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Abstract

Pharmaceutical companies regularly need to make decisions about
drug development programs based on the limited knowledge from early
stage clinical trials. In this situation, eliciting the judgements of experts
is an attractive approach for synthesising evidence on the unknown quan-
tities of interest. When calculating the probability of success for a drug
development program, multiple quantities of interest — such as the effect
of a drug on different endpoints — should not be treated as unrelated.

We discuss two approaches for establishing a multivariate distribution
for several related quantities within the SHeffield ELicitation Framework
(SHELF). The first approach elicits experts’ judgements about a quantity
of interest conditional on knowledge about another one. For the second
approach, we first elicit marginal distributions for each quantity of inter-
est. Then, for each pair of quantities, we elicit the concordance probability
that both lie on the same side of their respective elicited medians. This al-
lows us to specify a copula to obtain the joint distribution of the quantities
of interest.

We show how these approaches were used in an elicitation workshop
that was performed to assess the probability of success of the registrational
program of an asthma drug. The judgements of the experts, which were
obtained prior to completion of the pivotal studies, were well aligned with
the final trial results.
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1 Introduction

The decision to continue or stop the development of a new drug is an example
of high-stakes decision making in the pharmaceutical industry. To continue
usually means a commitment to large and costly clinical trials that may expose
the enrolled patients to risks, while to stop may mean a missed opportunity to
help patients. At the same time, only limited data are usually available. Thus,
improving the decision making in these situations is an important problem.

For decision making with no or limited directly relevant data, eliciting the
judgements of a group of experts is one approach to effectively combining the
available direct and indirect evidence. Expert knowledge elicitation is the pro-
cess of capturing expert knowledge about one or more uncertain quantities in the
form of a probability distribution. It is an important tool to provide understand-
ing of uncertain phenomena and inputs to decision-making processes. There has
been a steadily growing demand for elicitation in many fields throughout indus-
try, government and science — see, for example, Garthwaite et al.1, Gosling
et al.2, Usher and Strachan3, and Bamber et al.4. In particular, elicitation
has been advocated and used in pharmaceutical science5;6 and public health7;8.
Due to the cognitive biases that experts are subject to, several frameworks and
procedures have been proposed to guide the elicitation process in order to min-
imise these biases. Three leading elicitation protocols are set out and contrasted
in the European Food Safety Authority guidance on expert knowledge elicita-
tion in food and feed safety risk assessment9. Our preference is for the SHeffield
ELicitation Framework (SHELF) described in Section 3 of this paper. The most
important reason for this choice is that we believe that SHELF’s unique form
of facilitated discussion between the experts provides considerable added value
to the elicitation. Another reason, which is important in pharmaceutical ap-
plications such as the asthma study described in Section 4, lies in the flexible
tools for eliciting dependence between outcomes provided in the latest release
of SHELF.

Dependence is an issue when the likely values of a quantity of interest (QoI)
depend on another uncertain quantity, because it can be challenging to elicit
judgements about the QoI conditional on the other quantity. Similarly, QoIs
are often likely to be dependent, in which case the challenge of eliciting a joint
distribution for several QoIs arises. There are many methods in the literature
for capturing knowledge about dependencies between multiple variables10;11.
However, these methodologies are typically reported in the literature as stan-
dalone methods rather than forming part of a complete elicitation protocol like
SHELF. Also, whereas SHELF is a generic protocol that is applicable to a very
wide range of applications, most of these methodologies have considerable re-
strictions.

• They may constrain the type of variables and distributions to be fitted —
for example, to Dirichlet distributions for proportions12;13.

• They may be tailored for a specific application — for example, land cover14

or system reliability15.
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• They may consider complex restructuring for large numbers of dependent
variables16;17;18.

We present generic methods for eliciting joint distributions through judge-
ments that experts can realistically make. Like the SHELF protocol itself, these
methods are applicable in all areas where elicitation is required, and to use them
effectively there are important choices to be made. Examples of its use, and
the choices made, in any specific field can therefore serve as valuable guides
for others to follow. We illustrate their use within SHELF in a pharmaceutical
example that we fully describe in Section 2. The example concerns assessing
the probability of success (PoS) of a Phase 3 drug development program. Such
programs are expensive, resource-intensive long-term commitments for any or-
ganisation. The decision to proceed with a Phase 3 program depends on many
considerations including the unmet medical need and market opportunity a new
drug may address, as well as the probability of success to address these needs.
As part of a pilot project to evaluate a new PoS framework at Novartis, we
conducted a PoS assessment for an asthma drug. While Phase 2 studies had
provided information on the effect of the drug on a surrogate outcome, no data
were available on the primary endpoint of the key Phase 3 studies: moderate-to-
severe asthma exacerbations, which are potentially life-threatening events with
a significant burden on patients’ lives19. Additionally, there was an impor-
tant key secondary endpoint — forced expiratory volume in 1 second (FEV1),
an endpoint commonly used in asthma trials —, for which Phase 2 data were
available, but experts’ judgements were sought on the effect of the different
treatment duration and trial population in Phase 3. If the drug worked on one
endpoint, it was considered to more likely work on the other endpoint. Thus, a
joint distribution was required. Techniques to address both problems through
expert elicitation are available within the SHELF framework.

In Section 3, we first give a brief overview of elicitation methods and of
SHELF. Then we describe the extension method for eliciting judgements about
Phase 3 outcomes by linking to Phase 2 results and the copula method for
eliciting joint distributions. In Section 4, we return to our motivating example
and describe how we used these techniques to estimate the PoS of that drug
development program. We also compare the obtained expert judgements with
the outcomes of the Phase 3 studies. We finish with some conclusions and
recommendations in Section 5.

2 Motivating example

The Phase 3 program of fevipiprant, a prostaglandin D2 receptor 2 antagonist
for the treatment of asthma, was selected to pilot a new PoS framework that
has since been introduced at Novartis20. At the time of the PoS assessment,
fevipiprant had been studied in several Phase 2 randomised controlled trials and
the Phase 3 clinical trials comparing two fevipiprant doses (150 or 450 mg once
a day) with placebo were underway, with data collection almost complete. This
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timing was one reason the program was selected as a pilot, because it ensured
that the PoS assessment could not be influenced by the Phase 3 data, while at
the same time minimising the time until the PoS assessment could be compared
to the Phase 3 results. In reality, the assessment of the program and the decision
to proceed with Phase 3 had already been taken at the end of Phase 2 based on
more limited information.

One major challenge was that — unlike the Phase 2 trials — the key Phase
3 trials focused on more severe asthma patients with the sub-population with
a blood eosinophil count ≥ 250 cells/µl. The primary null hypotheses for this
sub-population were tested first in the trials’ testing procedures21. None of the
Phase 2 trials evaluated the effect of fevipiprant on moderate-to-severe asthma
exacerbations. The annualised rate of such exacerbations was the primary end-
point of the two most important trials in the Phase 3 program21. Instead, a
surrogate endpoint of reduction in sputum eosinophil counts had been measured
in one of the Phase 2 trials22. FEV1 was a key secondary endpoint in the Phase
3 program and has high regulatory acceptance as a measure of asthma con-
trol23. FEV1 had been a primary or secondary endpoint of several of the Phase
2 studies including for dose ranging24, but these trials were of shorter duration
and had a patient population with milder asthma than the Phase 3 trials.

As per the newly implemented PoS framework at Novartis, success was de-
fined as regulatory approval with point estimates for key endpoints achieving or
exceeding targets specified as part of a target product profile. It was assumed
that regulatory approval would require statistical significance at the one-sided
0.025 significance level for at least one dose for both exacerbations and FEV1

in both of the key Phase 3 trials. Thus, to calculate the PoS, we needed a joint
prior distribution for the effects of fevipirant on exacerbations and FEV1.

Given the data that were available at the time of the PoS assessment, we
decided to do this by eliciting the judgements of a group of experts. The question
then was how best to structure the elicitation process: we wanted to explicitly
leverage the Phase 2 data on the surrogate endpoint of reduction in sputum
eosinophil counts, since this was arguably the most relevant evidence we had
for informing beliefs about the effect of fevipiprant on exacerbations.

We also expected experts to judge a larger effect of fevipiprant on FEV1

to be more likely the larger the effect of the drug on asthma exacerbations is.
As a consequence, in order to fully characterise the joint distribution of these
two treatment effects we would need to understand the size and direction of
the dependence between these two quantities. In the next section, we describe
the various approaches considered for the elicitation, before we return to the
motivating example in Section 4 and describe how we practically applied these
methods.
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3 Overview of SHELF

3.1 Elicitation protocols

Elicitation can be done informally, but numerous pitfalls await the inexperi-
enced practitioner, including well-established sources of bias in expert judge-
ments25;9;26. Therefore, when the expert judgements are sufficiently important
it is necessary to employ a formal procedure in the interests of quality and
transparency. A small number of established elicitation protocols have been de-
veloped and refined by experienced practitioners. An overview is given by Dias
et al.27.

3.2 The basic SHELF protocol and principles

The SHELF protocol is characterised by carefully structured sequences of judge-
ments designed to minimise biases and a unique way of eliciting a consensus
probability distribution from a group of experts by combining individual and
group elicitation28.

As shown in Figure 1, a workshop structured around the following three
steps is central to the elicitation process:

1. Individual judgements: a plausible range of values, median and tertiles —
or quartiles, but based on the authors’ experience tertiles are a reasonable
default choice, because thinking about three instead of four equally likely
intervals may be less challenging for experts — for the QoI are elicited
from each expert independently.

2. Group discussion: The experts then share their beliefs and their rationale.
This phase is where different interpretations and weighting of the available
evidence are aired and debated.

3. Group elicitation: Judgements about the QoI (such as probabilities that
the QoI is below one value, above another value or below a third value)
are elicited, and a “consensus” distribution is fitted to these judgements.

Note that SHELF does not expect the experts to reach complete agreement
such that they now have the same knowledge and beliefs about the QoI. Instead,
they are asked to judge what a rational impartial observer, called RIO, might
reasonably believe after seeing their individual judgements and listening to their
discussion. By taking the perspective of RIO, experts can reach agreement on a
distribution that represents a rational impartial view of their combined knowl-
edge. The workshop facilitator has the important role to help the experts in
accurately capturing their knowledge, facilitating the group discussion and lead-
ing them in applying the RIO perspective in order to avoid biases arising from
the group interaction. The workshop recorder supports the facilitator through
visualizing elicited judgments and taking minutes. At Novartis, an initial group
of facilitators and recorders was selected and received a three-day training course
on how to apply the SHELF protocol. Subsequently this group self-organised
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Figure 1: Overview of the basic SHELF method

SHeffield ELicitation
Framework (SHELF)

SHELF workshop 
• Group discussion and group elicitation require that experts come together
• Typically in-person (other arrangements e.g. virtual possible)
• Uses controlled series of judgments structured to minimize bias
• Starts with reminder of the purpose of the elicitation, review of the evidence and a practice elicitation
• Trained facilitator works with experts to accurately capture their knowledge by guiding them through the 

individual judgments, the group discussion and through taking the perspective of rational impartial observer
• Recorded by a recorderusing SHELF templates

Group discussion
• Discuss differences in 

judgments
• Share expertise, opinions, 

interpretation of evidence
• Achieve common understanding
• Aims to extract maximum value 

from joint expertise

Follow-up to workshop
• Draft record of workshop in 

SHELF templates shared with 
experts for feedback

• Any corrections made
• Experts are anonymized in 

records (e.g. as “Expert A”)
• Results of workshop shared 

with stakeholders

Workshop preparation
• Define quantities of interest (QoIs)
• Identify and select experts

o 4 to 8 recommended
• Training provided to experts
• Schedule workshop
• Assemble evidence dossier

o Same evidence available to all 
experts and fresh in their minds

o Experts have opportunity to 
provide any missing evidence

Individual judgments
• Elicit each expert’s 

beliefs
• Elicited 

independently from 
each expert

• Basis for subsequent 
discussion

Median
• Experts judge it equally likely 

that QoI would be above or 
below this value

Tertiles (or quartiles)
• Tertiles divide plausible range 

into three intervals
• Experts judge it equally likely 

QoI would be in any of the three 
intervals

2 3
Plausible range
• Experts judge values outside 

range to be implausible
• Encourages them to think of 

all possibilities/avoids 
overconfidence

1
Probability of three propositions
• E.g. probability that the QoI is >X1, <X2 and >X3
• Points selected to cover full breadth of distribution
• Different approach vs. individual judgments, and mixing 

“>” and “<“, avoids anchoring to previous judgments
• Implications of judgments checked with experts

Group elicitation
• Elicits group judgments 
• Experts asked to judge what 

rational impartial observer 
(RIO) of their discussion 
might reasonably believe

• “Consensus distribution” 
fitted to group judgments

Three step process for each quantity of interest (QoI)

Use of SHELF templates throughout process to structure workshop and to document conduct of the workshop, as well as the development of each elicited distribution

SHELF R package or web apps (http://www.jeremy-oakley.staff.shef.ac.uk/project/elicitation/) optionally operated by recorder to visualize individual judgments, 
fit distributions to judgments, and visualize fit/provide percentile/quantiles. (Allows implications of judgments to be fed back to the experts for checking)

additional elicitation exercises and facilitators had the opportunity to observe
a more experienced colleague before leading their first workshop.

Throughout the workshop the facilitator will prompt and challenge the ex-
perts to ensure that their statements genuinely represent what they believe or
what RIO might believe. The facilitator will also work with the experts to iden-
tify a suitable distribution to represent their judgements about RIO’s beliefs,
which is not necessarily limited to the classes of distributions implemented in
the SHELF R package29. The fitted distribution is the key outcome of the
elicitation process.

The SHELF package freely available from the SHELF website30 provides ad-
vice, templates and tools to support facilitators. It helps them to ask questions
in such a way that biases are minimised and there is no need for the experts to
have a thorough understanding of probability or statistical theory. Additionally,
training in making these judgements is available for experts through an online
self-paced course accessed from the SHELF website31. Since its inception in
2008, SHELF has been steadily expanded with new advice and methods. For
example, the extension method described in Section 3.3 was added in version
432.

3.3 The SHELF extension method

The package of SHELF materials32 contains several techniques for eliciting a
joint distribution for two or more uncertain quantities, including the extension
and copula methods. The extension method is a generic technique that allows
considerable flexibility for the form of the joint distribution. It is e.g. suitable
for eliciting judgements about the treatment effect for a Phase 3 endpoint (X)
based on the Phase 2 results for a surrogate endpoint (Y ). The fact that Phase
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3 follows Phase 2 chronologically makes it natural to express judgements about
X conditional on Y .

For two QoIs, X and Y , the extension method consists of obtaining a
marginal distribution for Y and a set of conditional distributions for X given
Y = y. The elicitation of joint distributions requires the following steps, which
are illustrated using the asthma example in Section 4.3.3.

1. A marginal distribution for Y is obtained. This distribution can be elicited
as described in Section 3.2, but could also be the result of an analysis of
available data. E.g. in the asthma case study introduced in Section 2 it
is a meta-analytic predictive distribution33 based on Phase 2 data.

2. A conditional distribution (as always, from the perspective of RIO) is
elicited for X conditional on Y equalling the median of its elicited marginal
distribution, also following the basic method of Section 3.2.

3. Several other quantiles of the elicited marginal distribution of Y are se-
lected as conditioning points; typically these will be the quartiles, 5th
and 95th percentiles. Median values are elicited for X conditional on Y
equalling each of theses conditioning points (first the 5th and 95th per-
centiles and then the quartiles). The basic SHELF approach of individual
judgements – discussion – group judgements is used for each.

4. The final step is to ‘fit’ a set of conditional distributions to these judge-
ments. First, a median function m(y) is fitted to the elicited conditional
medians. This might for instance be a polynomial or a piecewise-linear fit
(with extrapolation), and may be applied on a transformed scale. Second,
a model is chosen to determine the conditional distributions based on the
distribution at the Y -median elicited in Step 2. For instance, it may be
decided that the Y -median distribution can be applied to all conditionals,
simply shifted to follow the m(y) function. Alternatively, the variance
may also be scaled depending on m(y). These choices are available in the
SHELF R software, but again other choices can be made. The facilitator
will always work with the experts to identify a ‘fit’ that best represents
their judgements.

The extension method is appropriate when the experts perceive a natural
causal link from Y to X. Indeed, it is particularly useful when the objective
is to elicit a distribution for X but the experts would find it easier to make
judgements about X if they knew the value of Y . In this case, the marginal
distribution of X is the main outcome of the elicitation process. Although it
will not generally be feasible to derive that marginal distribution analytically
from the elicited joint structure, a large Monte Carlo sample can be drawn by
sampling values yi from the marginal distribution of Y and then sampling xi
conditional on Y = yi. The Monte Carlo samples {xi} are then samples from
the marginal distribution of X and, if needed, a distribution can be fitted to
the samples.
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3.4 The SHELF copula method

When there is no natural ordering of related QoIs based on time or causality,
the extension method requires an arbitrary imposition of an ordering and the
conditional judgements are more difficult for the experts. The SHELF copula
method is appropriate for two or three QoIs and does not require the elicitation
of conditional distributions. However, it does place some constraints on the
joint distribution. The method has the following steps.

1. Marginal distributions are elicited for each QoI individually, using the
basic method of Section 3.2.

2. For each pair of QoIs, a single judgement concerning their degree of corre-
lation is made. This judgement is called the concordance probability, and
is the probability that both QoIs lie on the same side of their respective
elicited medians34.

3. A Gaussian copula joint distribution35 is then fitted to these marginal
distributions and concordance probabilities. The facilitator shows the ex-
perts suitable displays or summaries of the joint distribution to verify that
it is a reasonable representation of their beliefs.

With just two QoIs, the copula method is simple to apply. The Gaussian copula
imposes a restriction on the joint distribution but in practice it will usually
be an adequate fit to the experts’ judgements. The SHELF R package makes
it straightforward to carry out these steps, to draw samples from the joint
distribution using the copulaSample function and to explore the various choices
to be made. Full technical details and advice are available in the package of
SHELF materials32 for those users who may wish to implement the method in
some other software or to obtain a deeper understanding of it.

In principle, the copula method is applicable for larger numbers of QoIs, but
it is difficult to use for more than three for the following reasons. With three
QoIs, three concordance probabilities need to be elicited. Under the Gaussian
copula assumption, each concordance probability pc can be transformed to a
correlation coefficient ρ = sin(π(pc−0.5))34 and the resulting correlation matrix
must be positive definite. It is quite possible for the experts’ elicited concordance
probabilities to fail to produce a valid correlation matrix, and they must then
revisit their judgements with the aid of the facilitator to achieve an adequate
fit. With more than three QoIs, the number of concordance probabilities that
needs to be elicited rapidly increases, as does the likelihood of the elicited values
not corresponding to a valid correlation matrix.

The SHELF copula method is a natural choice to construct a joint distribu-
tion for the effects of a drug on two Phase 3 endpoints, such as a primary and
secondary clinical outcome.

The interested reader will find full technical details, as well as much practi-
cal advice, on these and other elicitation techniques in the package of SHELF
materials32.
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4 Asthma case study

In this section, we provide an in-depth description of the expert elicitation
and PoS calculation for the example introduced in Section 2. We decided to
structure the elicitation process into three parts. First, we followed the SHELF
extension method by using Phase 2 data to establish a marginal distribution for
the effect of fevipiprant on sputum eosinophil counts and then elicited from a
group of experts a set of conditional judgements on the effect on exacerbations
in the Phase 3 population given different values for the effects on this surrogate
endpoint. Secondly, we elicited the experts’ beliefs on the effect of fevipiprant
on FEV1 in the Phase 3 population. Finally, we used the SHELF copula method
to elicit the dependence between drug effects on exacerbations and FEV1.

4.1 Available evidence

Fevipiprant was studied in four Phase 2 randomised controlled trials in asthma
and the results of these studies for the FEV1 endpoint are summarised in Fig-
ure 2.

1. A Proof of Concept trial (ClinicalTrials.gov identifier NCT01253603) with
a 4 week treatment duration in patients on reliever therapy did not show
an effect of fevipiprant on the primary endpoint of FEV1 in the overall
trial population, but more favourable results were seen for a subgroup of
more severe patients36.

2. A dose finding trial (NCT01437735) with a 12 week treatment duration24

was the basis of the selection of one of the Phase 3 doses.

3. A 12-week trial looked at potential differences in effects in patients with
atopic and non-atopic asthma (NCT01836471).

Figure 2: Observed differences in forced expiratory volume in 1 second (FEV1)
to placebo with 95% confidence intervals for fevipiprant in Phase 2 studies in
the subgroup with a blood eosinophil count of ≥ 250 cells/µL and in the overall
trial populations (A: atopic patients, NA: non-atopic patients)

500 once a day

150 once a day

450 once a day
450 once a day

450 once a day

225 twice a day

Patients with high blood eosinophil counts

−300 0 300 600

NCT01253603

NCT01437735

NCT01836471−NA

NCT01836471−A

NCT01545726

Difference in FEV1 to placebo [mL]

S
tu

dy

500 once a day

150 once a day

450 once a day
450 once a day

450 once a day

225 twice a day

Overall population

−100 0 100 200

NCT01253603

NCT01437735

NCT01836471−NA

NCT01836471−A

NCT01545726

Difference in FEV1 to placebo [mL]

S
tu

dy

9



4. Finally, there was a trial (NCT01545726) that showed a reduction of spu-
tum eosinophil counts after 12 weeks of treatment with fevipiprant com-
pared with a placebo group22. The ratio of a 3.5-fold (95% CI 1.7 to 7.0;
p=0.0014) lower ratio of geometric means in sputum eosinophil counts
from baseline to the end of treatment compared with placebo in this study
was a key rationale for initiating Phase 3 trials investigating an effect on
asthma exacerbations37. Figure 3 shows these trial results, as well as a
predictive distribution for the true value of this ratio in a new study given
the results of this study. The prior used for the predictive distribution
was based on an industry benchmark as described in Section 4.420.

Figure 3: Point estimate and 95% confidence interval, and predictive distribu-
tion with median and 95% prediction interval for the mean in a new study

Predictive
distribution

NCT01545726

90% 75% 50% 25% 0% −100%

Reduction [%] in sputum eosinophils for fevipiprant 225 mg twice daily 
compared with placebo at week 12

S
tu

dy

A number of anti-inflammatory treatments that lower sputum eosinophil
counts have been shown to reduce exacerbation rates in asthma patients with
elevated sputum eosinophil counts38. This evidence was mostly generated with
corticosteroids, but suggests that sputum eosinophil counts may be a surrogate
for a reduction in exacerbations. As part of the evidence dossier for this expert
elicitation, we assembled more recent evidence from 22 trials of other drug
classes39;40;41;42;43;44;45;46;47;48;49;50;51;52;53;54;55;56. The data are shown in Panel
A of Figure 4 and the results from a Bayesian meta-regression model are shown
in Panel B of the figure. Without data from a variety of different drugs, this
meta-regression would be highly questionable, because then its findings might
only apply to a specific mode of action, i.e. the specific way a drug produces an
effect in the body. Note that some of these data were not available at the time
the Phase 3 program for fevipiprant was started.

For the question of the likely effect of fevipiprant on FEV1 in asthma patients
with blood eosinophil counts ≥ 250 cells/µL, the evidence dossier presented
the Phase 2 results for the overall population, as well as for subgroups de-
fined by blood eosinophil counts (see Figure 2). In the overall population, only
study NCT01437735 achieved a statistically significant superiority compared
with placebo, while for the exploratory analyses by blood eosinophil count, all
confidence intervals included no effect of fevipiprant over placebo.

In addition, the evidence dossier gave details of the fevipiprant Phase 3
program, and discussed the strengths and limitations of the available evidence
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Figure 4: Effects of anti-inflammatory asthma therapies on sputum eosinophil
counts and exacerbation rates compared with placebo: Estimates with 95%
confidence intervals for exacerbation rate ratios and ratio of geometric mean (vs.
placebo) ratios of sputum eosinophil levels at the end of the study compared with
baseline (Panel A), and meta-regression using random drug effects on intercept
and slope of relationship, as well as random study effects (Panel B); Studies 10
and 11 are the two parts of study NCT02414854 that were not blinded against
each other.
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that the experts needed to bear in mind.

4.2 Choice of quantities of interest for elicitation

The QoI to be elicited were chosen based on their importance for meeting the
success definition of the PoS framework and lack of evidence to directly inform
a predictive distribution. The global project team considered the results in the
two exacerbation trials (NCT02555683 and NCT02563067) in the pre-specified
subgroup of patients with high eosinophil counts to be the most important to
fulfil the target product profile. These 1-year exacerbation trials compared two
doses of fevipiprant with a placebo on top of continued standard of care therapy
in severe asthma patients. The rate of asthma exacerbations (target product
profile criterion: ≥ 40% relative rate reduction compared with placebo) was the
primary endpoint of these studies, while the key secondary endpoint of FEV1

(target product profile criterion: ≥ 120 mL improvement in FEV1 compared
with placebo) was considered to be especially important for regulatory approval.
There was considerable historical data on the placebo exacerbation rate, the
between patient heterogeneity in the exacerbation rate57 and the variability in
FEV1 so that these quantities did not require elicitation.

The biggest source of uncertainty regarding the PoS was about the effects of
fevipiprant on asthma exacerbations and FEV1, as well as about their correla-
tion. For this reason, these were identified as the QoIs for the expert elicitation.
We carefully chose the phrasing of the questions about the QoIs to make it easy
for the experts to think about them and express their judgements.

We decided to use the extension method to elicit judgements about the
relative rate reduction in exacerbations conditional on a specified reduction
in sputum eosinophils, and to use the copula method to elicit the association
between the two QoIs. On that basis, we formally defined the following three
QoIs:

• X is the average reduction in moderate to severe asthma exacerbations
achieved by fevipiprant compared to placebo over the population of eligible
patients,

• Y is the average reduction in sputum eosinophil counts achieved by fevip-
iprant compared to placebo over the population of eligible patients,

• Z is the average increase in FEV1 achieved by fevipiprant compared to
placebo over the population of eligible patients.

Eligible patients are defined as matching the inclusion criteria for the NCT02555683
and NCT02563067 Phase 3 trials and having blood eosinophil counts of at least
250 cells/µL. Note that because we had already derived the marginal predictive
distribution in Figure 3 for the reduction Y in sputum eosinophil counts from
Phase 2 data, the extension method for the QoI X required only conditional
distributions to be elicited.

The choice and phrasing of the QoIs in elicitation is an important early
task. Quantities must be clearly and unambiguously defined, in terms that are
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familiar to the experts. It must be clear that each quantity has a unique, well-
defined (but unknown) value. We chose to elicit treatment effects compared
with placebo as percentage reductions in exacerbations and improvements in
FEV1, because these are widely used effect measures in asthma trials commonly
expressed in these terms that were familiar to the experts. The effects are
defined as averages over all potential patients so that they have well-defined and
unique values. The experts would be asked for their judgements on questions
such as:

1. Given that an anti-inflammatory drug reduces sputum eosinophil counts
by Y , what do you judge to be the likely values for the relative exacerba-
tion rate reduction X in eligible patients?

2. What do you judge to be the likely values for the difference Z between
fevipiprant and placebo in FEV1 in millilitres (mL) in eligible patients?

3. Given the judgements about the reduction in exacerbations and the change
in FEV1 caused by fevipiprant, how likely do you judge it to be that both
Y and Z will be on the same side of your median values?

4.3 The elicitation workshop

4.3.1 Experts for the elicitation workshop

In order to capture the full range of opinions and differing past experiences
amongst experts, a group of Novartis internal experts was convened. The 5
selected experts all had extensive experience in drug development in the respi-
ratory area. Two were part of the fevipirant team (a clinician and a statistician),
while 3 were not members of the fevipiprant team (a clinician, a translational
medicine expert and a regulatory affairs expert). These experts were selected,
because the QoIs appeared to be related to clinical trials and understanding
mechanistic considerations around the drug efficacy. We wanted at least some
of this key expertise to be from outside of the fevipiprant project team to ensure
an outside opinion would be heard. A statistician was considered important to
provide a perspective on the available evidence and the expert in regulatory
affairs was selected due to a broad experience with multiple previous programs.

Prior to the elicitation workshop, all experts were encouraged to work through
an online course on expert elicitation31 and they were guided through a practice
exercise by the facilitator at the start of the workshop.

4.3.2 Conduct of the elicitation workshop

The elicitation workshop was an in-person 4-hour meeting with one facilitator,
one recorder and five experts. While the facilitator guided the meeting and
asked the experts questions, the role of the recorder was to operate the SHELF
software, project relevant visualisations for the experts and to take minutes of
the meeting.
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4.3.3 Elicitation of first quantity of interest

The median of the marginal distribution of Y shown in Figure 3 — based on
a Bayesian analysis of Phase 2 sputum eosinophil data — was a 66% reduction
(80% interval from 52 to 76%). Round numbers are easier for experts to con-
dition on, and so, for the first QoI, the median of 66 % was rounded to 65 %.
Thus, the experts were first asked for their judgement on Y conditional on X
being a 65% reduction in sputum eosinophil counts.

For the individual judgements about this QoI, the tertile method was used.
Each expert first independently wrote down their plausible range for the QoI,
followed by their median and the points that divide the plausible range into
equally probable thirds. At each step the experts were asked to challenge their
own judgements. For instance, after specifying their plausible range, experts
were asked to consider their reaction if a large study estimated X to be outside
that range; would they acknowledge that their range was too narrow, or would
they be suspicious of the reported estimate? If their reaction would be the
former one, then they should widen their plausible range.

Then the individual judgements were revealed to the group and the ex-
perts were asked to explain their judgements. In this wide-ranging discussion, a
number of points were raised and the main arguments were recorded using the
SHELF templates. Afterwards, consensus judgements were obtained using the
probability method: experts were asked what probability RIO (the Rational
Impartial Observer) would assign to the relative exacerbation rate reduction
being less than 25%, greater than 40% and less than 35%. After significant
discussion, the group agreed that RIO would assign probabilities of 30%, 30%
and 50%, respectively. The values of 25%, 40% and 35% were chosen to char-
acterise the lower, upper and middle part of the consensus distribution. Note
that these values lie near the lower and upper tertile, and near the median of
a linear pool of the opinions of the individual experts. Switching between ”less
than” and ”greater than” is intended to reduce anchoring of each judgement to
the previous judgement. The order of the questions aims to make the experts
first think of the full range of plausible values, before eliciting the location of
the center of the distribution.

A Beta(2.81, 3.05) distribution scaled to a plausible range of 0 to 70% was
fitted to these judgements and shown to the experts. The experts felt that
this distribution, with a median at 33.4% (90% credible interval 11.9 to 55.8%),
adequately represented their knowledge.

The result of this elicitation was a distribution for X (exacerbation reduc-
tion), given that Y (sputum eosinophil reduction) is 65%. The results of the
individual judgements and the group judgement are shown on the left-hand side
of Figure 5.

Then, the experts were asked for their conditional judgement about the me-
dian percentage reduction in exacerbations given an effect on sputum eosinophil
of 50%, then for 75%, 60% and 70%. These numbers correspond approximately
to 10%, 90%, 25% and 75% points of the marginal predictive distribution for
effects of fevipiprant on sputum eosinophil counts, respectively. Thus, they
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Figure 5: Distributions elicited from individual experts, linear pool of these
distributions and group judgements
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characterise conditional judgements across the bulk of this distribution. Their
order was chosen in order to minimise known sources of cognitive bias and to en-
sure that experts needed to think carefully about each judgement. The elicited
medians are shown in Panel A of Figure 6.

It was agreed that over the plausible range of effects on sputum eosinophil
counts, there was no probability that the drug could increase the number of exac-
erbations, because the assumption that fevipiprant reduced sputum eosinophils
indicated at least some positive benefit. It was therefore appropriate to model
the distributions of exacerbation reductions at intermediate sputum eosinophil
effects through a log transformation — i.e. to assume that median(log(X|Y ))
is a piecewise linear function of Y. The experts were shown the resulting me-
dian relationship shown in Panel A of Figure 6 and agreed that it represented
a reasonable RIO opinion.

Using the log transformation, the conditional distribution given Y = 65%
was assumed for X conditional on other values of Y , but scaled to follow the
elicited median model — i.e. we shifted the median of each Beta-distribution
according to Panel A of the figure and kept the variance on the log-scale con-
stant. The recorder showed the experts the resulting conditional distribution
plot in Panel B of Figure 6. The facilitator pointed out how the scaling had
resulted in less uncertainty conditional on Y = 50% but more conditional on
Y = 75%. The experts confirmed that this was a reasonable representation of
their beliefs.

The elicitation of the first QoI was now complete and the required (marginal)
distribution for X was computed by Monte Carlo simulation by combining the
elicited conditional relationship with the predictive distribution for Y from Fig-
ure 3. It is shown in the top-most panel of Figure 8.
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Figure 6: Piecewise-linear median model for the elicited medians (Panel A) and
conditional distributions for the relative exacerbation rate reduction across the
range of plausible effects on sputum eosinophil counts (Panel B)
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4.3.4 Elicitation of further quantities of interest

The elicitation for the second QoI then proceeded using the tertile method for
individual judgements, followed by a discussion and, again, using the probability
method for the consensus judgement. The resulting judgements are shown on
the right-hand side of Figure 5.

The joint distribution of the treatment effects on exacerbations and FEV1, X
and Y , was then elicited using the copula method. The correlation was elicited
through the concordance probability, i.e. RIO’s judgement of the probability
that the true values of X and Y would both be on the same side of their
elicited medians. The experts were shown a figure with four quadrants (above
and below the medians for exacerbations and FEV1) clearly marked, which was
used as a visual aid. The experts found the concordance probability difficult
to judge. After the facilitator gave an alternative explanation in terms of the
conditional probability that one variable was above its median given that the
other was above its median, a concordance probability of 0.7 was tentatively
agreed by the experts. The experts were shown a graphic similar to Figure 7
for the case of a concordance probability of 0.7 and found it very helpful and
in accord with their expectations. Alternative concordance probabilities were
explored using the same graphical display. The correlation was too tight with 0.8
concordance and the experts felt that there was appreciable positive correlation
so 0.5 concordance was not considered appropriate. It was important to elicit the
correlation between the treatment effects on exacerbations and FEV1, because
a higher concordance probability increased the PoS and a sensitivity analysis
with concordance probabilities between 0.5 (correlation 0) to 0.856 (correlation
0.9) changed the odds of success by a factor of up to 2.

The resulting joint distribution is shown in Figure 7 and constitutes the joint
predictive prior distribution for the true treatment effect on the two outcomes
in the Phase 3 trials implied by the judgements elicited from the experts.

4.4 Probability of success calculation

We already described the basic aims of the newly introduced PoS framework at
Novartis at a high level in Section 2. Its practical application involves the fol-
lowing four steps20. First, a benchmark probability of approval for a project at
the start of Phase 2 is estimated based on a small number of program character-
istics by a logistic regression model trained on a database of drug development
projects. Second, a Bayesian analysis is conducted, in which the prior for the
efficacy effects is set based on the benchmark probability of efficacy success in
both Phase 2 and 3. This prior is then used in combination with Phase 2 data
to obtain a posterior distribution for drug efficacy. Phase 3 studies are then sim-
ulated using samples from the posterior in order to estimate the probability of
the key efficacy endpoints meeting target product profile criteria in the Phase 3
program. Benchmark information is also used to account for the risk of program
failure due to an unexpected safety issue and of not obtaining regulatory ap-
proval despite a successful Phase 3 program. Third, a program risk assessment
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Figure 7: Point density plot of elicited joint distribution for treatment effect
on exacerbations and forced expiratory volume in 1 second (FEV1) based on
10,000 Monte Carlo samples
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is done to capture other risks not already covered by the previous calculations.
This assessment is then used to adjust the probability of a registration with a
label meeting target product profile criteria to obtain the PoS. The adjustment
in this step was also determined using elicitation process. Finally, in exceptional
circumstances a fourth step allows for an adjustment for factors not captured
by the preceding three steps.

In this case study, the Bayesian analysis in the second step of the PoS ap-
proach could not directly inform the PoS of the Phase 3 program due to the
differences in endpoints and population between Phase 2 and 3. Thus, the results
of the Bayesian analysis for sputum eosinophil counts in Figure 3 were linked
to the efficacy on asthma exacerbations in Phase 3 using an expert elicitation
in the manner described in Section 3.3. In contrast, the effect of fevipiprant
on FEV1 was elicited directly from the experts and the joint distribution of
the efficacy of fevipiprant for both endpoints was then obtained as described in
Section 3.4.

For pragmatic reasons the Novartis PoS approach foresees that only one or
two key endpoints should be considered in the definition of success. For this
reason, it was decided to ignore the other two key secondary endpoints (asthma
control questionnaire and asthma related quality of life questionnaire) of these
Phase 3 trials for the purposes of the PoS calculation.

4.4.1 Calculation of PoS estimates

The estimated benchmarks for the first indication of a respiratory orally admin-
istered small molecule targeting a receptor:

• a Phase 2b efficacy success probability of 54% conditional on starting
Phase 2b,

• a Phase 3 efficacy success probability of 68% conditional on Phase 2b
success, and

• an approval probability of 94% conditional on Phase 2b and 3 success.

The program risk assessment20 considered the majority of categories to fall
into the lowest risk category with one question falling into the intermediate risk
category.

Phase 2b and 3 benchmark efficacy probabilities were used to define the
prior distribution used to obtain the predictive distribution for the drug effect
on sputum eosinophils shown in Figure 3 as described by Hampson et al.20. This
served as an input to the expert elicitation as described in Phase 3 outcomes
were simulated assuming the actual trial design and sample size, the protocol
assumptions for nuisance parameters, and the prior predictive distribution for
the treatment effect shown in Figure 7. 10% of the simulated trials achieved
statistical significance for both exacerbations and FEV1 for one dose in both
trials, and in 4% of simulations the point estimates achieved the target product
profile criteria. This probability is multiplied with the probability of no safety
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showstopper in Phase 3 of 94%, and the probability of approval and meeting
additional market access hurdles conditional on Phase 3 success of 93%. This
resulted in a final PoS of 4% after rounding.

The main hurdle was identified to be the FEV1 endpoint and the ambitious
target product profile for exacerbations. If one only considered a target product
profile requiring a relative exacerbation reduction of 30% with no requirements
for FEV1, the PoS became 46%.

4.5 Timelines

The whole PoS process required approximately 2 months. After an initial re-
view, we identified that an expert elicitation workshop would be needed. On
28 May 2019, we identified the facilitator for the workshop and compiled a list
of candidate dates. In the meantime, the team worked to assemble an evidence
dossier. By 12 June, we had arranged an elicitation workshop on 12 July af-
ter confirming the availability of five experts. By 1 July, the evidence dossier
had been drafted by the biostatistics team, was shared with the facilitator and
recorder, and was finalised on 8 July after a review by internal experts, four
days before the workshop. One learning was that we should have shared the
dossier with the experts earlier in order to allow them to provide feedback on
its contents so that additional evidence could have been introduced up-front.
On 12 July the workshop took place using version 4 of the SHELF methodology
and on 20 July 2019 the final report of the elicitation meeting was issued. All
recordings from the meeting were made using the templates provided as part
of the SHELF documents package and participants were kept anonymous in
these minutes by using the letters A to E for the experts, as well as Z for the
facilitator.

4.6 Phase 3 results

The results of the Phase 3 trials, for which we conducted the expert elicitation,
are shown in Figure 8. As can be seen only one comparison within one of the
two trials was associated with a confidence interval that excluded no effect, but
this result was not considered statistically significant after an adjustment for
multiplicity21. The results of the Phase 3 trials are very informative in the
sense that the 95% confidence intervals essentially exclude the target effect size
of the target product profile .

These results are consistent with the elicited prior information from the
experts: the experts essentially excluded the possibility that the true effect of
the studied fevipiprant doses on FEV1 would meet the target product profile
criteria, while for the primary exacerbation endpoint, the experts judged that
there was a reasonable possibility that the true effect was at or above the target
product profile requirement. On the basis of these Phase 3 results Novartis did
not pursue a filing for an indication in asthma.
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Figure 8: Implied distribution for true effect of fevipiprant 450 mg once daily on
exacerbations and forced expiratory volume in 1 second (FEV1) based on elicited
expert judgements, and study results in the high blood eosinophil subgroup of
the Phase 3 exacerbation trials
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5 Discussion

The quality of decisions in the presence of uncertainty can be improved by taking
the judgements of experts based on the available evidence into account. When
stakes are high, as with major investment decisions by a pharmaceutical com-
pany, the necessary effort and cost of obtaining experts’ judgements is negligible
compared to the cost of a wrong decision. This is one of the reasons why the
new Novartis PoS framework, which is applied for the decision to initiate piv-
otal trials for a project, recommends expert elicitation when substantial direct
evidence about QoIs is not available. The SHELF extension method and the
SHELF copula method address two common scenarios in this setting: when we
extrapolate the evidence from surrogate endpoints to Phase 3 endpoints, and
when how much a drug affects one endpoint changes how much we judge it to
affect other endpoints.

There are currently no published examples of how to apply these methods as
part of the SHELF protocol in the pharmaceutical industry. Therefore, we felt
it would be helpful to share an example illustrating the full extent of real-world
complexities and the relevant practical considerations. This will hopefully help
others that wish to use expert elicitation to inform clinical drug development
or other types of high stakes decisions.

We do not wish to overemphasise the outcomes from a single example. Nev-
ertheless, the close alignment between the experts’ group judgements with the
trial outcomes, which were not known to the experts at the time of the elicita-
tion workshop, supports the validity of expert elicitation in drug development.
If a similar elicitation outcome had been available at the time of the decision to
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start the Phase 3 program for fevipiprant, it would have suggested a lower PoS
than assigned at the time and may have led to re-evaluation of the assumptions
regarding the secondary FEV1 endpoint. However, this proof of concept for
elicitation as part of a new PoS framework was performed 4 years after this
decision that was known to our experts and used information that only became
available subsequently.

The project team noted that the evidence dossier and the discussions in the
elicitation workshop were extremely helpful for assembling and understanding
the existing evidence on the efficacy of the drug. It may sometimes be the case
that teams are very well aware of the clinical trials conducted for their product,
but have not systematically reviewed the indirect evidence that is available from
other sources. After the elicitation workshop the experts expressed that they
appreciated the structured and scientific process, that they found the methodol-
ogy intuitive, and that they were positively surprised how fully non-statisticians
could participate in the workshop.

While we describe a particular example of an elicitation workshop, we have
now run several similar workshops at Novartis and some of the authors of this
paper have several years of experience of doing so with other clients. On this
basis, we offer a number of practical recommendations. It is important to start
preparing the evidence dossier as early as possible so that experts and other
stakeholders can give feedback prior to a workshop. This is also an opportunity
to let senior leaders with strong positive opinions on projects provide the evi-
dence they wish to be considered. Additionally, it can be difficult for experts
to free their agenda for long workshops and we have found that people find it
hard to concentrate in virtual meetings for as long as in in-person workshops.
This has led us to investigate options for eliciting individual judgements prior to
the main workshop, but this may reduce the quality of judgements obtained58.
Thus, it is still important to conduct the group discussion and group elicitation
part of the SHELF protocol with all experts in the same (physical or virtual)
meeting, which provides ample opportunity to correct any ill-considered judge-
ments.

It is also important to clearly communicate how elicitation results will be
used. In the context of the PoS of drug development programs, this meant
making it clear that the resulting probability is not the sole determinant of
funding for a project. We now routinely remind teams that investment decisions
will also be based on other factors such as the costs of development, market
opportunity and unmet medical need.
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