associated with more experienced vaccine
developers, and vice versa, is based on common sense
and insights shared by vaccine developers during the
survey process. However, clear evidence in the literature
does not exist to indisputably substantiate such claims.
The implications for epidemic infectious disease vaccine
research and development cost estimates could be
considerable. On one hand, higher probability of success
associated with less experienced vaccine developers
could well mean that the portfolio costs of achieving
at least one phase 2a outcome per priority epidemic
infectious disease would be lower than our analysis
suggests. On the other hand, lower probability of
success manifested in experienced vaccine developer
efforts would suggest much higher portfolio costs than
has been reported in this study.

Third, the numbers of vaccine candidates and
associated portfolio costs reported in this study do not
guarantee with full certainty that one phase 2a outcome
per epidemic infectious disease would be achieved,
under any probability of success and cost scenario. Given
the confidence intervals applied, there is a small chance
that the suggested vaccine candidates and costs would
fail to meet such clinical development targets. Increasing
the confidence intervals in the analysis would improve
the certainty of phase 2a outcomes. However, given the
variance in reported costs and probability of success
estimates, the lower and wupper limits of vaccine
candidates required and associated portfolio costs would
increase substantially in the model.

Fourth, our analysis is limited in scope to 11 priority
epidemic infectious diseases. There are many other
infectious diseases of epidemic potential that deserve
attention according to different priority lists" and experts’
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perspectives.® Our estimates of costs draw on contem-
poraneous information made available on vaccine
research and development pipelines for more than just
the 11 epidemic infectious diseases, and provide an
overall price tag for bringing vaccines against the
11 epidemic infectious diseases successfully through to
phase 2. Further pipeline data collection work would be
needed to increase the number of diseases included in
the cost analysis.

Fifth, our study does not report or estimate funding
flows to epidemic infectious disease vaccine research and
development, which other surveys do, at least for other
neglected disease areas, and more recently, Ebola’
Different vaccine developers will probably have different
capacities to access internal or external financing, which
suggests that the funding gaps to support epidemic
infectious disease vaccine research and development may
be, overall, smaller than the cost estimates reported
in this study as well as varying between sectors and
types of organisations researching and developing
epidemic infectious disease vaccines. This may also
suggest that, in practice, transition probability of success
between development phases is also likely to vary between
organisations not only for technical reasons but also
because of access to finance bottlenecks. It would be a
plausible assumption to make that those organisations
with previous licensure experience (and marketed
vaccines) also have better access to finance, and are
therefore, for financial reasons, likely to face higher
probability of success in the vaccine research and
development programmes (as captured by our high
probability of success to high cost scenario).

Sixth, the hierarchical clustering analysis highlighted
the possibility of marginal differences in costs between
industry versus non-industry actors of different sizes.
Our data sample was not sufficiently large to confidently
label observations as smaller versus larger industry
actors, nor was the composition of the partnerships
developing these vaccines clearcut between sectors,
subsectors, or geographical regions. These variables, in
addition to the definitional challenges of what constitutes
smaller or larger industry actors, suggest that more
research would be needed to understand, and to report
with greater certainty, any significant differences in costs
associated with size, sectoral affiliation, and geographical
location of vaccine developers.

Seventh, the study estimates costs for only a small part
of a much bigger picture in epidemic infectious disease
vaccine research and development preparedness. The
research and development scope of our analysis is
restricted to preclinical, phase 1, and phase 2a. It excludes
costs associated with phase 2b-3 trials, stockpiles of
phase 2b-3 ready material, regulatory, and delivery
activities (including for having in-country infrastructure
to support emergency response activities)—all critical
elements of vaccine research and development prepared-
ness needs in response to public health emergencies.

Issues pertaining to clinical trial design, locations, and
target populations of clinical studies, are some of the
many factors that are likely to drive clinical development
costs but which have not been explicitly considered in
our study. These issues, together with factors pertaining
to stockpile strategies and phase 2b-3 trial complexities
under different disease outbreak scenarios, clinical trial
designs, and regulatory requirements, deserve special
attention and a separate analysis, which we hope a future
study will provide.

Eighth, our simulation—optimisation framework
assumes that one phase 2b-3 ready vaccine candidate
expected per disease is a sufficient research and
development preparedness target for efficacy testing in
response to an epidemic. This assumption might not be
the case if historical probability of success for phase 3 in
the literature is considered. However, unique clinical trial
designs and speedy launches of these might be required to
mitigate against waning disease outbreaks,” which might
require different thresholds for clinical and regulatory
success during public health emergencies. Moreover, as
experience with Ebola and other recent epidemic infectious
disease outbreaks has shown, interest of funders in
supporting vaccine research and development in response
to outbreaks withers together with the waning of epi-
demics. Any additional phase 2b-3 ready vaccine candidate
would not only require an additional multimillion invest-
ment just in case, but also a substantial new investment in
phase 2b-3 testing and emergency response. Whether
more than one phase 2b—3-ready vaccine candidates can be
supported for a particular epidemic infectious disease is
therefore also an issue for consideration by funders and
decision makers in the epidemic infectious disease vaccine
research and development space.

Vaccines for epidemic infectious diseases need the
world’s attention and investment efforts if we are to
respond effectively to potential future epidemics and avert
humanitarian crises. Our study offers a comprehensive
set of epidemic infectious disease vaccine research and
development pipeline and cost findings and a reproducible
methodology for identifying optimal research and
development portfolios and associated investment needs
across several of these diseases. More broadly, we
demonstrate that a better understanding of disease-
specific product research and development pipelines and
associated costs through rigorous analyses can benefit any
assessment of investment needs in global health research
and development, improving the credibility of claims
around funding requirements and of portfolio planning.
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Appendix 2: EID vaccine R&D pipeline and cost data collection methods and additional results

In this appendix we present the details of our EID vaccine R&D pipeline and cost data collection methodology, including the
presentation of some additional findings underpinning assumptions behind our simulation and stochastic optimization methods
explained in other appendices of this supplement.

We begin with a discussion of the search methods and assumptions underlying the pipeline research process, including sources
and strategies used to clean and validate the collected data. We then turn to the steps undertaken to collect cost information
associated with EID vaccine R&D pipelines, providing details of the raw data findings and the assumptions behind these.

Step 1: Pipeline research
Our pipeline research comprised of a two stepped process:

- Step 1: a literature search
- Step 2: a survey-based validation process of the literature findings (and in some cases the identification of new candidates not
available through public sources).

The final EID vaccine R&D pipeline included in this study is the outcome of these two sequential steps and is constrained by the
following key assumptions that served as screening criteria in the pipeline compilation process:

- A vaccine candidate would need to be directed towards human use
- A vaccine candidate would need to classify as such if it followed the typology on vaccine technologies provided in the
literature'
- Candidates demonstrating purely a passive immunization (e.g monoclonal antibodies) would not be considered as
vaccines
- Vaccine candidates would only be considered if:
o They had shown, as a minimum, some immunogenicity data in an animal model. If only in vitro studies and/or
computational studies were available, candidates would be disregarded.
o They had generated efficacy data, and showed complete protection. If candidates demonstrated efficacy data but
did not show complete protection they would be disregarded.
o They had not been terminated for safety reasons.
o They were not duplicate entries with other candidates identified through different literature sources or survey
respondents, on the basis of whether: (1) the candidates targeted the same antigen (and hence the same disease);
(2) the candidates used the same platform technology; (3) developers of these vaccine candidates were the same.
If vaccine candidates differed on one or more of these three criteria, and were reported as such by survey
respondents also, they were considered as different vaccine candidates.
o They had demonstrated some R&D activity, through published or other sources, during the past 10 years and no
earlier than 2006.

Step 1.1: literature search

From April to July 2016 we collected data on vaccine R&D pipelines from preclinical through Phase III for 11 pathogens deemed
by the WHO as likely to cause severe outbreaks in the near future. The original dataset was largely based on: a report by the
Norwegian Institute of Public Health;? additional expert inputs from CEPI task teams (listed in the CEPI preliminary business plan
2017-2021);* mining of key academic literature,>'! clinicaltrials.gov; the NIH project reporter database; and other publicly
available sources (e.g. numerous other funder websites and individual researcher and developer websites) for vaccine pipeline
information on vaccines within the WHO scope. Depending on source searching, search terms were based on [pathogen name],
[vaccine candidate name], [developer name], ‘vaccine’ and combinations of these. Searches were limited to the last 11 years
(2006 onwards).

From January 2017 to September 2017 the original pipeline database was updated. Specifically, we applied different search
strategies on the following sources:

- Pubmed: First, we searched using a combination of two search options: “All field” for term “vaccine” and “Meshterm”
for name of the disease. Second, we searched by name of each EID under “Abstract”.

- Google & Google Scholar: We searched by EID name and keyword “vaccine”.

- Clinicaltrial.gov: We searched by EID name under search field ‘condition’ and by keyword “vaccine” under search field
‘intervention’.

- ICTRP and country level trial registries: We searched by EID name under search field ‘condition’ and by keyword
“vaccine” under search field ‘intervention’.

- NIH reporter: We searched by EID name and keyword “vaccine” using text Search (Logic) under search fields ‘Search
in: Project and FY: Active Projects’

- WHO pipeline tracker: We searched for EID vaccines without specific search terms using this publically available
dataset.



In order to ensure completeness of our search efforts, we also searched for pipeline information more freely in websites and press
releases of organizations identified as vaccine development partners in our previous literature searches. We scanned the reference
lists of identified articles in the literature for any missed vaccine candidates from previous searches. And we circulated lists of
vaccine candidates including literature references to members of CEPI’s Scientific Advisory Committee and other experts, for
confirmation, addition to, or modification of our previous literature findings where more up to date information was made
available on any particular candidate.

From an original volume of ~2,500 articles identified through the various sources and search strategies described above, we
identified ~600 articles, press releases and online material as in scope and associated with a potential total number of 262 vaccine
candidates from preclinical through phase III against the 11 EIDs. (See references for these at the end of the appendix)

Appendix figure 2.1: PRISMA flow diagram
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Step 1.2: survey validation

We acknowledge that the definition of current product pipelines is challenging as there are a number of limitations to information
gathering, including: not all information is publically available as developers may wish to keep information confidential, not all
information is updated regularly on the publically available sources, the status of product development is dynamic, including
partners involved and development status. In order to address these limitations we conducted a survey validation step.

Specifically, from September 2017 to January 2018 we validated the previously collated EID vaccine R&D pipeline data, through
a survey sent to 414 organizations identified as directly or indirectly (e.g. as funders or collaborating partners of vaccine project
owners) relevant to EID vaccine R&D in previous literature searches (covering the 262 vaccine candidates identified in Step 1).
The survey aimed to:

- capture the current status of development of the various vaccine candidates identified in the literature



- identify potentially new vaccine candidates for which information had not been previously made publicly available in the
literature

- clarify information on vaccine candidates related to: disease focus; platform technology used; product development
partners; sources of funding; time spent and timelines projected for bringing candidates from preclinical through phase II
stages of development; costs realized and costs projected for bringing candidates from preclinical through phase II stages
of development; drivers of costs, timelines and risks associated with vaccine candidate development programmes.

We received survey responses from 64 organizations, covering 314 vaccine candidates for EIDs in total. Out of these, 121 were
confirmations of active, not yet started or on hold vaccine candidates due to lack of funding previously identified through the
literature review. 193 were newly reported vaccine candidates, out of which 97 vaccine candidates concerned infectious diseases
of epidemic potential outside the scope of the WHO priority list.!

From the original set of 262 vaccine candidates identified in the literature for the 11 WHO priority EIDs, 104 remained
unspecified due to lack of responses at the end of the survey, 44 were confirmed as terminated, on hold due to technical reason or
were not confirmed at all as active projects by survey respondents, and 114 were confirmed as active, not yet started, or on hold
due to lack of funding or other reasons not related to technical failures.

Appendix tables 2.1 to 2.11 below presents the validated list of vaccine candidates currently active, not yet started, or on hold due
to lack of funding or other reasons not associated with technical failures, for 11 WHO priority EIDs. The table provides
information on a total number of 210 candidates (including: survey validated candidates identified initially through the literature;
new candidates reported by survey respondents not available in the literature; and excluding candidates from CEPI’s own database
of projects for which no evidence had been generated either through literature or survey). This table is based on the data collection
and validation process outlined above and is limited, to our best of effort, and reflection of the current status of the vaccine
development pipelines as at 30" January 2018.

Vaccine R&D pipelines for 11 priority EIDs (as of 30™ January 2018), including two phase IIb/I1I ready vaccine candidates for
Ebola, are presented in appendix tables 2.1 to 2.11 below.

! Anaplasmosis; Argentinian Haemorrhagic Fever; Avian Influenza Type H7; Babesia, atypical; Bolivian Haemorrhagic Fever; Bordetella pertussis; Borrelia
miyamotoi; Campylobacter jejuni; Coxiella Burnetti (Q Fever); Cytomegalovirus; Dengue; Dobrava virus; East Equine Encephalitis; Ehlrichiosis; Enteroxinogenic
Escherishia Coli (ETEC) diarrhoeal disease; Guanarito; Hantavirus Cardiopulmonar; Hepatitis E; Herpes Zoster; HPV; Human metapneumovirus and
parainfluenza combinations; Human monkeypox; Influenza universal; Japanese Encephalitis; Junin; Lyme borreliosis; Machupo; Measles; Neisseria meningitidis;
Norovirus; O’nyong’nyong virus; Pandemic HIN1; Pandemic HIONS; Pandemic H7N9; Paratyphoid; Plague; Puumala virus; Respiratory syncytial virus; Sabia;
Schmallenberg disease; Seoul virus; Shigella; Smallpox, Variola major and other related pox viruses; Tickborne Encephalitis Complex Flaviviruses; Tuberculosis;
Typhoid fever; Venezuelan Equine Encephalitis; Venezuelan Haemorrhagic fever; West Equine Encephalitis; West Nile Virus; Yellow Fever.



Appendix Table 2.1: Chikungunya vaccine R&D pipeline, preclinical through phase 11

Disease Vaccine candidate R&D phase  Development Partners
. National Institute of Allergy and Infectious Diseases (NIAID); The
Chikungunya VRC-CHKVLP059-00-VP (37997) Phase 11 EMMES Corporation; Leidos; FHI 360; PaxVax
. MV-CHIK recombinant measles virus vaccine Themis qusc1ence G mbH; Il?smut Pasteur; . .
Chikungunya expressing Chikuneunya virus antigens Phase II In cooperation: National Institute of Allergy and Infectious Diseases
P & guny g (NTAID); Walter Reed Army Institute of Research (WRAIR)
Chikungunya CHIKV- 5nsP3 Phase I Karolinska Institute; EU research Council; Swedish research Council;
Valneva SE
Chikungunya mRNA-1388 Phase I Moderna Therapeutics
Chikungunya BBV87 (Inactivated whole virion CHIKV vaccine) Phase | Bharat Biotech International
. . . Indian Immunologicals Ltd., US Army Medical Research and Material
Chikungunya Formalin inactivated CHIKV181/25 Phase I Command (USAMRMC)
. . . SEEK; National Institute of Allergy and Infectious Diseases (NIAID);
Chikungunya égcsc_iz’ea Universal Mosquito-Borne Discase Phase I Imutex; Innovate UK and the UK Department of Health and Social
Care
. Vaccinia [Ankara]-Vectored (MVA-CHIKV .. . . .
Chikungunya E1E26KE3) Preclinical CSIC Madrid; Karolinska Institutet
Chikungunya Vaccinia vectored (MVA-CHIKYV E2E3) Preclinical University of Wisconsin- Madison
. . .. Medigen, Inc.; University of Texas Medical Branch (UTMB); National
Chikungunya pI81/25-7CHIKViDNA Preclinical Institute of Allergy and Infectious Diseases (NIAID)
Chikungunya SCV-CHIKYV (SCV305), SCV viral vectored vaccine  Preclinical Sementis Ltd
Chikungunya fel afir::sle]z;\? en?lzgpéell‘;t;izc}cliﬁtglézii(rthI}IfeV Preclinical Karolinska Institutet; University of Tartu; Institute of Emerging
guny Pl . pe p g Diseases and Innovative Therapies - IMETL; University Paris-Sud XI
capsid encoding gene
University of Texas Medical Branch (UTMB); University of Alabama
Chikungunya EILV/CHIKV Preclinical at Birmingham; United States Army Medical Research Institute of
Infectious Diseases (USAMRIID)
Recombinant Modified Vaccinia Ankara (MVA) Erasmus Medical Center; University of Munich LMU; Erasmus
Chikungunya expressing E3E2, 6KE1, or the entire CHIKV Preclinical Medical Center Laboratory Animal Science Center (EDC); Artemis
envelope polyprotein E3E26KE] cassette. One Health
. . .. Najit Technologies, Inc; National Institute of Allergy and Infectious
Chikungunya Inactivated CHIKV Preclinical Discases (NIAID)
. . .. Cell Guidance Systems; Imperial College London; Department of
Chikungunya PODS Chik 1 Preclinical Health - UK: University of Cambridge
Chikungunya Name yet to be assigned as early stage research Preclinical Leaf Expression Systems; Department of Health-UK
Chikungunya Undisclosed Preclinical Undisclosed
. Infectious DNA (iDNA); Plasmid DNA-launched .. . . . .
Chikungunya full-length attenuated RNA of CHIKY Preclinical Karolinska Institutet, Swedish Research Council
. Infectious RNA (iRNA); In vitro produced full- .. . . . .
Chikungunya length attenuated genomic RNA of CHIKV Preclinical Karolinska Institutet, Swedish Research Council
Chikungunya E2EP3 (long peptide) Preclinical Singapore Immunology Network
Chikungunya SCV._ CHIKV+ZIKV+YF, SCV viral vectored Preclinical Sementis Ltd
vaccine
Chikungunya SCV‘-CHIKV+ZIKV (SCV1002), SCV viral vectored Preclinical Sementis Ltd
vaccine
Chikungunya CHIKV llYe attenuated virus, a genetically stabilized Preclinical Medigen, nc.
virus vaccine
) CHIKV pMCE321 is a DNA plasmid that encodes B Inovio Pharyr{aceqtlcal_s; VGXTM Anm_lal Health; _Unlversny of
Chikungunya . . Preclinical Pennsylvania; University of South Florida Morsani College of
CHIKYV capsid, envelope E1 and E2 proteins L
Medicine
Chikungunya ChAdOx1 CHIK Preclinical University of Oxford
Takeda Pharmaceuticals, Vaccines Business Unit; University of Texas
Chikungunya CHIKV-IRES (vI/v2) Preclinical Medical Branch (UTMB); Center for Disease Control and Prevention

(CDC); Tulane National Primate Research Center; University of
Alabama at Birmingham (UAB)
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Appendix Table 2.2: CCHF vaccine R&D pipeline, preclinical through phase I
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Appendix Table 2.3: Ebola vaccine R&D pipeline, preclinical through phase 111
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DREP-GP: DNA plasmid expressing an alphavirus
replicase and the glycoprotein of Ebola

Ebola RNA-Moderna

rVSVN4CT1-SUDVGP1 (VesiculoVax™ Vesicular
Stomatitis Virus Vector)

rVSVN4CT1-EBOV/SUDV/MARV/LASV Quadra-
valent (VesiculoVax™ Vesicular Stomatitis Virus
Vector)

ChAdOXI triFilo(2A)

ChAdOx1-biEBOV

Ebola GP VLP

RREP-GP: DNA plasmid expressing an alphavirus
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University of Oxford
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Appendix Table 2.4: Lassa vaccine R&D pipeline, preclinical

Disease Vaccine candidate R&D phase  Development Partners
Lassa fever rVSVN4CT1-LASV (VesiculoVax™ Vesicular Preclinical Profectus Biosciences; Yale University; University of Texas Medical
Stomatitis Virus Vector) Branch (UTMB)
Lassa fever ML29 L-AttV, r(LCMV(IGR/S-S) Preclinical The Scripps Research Institute (TSRI), USA
ML29 virus - reassortant encodes major . . R .
Lassa fever immunogenic proteins, GPC and NP, from LASV Preclinical %;?;i;?’lgggfgt?iﬁi}; 11czgzefdngz?;ogl:];{::g:t(}{\]c])ill\%%rymnd)’
and RNA polymerase and Z protein from MOPV. &y
Lassa fever Live attentuated r(LCMV/CD Preclinical University of Rochester; The Scripps Research Institute
University of Vermont College of Medicine; The Scripps Research
Lassa fever GPC441-449 subunit Preclinical Institute; MWH Laboratories; University of North Carolina; PaxVax,
Inc.,; University of California
Tulane University Health Sciences Center; Autoimmune Technologies,
Lassa fever LASV VLP Preclinical LLC; Corgenix Medical Corporation; Vybion, Inc.,; United States
Army Medical Research Institute of Infectious Diseases (USAMRIID)
Thomas Jefferson University; National Institute of Allergy and
Lassa fever RABYV based on chemically inactivated rabies virus Preclinical Infectious Diseases (NIAID); The Geneva Foundation; United States
containing Lassa Virus coGPC (LASSARAB) Army Medical Research Institute of Infectious Diseases (USAMRIID);
IDT Biologika GmbH; Infectious disease research institute (IDRI)
.. Cell Guidance Systems; University of Cambridge; Imperial College
Lassa fever PODS Lassa 1 Preclinical London: Department of Health - UK
Lassa fever MV-LA.SV recomb_mant measles Virus vaceme Preclinical Institut Pasteur; Themis Bioscience GmbH
expressing Lassa virus antigens
Lassa fever MQPEVAC (MOd]ﬁ?d Mopelg VITUS expressing Preclinical Institut Pasteur
antigens of pathogenic arenaviruses)
. . . .. Medigen, Inc.; University of Louisville, United States Army Medical
Lassa fever Alphavirus replicon encoding LASV genes Preclinical Rescarch Institute of Infectious Discases (USAMRIID)
Lassa fever Undisclosed Preclinical Undisclosed
.. The University of Queensland; Australian Government - National
Lassa fever Lassa GPCelamp Preclinical Health and Medical Research Council (NHMRC)
Lassa fever ChAdOx1 Lassa Preclinical University of Oxford
Lassa fever MVA Lassa Preclinical University of Oxford
Lassa fever ChAdOx1-biLAMA Preclinical University of Oxford
Lassa fever \_/1ra1 genome rearrangement f0<r the development of Preclinical University of Rochester; The Scripps Research Institute
live-attenuated arenavirus vaccines
Lassa fever Single N yele 1nf§ct10us viruses as live attenuated Preclinical University of Rochester; The Scripps Research Institute
arenavirus vaccines
Lassa fever Undisclosed Preclinical Undisclosed
Lassa fever GEO-LMO1 Preclinical GeoVax; The Scripps Research Institute; University of Maryland

Lassa fever

Lassa fever

pLASV-GPC is a DNA plasmid vaccine that encodes
the LASV glycoprotein precursor gene (GPC)

MVA-VLP-TV vaccine (Haemorrhagic Fever
Vaccine (Ebola, Sudan, Marburg, Lassa))

Preclinical

Preclinical

Inovio Pharmaceuticals; United States Army Medical Research
Institute for Infectious Diseases (USAMRIID)

GeoVax; United States Army Medical Research Institute of Infectious
Diseases (USAMRIID)
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Appendix Table 2.5: Marburg vaccine R&D pipeline, preclinical through phase I

Disease Vaccine candidate R&D phase Development Partners
National Institute of Allergy and Infectious Diseases (NIAID);
Marburg Ebola DNA and Marburg DNA - prime boost Phase I Makerere University; Makerere University Walter Reed Project
(MUWRP) clinic; Walter Reed Army Institute of Research (WRAIR)
AgilVax; Integrated Biotherapeutics; National Institute of Allergy and
Marburg DNA Phase [ Infectious Diseases (NIAID); Visterra; United States Army Medical
Research Institute of Infectious Diseases (USAMRIID)
.. United States Army Medical Research Institute of Infectious Diseases
Marburg MARV VLPs Preclinical (USAMRIID); Integrated Biotherapeutics, Inc.
Marburg Undisclosed Preclinical Undisclosed
Marbur VEE replicon particles (VRP) expressed GP from Preclinical United States Army Medical Research Institute of Infectious Diseases
& MARV (USAMRIID)
N . .. United States Army Medical Research Institute of Infectious Diseases
Marburg Trimeric hybrid GPs (VLPs) Preclinical (USAMRIID)
Marbur complex adenovirus (CAdVax) five different Preclinical United States Army Medical Research Institute of Infectious Diseases
g filoviruses (USAMRIID)
.. United States Army Medical Research Institute of Infectious Diseases
Marburg MARYV VP40 and GP (VLPs) Preclinical (USAMRIID)
Marbur MVA-VLP-TV vaccine (Haemorrhagic Fever Preclinical GeoVax; United States Army Medical Research Institute of Infectious
g Vaccine (Ebola, Sudan, Marburg, Lassa)) Diseases (USAMRIID)
Marburg Undisclosed Preclinical Undisclosed
. United States Army Medical Research Institute of Infectious Diseases
Marburg DNA pWRG/MARV-GP(opt) Preclinical (USAMRIID); Ichor Medical Systems
Marburg Marburg RNA-Moderna Preclinical Moderna Therapeutics
Marburg ChAdOx1-biLAMA Preclinical University of Oxford
Marburg Undisclosed Preclinical Undisclosed
Marburg GEO-EMO05 Preclinical GeoVax
. . United States Army Medical Research Institute of Infectious Diseases
Marburg DNA pWRG/MARV-ANG(opt); Angola Preclinical (USAMRIID): PharmaJet
Marburg ChAdOXI triFilo(2A) Preclinical University of Oxford
. . Profectus BioSciences Inc; Yale University; University of Texas
- ™ ) s
Marburg rS\t/oSn\llE‘t‘l(s:zlllrE/s[Q/ng‘I))l (VesiculoVax™ Vesicular Preclinical Medical Branch (UTMB); National Institute of Allergy and Infectious
Diseases (NIAID); Joint Vaccine Acquisition Program (JVAP)
Marburg pMARV sa DNA plasmid that encodes Marburg Preclinical Inovio Pharmaceuticals; Public Health Agency of Canada
virus glycoprotein
National Institute of Allergy and Infectious Diseases (NIAID); Public
Marburg Attenuate VSV vector Preclinical Health Agency of Canada; United States Army Medical Research
Institute of Infectious Diseases (USAMRIID)
RABY s il st i v I flen Ui o e Al
Marburg virions containing MARYV glycoprotein (GP) Preclinical > K

(FILORAB3)

Army Medical Research Institute of Infectious Diseases (USAMRIID);
IDT Biologika GmbH; Infectious disease research institute (IDRI)
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