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Abstract

Randomized controlled trials for a rare disease face methodological difficulties in
evaluating treatment effects due to characteristics of rare diseases such as a small patient
population to recruit from, lack of knowledge about the disease itself (i.e., lack of clinically

validated endpoints), and heterogeneity of patients.

The proposed trial design in this thesis for rare disease controlled trials aims not only
efficiency in evaluating treatments compared to the standard parallel-group design of clinical
trials, but also incorporates other important aspects in developing rare disease treatments such as
providing more opportunities for rare disease patients to access new treatments, evaluating
treatment effects where clinically validated endpoints are lacking, and identifying markers for
treatment response for use in clinical practice. It is a patient-focused design consisting of two
stages. Stage 1 provides all patients the opportunity to access the experimental treatment of the
trial and identify patient characteristics that distinguish patients who respond to the experimental
treatment and those who do not. Stage 2 is to evaluate treatment effects with a randomization of
treatments to patients who had responded to the experimental treatment in Stage 1. To compare
the effect of an experimental treatment to that of a standard treatment, Stage 2 uses cross-over
design, series of n-of-1 trials design, or response-adaptive design. For both stages, patient-
reported outcomes are collected to evaluate treatment effect on rare diseases where clinically
validated endpoints may be lacking. Analysis methods and sample size calculations for the

proposed two-stage design that uses cross-over design in Stage 2 are explained.
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Chapter 1: Introduction

1.1 Thesis Organization

This paper-based thesis was prepared in accordance to the Faculty of Graduate Studies

and Research (FGSR) of the University of Alberta guidelines. The thesis is organized as follows:
Chapter 1 - Introduction
Chapter 2 - Background
Chapter 3 - A Two-Stage Patient-Focused Rare Disease Controlled Trials

Chapter 4 — Analysis methods and sample size calculations for the patient-focused two-

stage study design

Chapter 5 - Discussion and Conclusion

1.2 Rationale

Rare disease is defined as, under the US Food and Drug Administration (FDA) guideline,
a disease or a condition in which its prevalence is less than 1 in 200,000 in United States in any
given year [1]. While the prevalence of a particular rare disease may be less than 1 in 200,000, it
is estimated that collectively more than 7000 types of rare diseases have affected up to 8 percent
of the world population [2]. Majority of these rare diseases do not have effective cure available

and they are expensive to develop and to produce [3].
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Using randomized controlled trials (RCTs) with parallel group design to evaluate
treatments for rare diseases faces a number of methodological challenges [4-6]. These challenges
include poorly understood etiology, natural history and epidemiology of rare diseases, small
patient numbers, heterogeneous patient characteristics, lack of validated clinical endpoints, and
scarcity of clinical experts [4-6]. Because of these challenges, rare disease controlled trials
(RDTs) have limited capability to evaluate the effects of treatments on rare diseases compared to

common diseases [7].

Alternatives to the standard parallel-group design of RCTs, other designs such as
randomized withdrawal design and cross-over design have been suggested to overcome some of
the methodological issues of evaluating treatment effects in RDTs [8-10]. For example, cross-
over design, in which patients switch allocated treatments after a specific time and a washout
period, requires less number of patients than the parallel-group design to achieve the equivalent
statistical power: this may be applicable in certain rare disease scenarios where outcomes are
reversible and can be evaluated under this design [9,10]. These alternative study designs also
consider aspects other than study power that are important in evaluating treatment effects in
RDTs [9,10]. For example, the use of randomized withdrawal design can reduce the chance/time
of patients being exposed to placebo, and examine the average treatment effect of patients who

respond to the treatment under study [9,11].

Even after rare disease treatments are regulatory approved, substantial challenges exist in
administering the treatments. These challenges include high price for patients to access
treatments and the fact that treatment may be effective in only a subgroup of patients with the
rare disease of interest [12]. For example, in Gaucher disease, patients with the most severe

Lysosomal Storage Disease (LSD) have both central nervous system (CNS) and systemic disease.
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The less severe, most common phenotype (Gaucher disease type I) has no CNS involvement but
does have a broad spectrum of systemic involvement. While Enzyme Replacement Therapy
(ERT) is very effective for treating many of the systemic features of Gaucher disease, it is not
effective in the treatment of the CNS disease [12]. Therefore, ERT is more suitable for Gaucher
disease patients who only have systemic disease compared to Gaucher disease patients who have
both CNS and systemic disease. Identifying such subgroup-specific treatment effects is

challenging in a small population of a rare disease.

Health Canada indicated that more feasible and effective trial designs than the standard
RCT designs are needed for RDTs in practice [14]. This is also an emphasized point in the US
FDA'’s white paper entitled CPI Report to Congress: Improving the Prevention, Diagnosis and
Treatment of Rare and Neglected Diseases released in March 2011 [13]. This thesis develops a
study design with an analysis framework and a sample size calculation method to address some

of the issues of RDTs.

1.3 Study Objectives

This thesis is aimed to propose a study design with analysis methods and sample size
calculations for RDTs to evaluate treatment effect and to provide useful information for better

clinical practice.

Following a background review in Chapter 2, Chapter 3 proposes a study design of RDT
that aims to improve the use of RDT for treatment effect evaluation, better resource management

of healthcare system and treatment access opportunities for patients during treatment effect
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evaluation. Key considerations for the development of this study design will be given. Strengths

and limitations of this study design will be discussed.

Chapter 4 proposes an analysis framework and a sample size calculation method for one
of the proposed study designs in Chapter 3, specifically utilizing crossover design at Stage 2.
Analysis methods for each stage of the proposed study design and a sample size calculation for
the proposed study design are described. A rare disease scenario where this analysis framework

is ideally suitable for and why it is suitable is illustrated.

Chapter 5 summarizes the results and conclusions of Chapters 2 to 4. Areas of interests

for future work are also discussed.
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Chapter 2: Background

Rare diseases comprise a various group of over 7,000 disorders [1]. In United States, a
rare disease is defined by prevalence of one out of 200,000 or less [2]. Even though the
prevalence of all rare diseases combined is high, estimated to be 6-8% of the world population
[1], treatments for these diseases is scarce [3]. Majority rare diseases have a genetic basis, 85%
are serious or life threatening, and more than 50% affect children [4]. In this chapter, we
describe: (1) issues in conducting standard randomized controlled trials to evaluate effects of
treatments for rare diseases; (2) study designs that have been proposed for rare disease research;

and (3) an analysis framework that has been suggested for rare disease research.

2.1 Rare disease treatment development issues

A randomized controlled trial has been considered as the gold standard in evidence-based
medicine to evaluate treatment effects as it is well known for minimizing bias. Results of
randomized controlled trials are often accepted as providing the strongest evidence in testing a
hypothesis [5]. However, under the standard framework, conducting rare disease controlled trials
to evaluate treatment effects for certain rare diseases might not only be technically challenging

but also economically impractical.

2.1.1 Technical Issues
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2.1.1.1 Patient recruitment and clinical endpoints

The prevalence of any rare diseases is 1 in 200,000 or less in United States [2]. As a
result, for many rare diseases, there is a lack of clinically validated outcomes; hence recruiting
hundreds of such scarce and difficult-to-be-identified patients into clinical trials may not be
feasible [6-8]. Despite this, evaluation of rare diseases treatments requires similar standards of
evidence for marketing authorization as treatments for common diseases [9]. Furthermore, the
lack of clinically validated outcomes is not only causing challenges in identifying and recruiting

patients, but also causing difficulties in the choice of primary endpoints.

2.1.1.2 Patient Heterogeneity

In addition to the small number of patients and lack of validated clinical endpoints
available for clinical trials, many rare diseases are heterogeneous with respect to clinical
phenotype and underlying pathophysiology [10]. It is therefore challenging for clinical trials to
evaluate the effect of a treatment on a rare disease due to the large variability of treatment
response (among a small number of patients). This is because randomized controlled trials
usually evaluate average treatment effects on the underlying study population; an average might
not be a close approximation to individuals of a rare disease population due to the wide range of

responses to treatments

2.1.2 Economical Issues

The small number of patients is not only an issue in treatment effect evaluation, but also

presents financial issues for the society. A common false impression is that rare disease
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treatments are cheaper to develop than other drugs [6]. Researching, developing, manufacturing
and authorizing any treatment to market is a long, complex process. Previous studies show that
approximately 30% of all treatments fail in Phase III trials for common diseases and 37.1% of all
treatments fail in Phase III trials for rare diseases [11, 12]. Since industries need to invest in the
treatment development from biological laboratories to treatment effect evaluations in clinical
trials, the higher proportion of failure to market authorization implies more testable treatments
must be developed for one to be approved. The development of treatment for rare diseases is not

cheaper than common diseases.

Since the cost of developing a rare disease treatment is higher than common diseases and
the size of rare disease population is small, rare disease treatment is generally expensive [13].
For example, the price per patient of an enzyme replacement therapy can be over 400,000 euros
per year [13]. As a result, it is financially challenging for individual patients to access rare

disease treatments and reimbursement is often needed.

Rare disease patients have limited access to treatments because the cost is high and the
reimbursement of government and insurance companies for rare disease treatments is not always
available. Some may consider that, although rare disease treatments are very expensive, the
prevalence is small and hence the financial impact of reimbursement is not substantially different
from common diseases. Many rare disease treatments, however, do not provide cure but may
improve patients’ conditions or slow down the progression of the disease [14]. Therefore, for
many rare diseases, patients need continuous reimbursement to receive treatments [14]. Thus, the

financial impact of a rare disease can be substantial to the society.

2.2 Efforts towards Development of Rare Disease Treatments
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Many countries including the United States and European countries have implemented
legislative actions to provide financial incentives for industries to develop rare disease treatments
[15, 16]. Health Canada is developing a framework for the designation, authorization, and
monitoring of treatments that will substantially improve the outcome of Canadians with rare
diseases, and encourage innovation in methods to improve the technical issues of clinical trials to

evaluate rare disease treatment effects [1].

In addition to legislative actions being taken in these countries to provide financial
incentives for industries to develop rare disease treatments, alternative study designs and analysis
frameworks have been proposed to overcome technical issues of conducting rare disease
controlled trials [17-31]. Section 2.2.1 describes study designs that are proposed for rare disease
controlled trials. Section 2.2.2 describes analysis methods that are proposed in the literature for

rare disease controlled trials.

2.2.1 Study designs

As illustrated in Section 2.1.1, the technical issues of conducting parallel-group
randomized controlled trials to evaluate treatment effects for rare diseases include small patient
number, lack of validated outcomes and patient heterogeneity. A number of trial designs have
been proposed in the literature as alternatives when the typical parallel-group design is not
appropriate or feasible [18, 19, 24, 29,34-36]. These alternative designs include randomized
withdrawal design, crossover design, various types of adaptive designs, and series of n-of-1
trials. These methods attempt to evaluate treatment effects satisfying the evidence requirement

for regulatory approval in smaller and shorter studies compared to the parallel-group design [29].
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These methods in certain scenarios are more efficient than the parallel-group design; however,
there are not without drawbacks and require investigators to make a number of assumptions,
some of which might be challenging to verify. For example, crossover design trials in which
patients act as their own controls result in a smaller number of patients than the parallel-group
design; however, assumptions regarding carryover effect, period effect, treatment by period

interaction, and the characteristic of outcomes need to be considered and met [29].

2.2.2 Alternative analysis framework

Randomized controlled trials have become the standard method to assess the safety and
effect of medical treatments. This establishment is partly due to the feature of its design such as
randomization that can minimize bias and also its methodological sound analysis framework.
The current widely-accepted and applied analysis framework in clinical trials, the frequentist
framework, is an approach to statistical inference that focuses only on observed data in the trial
[37]. To make conclusion on treatment effect and safety based solely on observed data in an
experiment, a considerable number of patients are usually required. As described in Section
2.2.1, limited numbers of patients are available for recruitment for rare disease trials; hence,
under this analysis framework, conducting randomised controlled trials is a challenge [23].
Researchers have been considering alternative analysis framework to collect evidence on

treatment effects that meets the scientific standard of clinical research.

Bayesian analysis framework has been proposed as an alternative to frequentists’ for rare
disease clinical trials to evaluate treatment effect. Details of methodologies of Bayesian have

been described and illustrated with examples (See Appendix 2) [37-41]. Briefly, unlike the
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frequentist approach, Bayesian analysis can combine information from the trial itself and
information from other sources (e.g., expert opinions and previous studies) to make statistical
inference on the effect of treatment for rare diseases [23, 29, 37]. Furthermore, unlike the
frequentist approach that depends on trial design to control type I and type II error for statistical
inference, Bayesian can make statistical inference as information accrues within a trial or
aggregate information across trials relatively more flexibly than the frequentist approach [39]. As
a result, rare disease clinical trials with Bayesian approaches may require smaller sample sizes

and, therefore, may be more feasible [41].
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Chapter 3: A Two-Stage Patient-Focused Study Design for Rare

Disease Controlled Trials

3.1 Introduction

A disease is defined as rare if it affects less than 1 in 200,000 people in the population
[1]. With approximately 6-8% of people worldwide afflicted [2], rare diseases present a
substantial burden to healthcare systems. For many of the over 6,000 diseases that fall into this
characterization [1-2], there are little or no effective treatments available and the diseases

themselves are poorly understood.

For the purpose of evaluating treatment effect, there are many challenges with using the
standard randomized controlled trial (RCT) framework. These challenges include small patient
numbers, lack of validated clinical endpoints, and heterogeneity in patient characteristics, all due
to the rarity of diseases [3-7]. In addition, the rarity of disease, lack of information/knowledge on
it, and high manufacturing costs for a relatively small patient population are some of the
challenges faced during the development of orphan drugs, making them both scarce and
expensive [3-7]. This in turn limits the accessibility and availability of treatments to patients [3-

7].

Therefore, in addition to small sample size issues, rare disease controlled trials (RDT)
have several other relevant considerations [2]. These considerations include increasing treatment
availability and accessibility for rare disease patients and optimizing healthcare resource

utilization for future treatment allocation, development and prioritization.

17

L

~

C.COIm amc

'y
~ fﬁ% 1[4\ o N INRINTINRT N7/
) W W\W WVE
LLL \J ol l WV / )L

aYalalalian
{ il (
\




We propose an RDT study design that evaluates treatment effect comparatively under
the standard trial requirements (i.e., randomization, blinding, allocation concealment) and
measures treatment response where clinically validated outcomes may be lacking. Under this
design, all enrolled patients have access to the experimental treatment and patient characteristics
that are found to be associated with treatment response can be useful for tailoring treatments

based on patient characteristics in clinical practice.

3.2 Methods

We systematically searched for English-language publications using multiple
combinations of search terms (Table 1) in PubMed and included relevant literature up to January
2014. We selected literature that placed an emphasis on one of the following: 1) challenges with
conducting RDTs; 2) review of previously proposed RDT study designs; or 3) application of

RDT study designs.

Based on the literature identified as above, we created a list of important considerations
that we deemed would aid investigators in selecting the most appropriate RDT study design
given their disease of interest. Following discussions with two experts (Dr. Robin Casey, a
physician involved in providing care for rare disease patients, and Dr. Robyn Lim, a senior
scientific advisor at the Office of Legislative and Regulatory Modernization at Health Canada)
we finalized a list of four key considerations: 1) patients’ opportunity to access the new
treatment; 2) assessment of outcomes where clinically validated outcomes may be lacking; 3)
patient heterogeneity; and 4) duration of the study and number of patients required. With the

inclusion of these four key considerations, we developed a new study design for RDTs.
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3.3 Results

We first describe our study design which applies specifically to RDT scenarios where the
outcome of the disease is reversible. In section 3.3.4, possible modifications that can be made to
the proposed study design for non-reversible outcomes are described. Details on how this study
design satisfies the four key considerations listed in the methods section will be given in

Discussion.

3.3.1 Overview of Proposed Study Design

Our proposed study design has two stages. Stage 1 is an enrichment stage which
distinguishes patients who respond to the treatment (“responders”) from those who do not
respond to the treatment (“non-responders”) after assigning them all to the experimental
treatment. Stage 2 evaluates the treatment effect comparatively among only those patients

characterized as responders in stage 1 (Figure 1).

3.3.2 Proposed Stage 1 Framework

At the onset of stage 1, detailed baseline characteristics of all enrolled study patients,
which include demographic information (e.g., age and sex), specific clinical/biological
information such as characterizations of the disease, symptoms, known biological markers for
the disease, and other physiological measurements, are collected. All enrolled patients are then
given access to the experimental treatment with modifiable patient characteristics monitored

throughout stage 1. Monitoring modifiable patient characteristics might provide useful
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information about how certain patient characteristics change in response to the experimental

treatment.

At the end of stage 1, patients are characterized as either responders or non-responders.
Responsiveness to experimental treatment is based on pre-determined criteria on outcome
improvement defined by patient self-reports and/or clinical evaluation. Patient self-reported
outcomes include whether or not patients found the treatment to be beneficial or harmful. Based
on this inference, if a small number of, or no, patients are characterized as responsive at the end
of stage 1, the trial will be stopped with the conclusion that the treatment is overall ineffective. If
sufficient improvement is seen, responders will proceed to stage 2 while non-responders will be
withdrawn from the trial. Investigators should specify, in the study protocol, the minimum
proportion of enrolled patients with clinically important absolute improvement that is need to be

observed at the end of stage 1 to justify proceeding to stage 2.

Information about patient characteristics collected at baseline and throughout stage 1 will
be analyzed to determine the association between patient characteristics and treatment response.
This analysis can be done using standard statistical methods of binary outcomes (response vs.
non response) such as logistic regression. Using the results from this analysis, patient subgroups
can be created based on specific sets of characteristics to determine those most likely to get
benefit and/or harm from the experimental treatment. This is useful information that can aid
future treatment allocation, development, and prioritization since treatment accessibility and

availability in rare disease populations are usually limited.

3.3.3 Proposed Stage 2 Framework

Following a washout period, patients who were characterized as responders at stage 1
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proceed to stage 2 to evaluate the experimental treatment effect with a control group. Depending
on the characteristic of the rare disease's outcome under study, an appropriate study design for

evaluating the treatment effect in stage 2 will be used.

Some study designs for evaluating rare disease treatment effects comparatively have been
suggested [8,9,13,15]. Of the previously proposed 14 study designs, we shortlist three for use in
stage 2: cross-over design; series of n-of-1 trials design; and response-adaptive design (Table 2).
These study designs were selected because they include randomization, allocation concealment,
blinding of treatment allocations, and allow for interim analysis. Also, all three study designs

provide enhanced opportunities for enrolled patients to access the experimental treatment.

The use of interim analysis can potentially make treatment effect evaluation at stage 2
more efficient. During stage 2 interim analysis, if patients’ outcomes have already been found to

have substantially improved, then fewer patients than anticipated may be required for stage 2.

For specific RDT scenarios, one of these study designs may be more suitable than others.

A summary of these three designs’ features are given here:

1) Cross-over design

e Definition: patients are randomly assigned to receive two or more treatments
sequentially with wash-out periods between consecutive treatments and each
patient acts as his/her own control [9].

e Assumptions: statistically-valid comparison of two or more treatments is
possible where there is no treatment-period interaction and negligible
carryover effect [9].

e Advantages: since the comparison of treatment effect is within the same

patient, this study design can more precisely estimate treatment effect than
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adaptive design when patient characteristics are heterogeneous
[10,11,13,16,17].

e Limitations: 1) longer study duration is required than adaptive design because
each patient receive more than one treatment; 2) sufficient washout period is
required between each treatment received; and 3) consequences of dropouts
are greater than adaptive design because more information is lost per dropout
[9,11,13,16,17].

e Analysis: generalized linear model can be used in which the outcome can be
binary or continuous. The effect of treatments, carry over, and periods are

captured appropriately and evaluated in the model [18].

2) Series of n-of-1 trials design

S101,

Definition: two or more treatments are consecutively and repeatedly given in a
random order to each patient who contributes information to one n-of-1 trial. A
series of n-of-1 trials are analyzed jointly for treatment effect evaluation [9,13,19].
Assumptions: comparing multiple treatments under this design is statistically
valid where there is no treatment-period interaction and no carry over effect
[9,13,19].

Advantages: since this design is capable of assessing the effect of the treatment on
each patient, it can estimate treatment effect more precisely when the disease is
extremely rare and when patient characteristics are highly heterogeneous [9,
13,19].

Limitations: 1) longer study duration is required due to more number of

treatments received and/or more repetition of same treatments received than
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cross-over design and adaptive design; 2) similar to cross-over design, sufficient
washout period is required between treatments received; and 3) the consequences
of dropouts are greater than adaptive design because more information is lost per
dropout.

Analysis: meta-analysis can be performed for this study design by aggregating the
data of each n-of-1 trial to obtain the average treatment effect for the population

and individual patient, as well as estimates of between-patient variation [20, 21].

3) Response-adaptive study design

S101,

Definition: a study design that allows modification of randomization schemes
during the trial based on interim trial results. This is done by varying the
probabilities of treatment assignment to increase the likelihood of patients being
assigned to the superior treatment and minimizing the number of patients exposed
to the inferior treatment [9,13,22-28].

Advantages: 1) carry over effect is not an issue because patients receive only one
treatment; 2) the study duration is generally shorter than cross over trials and
series of n-of-1 trials since patients only receive one treatment; 3) response-
adaptive design is a parallel group design if no adaptation is made during the trial;
and 4) the outcome response of previous patients can guide trials to assign the
better treatment with high probabilities to newly recruited patients.

Limitations: 1) not suitable for heterogeneous populations; and 2) complex
statistical analysis is usually required under frequentist statistical inference

[9,13,22-28].
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e Analysis: maximum likelihood estimation with consideration of correlation and
permutation test are suggested as the analysis method for this study design [23,

26].

Stage 2 analysis, as in stage 1, includes the perspective of enrolled patients for treatment
effect evaluation since patient feedback is important information in determining the experimental
treatment’s effectiveness: it describes aspects of patients’ experience with the treatment that can

be only obtainable from its actual users (e.g. pain, dizziness).

3.3.4 Potential modification for non-reversible outcomes

Stage 2 of our proposed study design can be modified for situations where the outcome is
non-reversible by recruiting new patients directly into stage 2 instead of using stage 1 patients.
Patient characteristics collected in stage 1 will be used to examine what subgroups of patients did
not respond or had adverse response to the treatment. New recruitment will have the same
inclusion criteria as stage 1 but will exclude patients who possess characteristics that were found
to be associated with treatment non-response in stage 1. By excluding patients who are unlikely
to benefit from the experimental treatment, stage 2 will focus the treatment effect evaluation on

patients who are more likely to respond.

3.4 Discussion

It is estimated that up to 8% of the world has a rare medical condition [2]. Since rare
disease treatments often cost much more than what many patients can afford, funding for the

treatment access of a small population could significantly impact the budget of healthcare
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systems [2]. Furthermore, since there is limited information related to the epidemiology of many
rare diseases and rare disease treatment effects, treatment allocation in clinical practice might
often be done without evidence from trials, which may result in poor utilization of healthcare
resources. Thus, a study design that can aid prioritization of resource utilization in treatment
development and treatment allocation in clinical practice and has provision of treatment access to
patients, as well as evaluation of treatment effects, would make effective treatments more
available for rare disease patients and would better utilize the limited healthcare resources. In
sections 3.4.1-3.4.4, we provide a rationale for why each key consideration is important in these
regards and then describe how each stage of our study design satisfies the consideration

(summarized in Table 3).

3.4.1 Consideration 1 (Patient Opportunity to Receive the Experimental Treatment)

For many rare diseases, there is a lack of pharmaceutical industry’s incentive to develop
treatments for two reasons: 1) there is not a sufficiently large market to support treatment
development; and 2) rare disease etiology is often poorly understood making treatment
development less certain due to factors such as a lack of pharmacological targets for
intervention. For these reasons, treatments for rare diseases are often lacking developments or
unavailable. As an ethical consideration, it would greatly aid rare disease patients if RDTs made
treatment access a priority given the scarcity of such opportunities in the rare disease

community.

In order to enhance treatment access for patients in the trial, stage 1 of our proposed
study design is an “enrichment” stage where all patients enrolled in the trial receive the

experimental treatment. In addition, Stage 2 for treatment effect evaluation employs study
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designs that give patients more opportunity to access the experimental treatment compared to a
parallel group design. Specifically, n-of-1 and cross-over study designs ensure that all patients
receive the experimental treatment during the treatment effect evaluation in Stage 2. For
response-adaptive designs, the probability of receiving a superior treatment increases as the trial

progresses, so patients have a greater chance of being selected into the superior treatment arm.

3.4.2 Consideration 2 (Assessment of outcomes where clinically validated outcomes

may be lacking)

The effectiveness of a treatment in clinical trials is usually based on well-characterized
clinical outcomes. If validated clinical outcomes are lacking, then it is challenging to justify the
treatment effect on patients’ health conditions. Therefore, it would aid treatment effect
evaluation if RDTs can evaluate treatment effects in scenarios where no clinically validated

endpoints for a disease are available.

Our study design takes this into consideration in both stages. In stage 1, we measure a
range of modifiable patient characteristics before and after the treatment is administered and
monitor the changes. This information can then be incorporated in stage 2 to define endpoints. In
both stages 1 and 2, patient-feedback is used to evaluate treatment response. The measurements
of modifiable patient characteristics and patient-feedback provide information about
outcomes/endpoints relevant to evaluate treatment effect: they may also provide information

about how the administration of the experimental treatment can be developed to be more patient-

friendly.
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3.4.3 Criteria 3 (Patient Heterogeneity)

Many rare diseases populations are known to be heterogeneous [2]. Patients with certain
characteristics might respond to the experimental treatment whereas others might not. Since rare
disease treatments are often expensive and scarce, the association between patient characteristics
and treatment response is an important consideration for future treatment development and using
treatments to patients who are found to respond in the clinical practice. This could provide future
direction for treatment development by providing information regarding plausible biological

mechanisms of treatments being more effective on certain patients than others.

To account for patient heterogeneity, in stage 1, we screen for responders and explore the
patient characteristics associated with treatment response. This information is then used to create
patient subgroups based on patient characteristics. For example, if a common biological marker
exists among all responders but not among non-responders, this can inform new areas for
pharmaceutical intervention and can also prioritize treatment allocation in the clinical setting. In
stage 2, only patients who responded to the treatment in stage 1 are assessed, and hence the
evaluated treatment effect is more specific to certain groups of the patient population that

respond to the treatment.

3.4.4 Criteria 4 (Duration of the study and recruitment of a sufficient number of

patients)

A more efficient study design can get an effective intervention to more rare disease
patients quicker. For RDTs, a long study period is often required to recruit a sufficient number of

patients into the study: finding/identifying the specific rare disease patients who may be
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geographically dispersed takes time. For these reasons, investigators should consider how the

trial can be made more efficient without sacrificing patient safety and integrity of the trial.

In our study design, investigators are asked to specify, in the study protocol, what
proportion of patients showing improvement in stage 1 is sufficient to justify proceeding to stage
2. If this proportion of improvement is not met in stage 1, the trial is stopped without proceeding
to stage 2. For stage 2, interim analysis is used; again, if sufficient improvement is not seen, as
specified in the study protocol, the trial is stopped. This improves efficiency and also helps with
resource utilization by stopping the trial, should the treatment be found ineffective at an earlier

point.

Additionally, in section 3.3.4, we describe an efficiency modification that can be made. If
a clear pattern of patient characteristics are found to be associated with treatment response in
stage 1, the study design can be modified by having newly recruited patients enroll directly into
stage 2. One limitation of this modification is that if a response-adaptive design is used in stage
2, some patients may not get the opportunity to access the experimental treatment. The impact of
such a loss of opportunity should be considered prior to making such a study design

modification.

3.4.5 Comparison with another enrichment design

Our study design shares some similarities with a previously proposed RDT study design,
the randomized withdrawal design [28-36]. Specifically, both our proposed study design and the

randomized withdrawal design have 2 phases/stages; there is an initial enrichment stage where
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all recruited patients receive the experimental treatment and only patients who respond to the

treatment continue to the second stage for treatment effect evaluation.

The salient features of our design are: 1) the association of patient characteristics and
responsiveness to the experimental treatment are analyzed at the end of stage 1; and 2) there are
three study design options to evaluate treatment effect in stage 2. Regarding 1), we gain
knowledge on patient subgroups for which the treatment is effective, which has an important
implications on treatment development, allocation, and prioritization. On the other hand, the
enrichment design is often motivated to “enrich” the patient population and increase power in the
second stage’s efficacy evaluation [31]. With 2), more study design options in stage 2 makes it
possible to evaluate treatment effect for more rare diseases with those proposed designs, such as
cross-over design, series of n-of-1 trials, compare to randomized withdrawal design in which
only the parallel group design is used in stage 2. Our design considers specific RDT issues that

patients, healthcare providers, funders and treatment developers face as described above.

3.4.6 Limitations

This proposed RDT framework has some potential limitations which should be
considered. In general, investigations of the association between patient characteristics and
treatment response in a clinical trial are recommended to be exploratory: the association may be
specific to some aspects of the trial (e.g., season). The results on the association from stage 1
should, therefore, cautiously be generalized to the target population. Our suggestion to alleviate
this limitation is to ensure sufficient power for identifying the associations in stage 1 as well as

soliciting from patients and care providers potential specific aspects of the trials that may

potential bias the trial results.
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It is also possible that the treatment is found to be effective following stage 2, but there is
ambiguity about how the characteristics of responders and non-responders differ. In such a
scenario, the trial has a limited capacity to prioritize treatment based on patient characteristics.
However, the information about treatment effects is still valuable for stakeholders in determining
the proportion of the target population that is expected to respond to the treatment. Given that
rare disease treatments often are very expensive, such a consideration will help with resource

utilization.

Since the development of this study design did not consider regulatory aspects, our study

design might be modified after the inclusion of regulatory aspects.

3.5. Conclusion

In addition to treatment effect evaluation, RDTs can potentially be of great benefit to rare
disease patients and clinical practice by increasing opportunities to access experimental
treatments and by providing relevant information that can be used for tailoring treatments to
certain subgroups, aiding future research in treatment development, and improving healthcare
resource utilization. Future work in applying our proposed design to rare disease clinical trials is
needed in order to evaluate its robustness in practice. Although this design has some limitations
and may not be suitable for all rare disease scenarios, it may serve as a basis for the future

development of RDT study designs that better fulfill the needs of the rare disease community.
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Table 3-1 Search terms for the identification of articles on rare disease clinical trial topics

e Rare disease

e Research Design

e Randomized withdrawal )

e Adaptive design o

Crossover

Series N-of-1

e Epidemiologic Methods Response adaptive design e  Small Clinical Trial
e Clinical trials e Sequential design e Orphan Drug
e Ranking and Selection Enrichment design e Orphan
e N-of-l e C(linical Trials as Topics e Analysis
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Table 3-2 Study design options for Stage 2 treatment effect evaluation

A) Cross-Over Design

-_ Treatment =] Washout

Treatment

R

\
)
A ‘“— Treatment B ==ss)| Washout

~
~

-

X

Treatment B

Definition: Advantages:

Randomly assign sequences of e Comparison of two

two treatments to patient treatments

groups e No treatment-period
interaction

No carry over effect
Heterogeneous populations

Limitations:

e Longer study duration
Sufficient washout
period needed

Dropouts have greater
influence

B) Series of N-of-1 Trial

mmmp Treatment A | Washout | Treatment B | Washout | Treatment A
I I I R I‘ Treatment B | Washout | Treatment A | Washout | Treatment B
I‘ Treatment A | Washout | Treatment B | Washout | Treatment B

Definition Advantages: Limitations:

Randomly assign sequences of
multiple treatments to only one
patient in a trial for a series of
trials

e Comparison of two or

more treatments
No treatment-period
interaction

e Longer study duration

Sufficient washout
period needed
Dropouts have greater

e No carry over effect influence
e Heterogenous populations
e Extremely rare disease
C) Response Adaptive Design
P Randomized to PN . - == LT Next patient has a
K . Treatment A / AR A J/ N 3:1 chance of
. R m— | R —- | RO )y | R ! beingassigned to
\ ./ Outcome Improves ’ ! Randomized to ‘ ,l Randomized to ® /l Treatment A vs.
~ - \ ‘ /7 A ' 7/ N 4
- Se- - ~7 Treatment B - Seo -7 Treatment A — Se_ - Treatment B
Treatment A No outcome Outcome
® Treatment B improvement improves
Definition: Advantages: Limitations:
Each treatment's chance of e Evidence of one superior e Not suitable for
being assigned to patients is treatment heterogeneous
adapted based on accumulated e Shorter study duration populations
patients’ responses to preferred e Complex analysis

treatments

Note: “R” represents randomization. Treatment A and B refer to an experimental treatment and a standard
treatment, respectively. For response-adaptive design, each patient receives Treatment A or B; the probability of
receiving a specific treatment depends on the number of balls for that treatment in ths “ball-in-urn” design.
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Table 3-2 Summary of how Stage 1 and 2 Satisfy the Four Key Considerations

Key Considerations

Rationale

Stage 1

Stage 2

1. Patient
opportunity to access
the new treatment

Due to a lack of
accessible and effective
treatments, treatment
access is a high priority
for rare disease patients

All patients receive the
experimental treatment

Study designs give
more opportunity to
patients to receive
treatment than
parallel group design
does

2. Assessment of
outcomes where
clinically validated
outcomes may be
lacking

The trial should evaluate
treatment effect on all rare
disease patients even
without validated clinical
endpoints so as to benefit
clinical practice

- Patient-feedback on
treatment effect

Patient feedback on
treatment effect

3. Patient Treatments should be - Patients are - Only patients who
heterogeneity prioritized to those characterized into responded to the
patients most likely to responders and non- treatment in Stage 1
benefit from them responders are assessed
- Measurement of - N-of-1 and cross-
patient characteristics over study designs in
and association with stage 2 use patients
treatment response as their own controls
4. Duration of the An efficient study design | If sufficient stage 1 - Interim analysis is

study and number of
patients required

will get an effective
intervention to patients
sooner and will aid
resource utilization

improvement is not
seen, the trial is
terminated

performed to justify
continuing the trial

- Only responders
from stage 1 patients
are evaluated for
treatment effects
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STAGE 1 STAGE 2 Analysis
-~ T~ - T~ ™~

Qutcome Imprwement
e e STUDY DESIGN SELECTION
WASHOUT Crossover Design Estimate Average
m — ﬁﬁ' N-of-1 Trials — Treatment Effect

Response-Adaptive Trial

All patients receive characteristics of
treatment responders with

No Qutcome non-responders

Improvement

Figure 3-1 Overview of the proposed framework

During Stage 1, all patients receive the experimental treatment and are identified as
“responders” or “non-responders” based on their outcome improvement. Following a
washout period, responders proceed to Stage 2 for comparative evaluation of treatment
effects among them. Analysis has two goals: 1) estimation of the average treatment
effect on responsive patients; and 2) comparison of the characteristics of responsive

and non-responsive patients.
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Chapter 4: Analysis methods and sample size calculations for the

patient-focused two-stage study design

4.1 Introduction

An appropriate statistical analysis is a necessary component of a clinical trial [1-2].
Statistical analysis is used to test how likely observed differences between two or more
interventions in a clinical trial are due to chance [1-2]. In the previous chapter, we discussed
issues and challenges of using rare disease clinical trials to evaluate treatment effect and focused
on trial design. In this chapter, we propose an analysis framework as well as a sample size
calculation method for the evaluation of treatment effect for a specific study design, in which

cross-over design is used in Stage2, proposed in Chapter 3.

As described in Chapter 3, the proposed study design has two stages. In Stage 1, the
outcome of interest and patient characteristics are collected at baseline, i.e., before patients
receive the experimental treatment, and the outcome is collected again after patients receive the
treatment. Patients are considered to be responding to the experimental treatment if their changes
in outcome(s) are greater than or equal to a pre-defined threshold §. Patients who respond to the
experimental treatment will continue to the second stage, whereas patients who do not respond to
the experimental treatment will not. The second stage is a treatment effect evaluation stage. At
this stage, the experimental treatment effect on responding patients is evaluated by comparing it
to another treatment (e.g., placebo, standard care). The study design at Stage 2 is proposed to be

one of cross-over design, series of n-of-1 trials, and response-adaptive design.
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There is a primary analysis and two secondary analyses associated with the proposed
study design. The primary analysis is to evaluate the treatment effect of the experimental
treatment on responding patients. Since the number of patients who continue to Stage 2 depends
on the underlying proportion p in the patient population who respond to the experimental
treatment in Stage 1, one of the secondary analyses is to evaluate whether p is at least an
expected proportion pg in the study population who respond to the experimental treatment. The
value of py is specified in the study protocol which may depends on prevalence, social values,
and severity of the disease. The other secondary analysis is to perform an exploratory analysis on
the association of patients’ response to the experimental treatment and their characteristic. In this
chapter, we describe an analysis framework and a sample size calculation method for the primary
and secondary analyses. For the purpose of illustration, we show the analysis method and the
sample size calculation when cross-over design is being used to evaluate treatment effect in

Stage 2.

The organization of the chapter is as follows: in section 4.2 we describe analysis methods
for the primary analysis and secondary analyses; in section 4.3 we present the sample size
calculations for the primary and secondary analyses; section 4.4 discusses a rare disease scenario

where the proposed study design and the analysis framework are applicable.

4.2 Proposed Statistical Analysis Framework

Analysis methods presented in this chapter illustrates analysis methods for the primary
analysis and two secondary analyses. The organization of this section is as follows: in section

4.2.1 we describe an analysis method for treatment effect evaluation in Stage 2 (primary
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analysis); in section 4.2.2 we describe an analysis method for the investigation of the proportion
of patients who respond to the experimental treatment in Stage 1 and continue to Stage 2, and an
analysis method for an exploratory analysis of the association between patients’ response to the

experimental treatment and their characteristics (secondary analyses).

4.2.1 Primary Analysis

This section describes an analysis method for the treatment effect evaluation with cross-

over design in Stage 2 [1-2].

A crossover design is a repeated measurements design in which each participant receives
different treatments during the different time periods of a trial, i.e., participants cross over from
one treatment to another during the study [1-2]. As described in the previous chapter, patients in
Stage 2 are randomized into two groups. Both groups receive the experimental and standard
treatment but in different sequences. There are two periods in Stage 2 when there are an
experimental treatment and a standard treatment. At this stage, patients receive their respective
first treatment in Period 1 and, followed by a wash out period, they receive their second
treatment in Period 2. Patients who are randomized to Sequence 1 receive the experimental
treatment in Period 1 and the standard treatment in Period 2: patients who are randomized to

Sequence 2 receive the standard treatment in Period 1 and the experimental treatment in Period

2.

Let Djy,; denote the change in the outcome of [t" patient (I=1,2, . .» 1, 0 is the number of
patients in j" sequence) during k™" period (k=1,2) at j** sequence (j=1,2). Define Uexperimental

and Ustandaara b€ the mean effect of the experimental treatment and that of the standard
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treatment, respectively, in the patient population: their difference, 8,

= Uexperimental —Mstandard, 1S the parameter of interest in the primary analysis. Under the
following two assumptions, namely, (1) the carry-over effects of the experimental and standard
treatment are the same (if nj=n3) or the carry-over effects are negligible, and (2) there is no

treatment-by-period interaction, 8, can be estimated by

Hd = /Jexperimental — Ustandard

where

ny ny
~ — * * * *
Uexperimental = 2 Diy + Z D3y /(nl'l'nz)
=1 =1

* *
ni n;

ﬁstandard = z szl + Z D;u /(n;-l'n;)-
=1 =1

[1-2]. The notation 73, denotes the population variance of the effect size differences between

experimental and standard treatments in responding patients [1-2]. ; T3 is estimated by

n*f
J

2
A i * * ~ 32
=Y > (-1 D~ D) ~ )

*
111 j=11=1

[1-2]. The null hypothesis of the stage 2 analysis, Hy,, is that there is no difference in the mean

effects of the two treatments, i.e. Hy,: 64 = 0.

A test for the hypothesis Hy,: 8; = 0 can be obtained using a test statistic in the form of

the t-test statistic as follows:
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[1-2]. Under the null hypothesis Hy,: 8; = 0, T; approximately follows a normal distribution
with a sufficiently large sample size [1-2]. We reject the null hypothesis Hy,: 84 = 0 if |T,| >

Z

;22 Where a is the type I error probability of testing the primary hypothesis in Stage 2 [1-2].
2

4.2.2 Secondary Analyses

This section illustrates an analysis for each of the following analyses: (1) to determine the
association between patients’ response and patients’ characteristic using data collected in Stage 1;
and (2) to determine the proportion of patients who respond to the experimental treatment in

Stage 1.

4.2.2.1 Evaluation of the Association between Patients' Response and Patients'

Characteristic at Stage 1

The proposed study design collects baseline patient characteristics before they receive the
experimental treatment in Stage 1 [3]. Without loss of generality, suppose there is only one
patient characteristic of interest denoted by X. Let the change in i*" patient’s outcome after s/he
receives the experimental treatment in Stage 1 be D;. Patient i is considered to be a respondent if
D; is greater than or equal to a threshold §. We would be interested in assessing if the proportion
of patients who respond to the experimental treatment Pr (D; = §|X;) depends on X. This can be

tested using a logistic regression model:
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lo ( Pr (D;=6|X;)
1-Pr (D;26|X;)

)=y0+y1Xl- fori=1,2,...,n
where n, is the total number of patients enrolled in the trial (Stage 1) [3]. The binary random
variable D; > 6 is assumed to follow the Bernoulli distribution with the success probability of
Pr (D; = 6)|X;). The parameter y, represents the log odds ratio of the outcome change being
greater than or equal to § of those patients who have the characteristic X=1 compared to patients
who have the characteristic X=0: y, is the log odds of the outcome change being greater than or
equal to § of those patients who have the characteristic X=0.

A likelihood ratio test can be used to test the null hypothesis that the log odds ratio of the
outcome greater than or equal to § is zero, i.e., Pr (D; = §)|X;) is not associated with patient
characteristic X1, Hyz: Y1 = 0 [3]. The test statistics follows approximately a chi-square

distribution with 1 degree of freedom when n, is sufficiently large [3]. The null hypothesis is

rejected if D > Xf_ag where a5 is the type I error probability of this test [3].

4.2.2.2 Evaluation of the Proportion of Patients Responding to Experimental Treatment at

Stage 1

This section describes an analysis method to evaluate whether the proportion, p, of
patients responding to the experimental treatment in Stage 1 is at least as large as a threshold, py,

pre-specified prior to the study.

As described in the introduction, all n; patients at Stage 1 receive the experimental
treatment. Patients’ outcome is collected before and after they receive the experimental
treatment. The change, D;, in the outcome of i*" patient in Stage 1 is measured by the difference

of the i*" patient’s outcome before and after she/he receives the experimental treatment. The
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th patientis considered respondent to treatment if his/her change (D;) is greater than or equal to a

pre-specified threshold, &.

A one—sample proportion test is used to test the null hypothesis Hy; that the proportion of
patients with greater than § outcome changes in the population is at most pg, Hy1: p < pg, Where

p can be estimated by
. 1,

[1-2] and the variance of p can be estimated by niﬁ(l — D). The test statistics
1

Z — P—Do

1 * *
/apo(l—po)

follows approximately the standard normal distribution if p = p; and the sample size n; is
sufficiently large [1-2]. The null hypothesis is rejected if Z > Z;_, where a; is the type I error

probability of the test [1-2].

4.3 Sample Size Considerations

This section describes a sample size calculation method for rare disease clinical trials that

uses the proposed study design.

4.3.1 Primary Analysis

Let 3, be the type Il error and a, be the type I error probabilities of the evaluation of the

experimental treatment effect in Stage 2 and n; Mpe the number of patients at Stage 1. We need
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to ensure a sufficient number of patients in Stage 2 to have 1 — [, power. With underlying

proportion, p, in the patient population who would respond to the experimental treatment in

@®

Stage 1, the number of patients, n,™, in Stage 1 needs to satisfy the following condition to have

1 — B, power in Stage 2:

1
X
S b(xpon){1- o -6, AR | ESEYE 1
x=1

(
where b(x Po, N nt )) ( 1 )pox 1- po)("l ~*) denotes the binomial probability mass

. . 1) . . .
function of observing x “successes” out of ng ) independent trials with a common success

probability of p,.

To calculate the minimum sample size n ) that satisfies this condition, we employ

@

simulation. First input an arbitrary number n, for n; )and with an assumed po simulate x based

on the binomial model. With the simulated x, calculate the power for Stage 2 which is

{1 - < 04 \/7 +Z,_ >} If the power is less than 1 — f3,, then increase n, and calculate the

power with the new value of n,. Repeat this process again until the calculated power by the

above formula is greater than or equal to 1 — 3, power.

4.3.2 Secondary Analyses

4.3.2.1 Evaluation of the Association between Patients' Response and Patients'
Characteristic at Stage 1
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Let a5 be the type I error probability and 5 be the type II error probability for evaluating
the association of treatment response with patient characteristics X in Stage 1. To simplify, we
consider the binary case of X. Let ny_; be the number of patients whom their characteristic

X = 11in Stage 1; ny_( be the number of patients whom their characteristic X = 0 in Stage 1;

ngg) be the number of patients needed in Stage 1; py—; be the proportion of patients with X =
1 who are responders; py—, be the proportion of patients with X = 0 who are responders; p; be

the proportion of responders across all categories of patient characteristic X; and p, be the

Px=11tDx=0

proportion of non-responders across all categories of patient characteristic X (i.e., p1= .

W ®

and p,= 1 — p;). With a given ratio of ny_, / ny_q as w prior to the study (i.e., ny_1=—— M

(3)

1 . .
and ny_o= L 3)) the number of patients needed in Stage 1, n;™, such that there is sufficient

power to reject the null hypothesis Hy: y; = 1.0 is calculated by

3(w+1)2[zl_ﬂ+zl_3]2
2

n® —
1 wyZ[1-p5-p3]

[S].

4.3.2.2 Evaluation of the Proportion of Patients Responding at Stage 1

Let 1 be the type II error probability and a4 be the type I error probability of the

evaluation of proportion of patents responding at Stage 1. The sample size needed at Stage 1,

ng ), such that there is sufficient power to reject the null hypothesis Hyq: p < py where the null

hypothesis specifies the value of p,. We assume that the true value of p, i.e., the underlying

proportion in the patient population who would respond to the experimental treatment, is py.

()

Then the minimal sample size n;"” must satisfy:
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(2) [Zl—a1 ,ps(l_p(*])-l-zl—ﬁl\/pO(l_pO)]
n1 =

(Po—1p)?

[1,2,4].

4.3.3 Sample size for the proposed study design

There are three analyses in this proposed study design. Therefore, there are three type I

errors with probabilities a;, a, and a3 and three type II errors with probabilities S, B, and 53

€Y

in this proposed study design. n;” number of patients is needed for the primary analysis. To

ensure there is sufficient number of patients for all three analyses of the proposed study design,

the minimal sample size needed is n = max (ngl), ngz)’ n13))

4.4 Discussion

The purpose of this chapter is to illustrate an analysis framework of the proposed study
design described in Chapter 3. The use of a two-stage patient-focused design for RDT can be
used not only for treatment effect evaluation, but also exploring the association of patient
characteristics and patient's response to treatment. In this chapter, we proposed analysis methods
that measure the association between response to treatment and patient characteristics, examine
whether the proportion of patients whose outcome changes is at leastp,, and the effect size
difference between experimental treatment and the other treatment on responders. We further
proposed a sample size calculation method for the primary analysis to have 1 — [, power and for
the two secondary analyses which are described in Section 4.2.2.1 and Section 4.2.2.2 to have

1 — B, power and 1 — 35 power, respectively.
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Since limited rare disease patients are usually available for recruitment into clinical trials,
collecting sufficient patients needed for the power and type I error requirement of our proposed
study design might only be suitable in certain scenarios. As illustrated in Table 1, an ideal rare
disease scenario where this analysis framework would be suitable is (1) all treatments have equal
or no carryover effects; (2) outcome is reversible and stable; (3) experimental treatment effect is
large compare to standard treatment; (4) patient characteristics are highly associated with being
respondent or not; (5) small variability of outcome response to treatments between patients with
same known patient characteristics such that variance of outcome is much smaller than the

difference in effect between treatments.

For convenience sake, the illustration of the analysis framework is based on the
assumptions that the carryover effect of treatments are considered to be the same, no patients
dropout, only a patient characteristic is examined at Stage 1, and there is no treatment by period
interaction. These assumptions might not hold in practice. This study design is not recommended
if treatments' carryover effects are substantially different. Larger sample size might be needed if

there is treatment by period interaction and substantial amount of patient dropout.

The proposed study design in the previous chapter with this analysis framework needs to
be tested in suitable rare disease treatment evaluation scenarios. It should be noted that, for
illustration purposes, our proposed analysis framework uses typical analysis methods and is only
for crossover design. Alternative analysis methods have been suggested elsewhere [6-8]. Future
work is needed on the development of analysis framework for two other proposed designs at

Stage 2.
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Table 4-1 Ideal Scenario where the proposed analysis framework is applicable

Ideal Scenario

Reasons

All treatments have equal or no carryover

effects

the measurement of treatment effect is not bias by

carryover effects

Outcome is reversible

each patient in the study is in similar disease condition
when they receive both treatments and hence both

treatments’ effect on outcomes is comparable

Experimental treatment effect is large

compared to standard treatment

less number of patients are required than when the
experimental treatment is small to evaluate experimental

treatment effect at Stage 2

Large difference in proportion of outcome
response to experimental treatment between
patients with different known patient

characteristics

enrichment at Stage 1 requires small number of patients
to examine the association between patient
characteristics and the proportion of patients responding

to treatment effect

Small variability of outcome response to
treatments between patients with same
known patient characteristics such that
variance of outcome is much smaller than

the difference in effect between treatments

only small number of patients are required to evaluate

treatment effect at Stage 2
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Chapter 5: Discussion and Conclusion

Conducting clinical trials to evaluation the effect of treatments for rare diseases can be
challenging. As indicated by the US Food & Drug Administration [1] and Health Canada [2], the
development of new research methods for rare disease clinical trials is considered one of the key
factors towards the improvement of management and treatment of rare diseases. This thesis
project proposed a study design and illustrated the study design's analysis framework with

sample size calculation methods.

5.1 Synthesis of Results

5.1.1 Chapter 3: A two-stage patient-focused study design for rare disease controlled

trials

A two-stage patient-focused study design was proposed for rare disease controlled trials
to evaluate treatment effect on reversible and non-reversible outcomes. In addition, the
development of this study design also considered other aspects that are relevant to rare diseases,
such as the lack of clinically validated outcomes, opportunities for patients to access treatments
during treatment development, discovering patient characteristics associated with treatment
response among heterogeneous patient population, and duration of the study and number of

patients required.

At Stage 1 of the proposed design, all patients receive the experimental treatment. This

procedure provides all patients who enroll into the trial to access the experimental treatment.
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Since all patients receive the experimental treatment at Stage 1 and their patient characteristics
are collected, an exploratory analysis of the association between patient characteristic and
patients’ outcome is possible. The information regarding the association between outcome
response to treatment and patient characteristics could be useful to assign treatment to suitable
patients in clinical practice. At the end of Stage 1, if the proportion of patients who respond to
the experimental treatment is substantially less than the threshold specified in the study protocol
Do, then the trial is terminated. Under this rule, treatments that were not found to benefit
clinically important number of patients in the trial will not be continued for treatment effect

evaluation at Stage 2.

With a washout period preceding Stage 2, only those patients who respond to the
experimental treatment at Stage 1 proceed to Stage 2 and contribute to evaluation of treatment
effectiveness. This scheme evaluates whether the experimental treatment is substantially better
than the standard treatment at improving the outcome. The suggested choices of designs for
evaluating treatment effects on Stage 2 include crossover design, series of n-of-1 trials, and
adaptive trials, and all of which provide further opportunities for the participants to receive the
experimental treatment than the parallel-group design would. Since patients’ feedback on the
treatment and its effect is collected at both stages, an exploratory assessment of outcomes in the

rare disease under study is possible when clinically validated outcomes are lacking.
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5.1.2 Chapter 4: Analysis methods and sample size calculations for the patient-

focused two-stage study design

Analysis methods and sample size estimation methods for our proposed study design in
which the cross-over design is used at Stage 2 were illustrated. There is a primary analysis and
two secondary analyses. The primary analysis of the proposed study design is treatment effect
evaluation at Stage 2. Two secondary analyses of the proposed study design are estimation of the
proportion of patients who respond positively to the experimental treatment and assessment of
the association between patients’ outcome response to the experimental treatment and their

patient characteristics.

For the primary analyses at Stage 2, the mean difference change in the pre- vs. post-
treatment outcome between the experimental treatment and standard treatment of the cross-over
trial is estimated. The variance calculation for the mean difference takes into account potential
positive correlation of repeated measurements and used in testing whether the null hypothesis
that the effect of experimental treatment and standard treatment is the same holds or not: the null
hypothesis is rejected if p-value of the test is smaller than or equal to the type I error probability

of the test.
The two secondary analyses of Stage 1 are as follows:

1) A one-sample proportion test is used to assess whether the proportion who respond is less
than or equal to a pre-specified threshold, p,. The null hypothesis is rejected if the p-value is

smaller than or equal to the type I error probability of this test.

2) A simple logistic regression can be used for assessing the association between patient

characteristics and response to the experimental treatment. The null hypothesis that there is no
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association between the patient characteristic of interest and response to the experimental
treatment is rejected if the p-value of the likelihood ratio test is less than the type I error

probability of this test.

A sample size calculation method was proposed for the proposed study design in which
cross-over design is used at Stage 2 to have a given power for the primary analysis, along with a
specified power for the analysis of the proportion of patients responding to the experimental
treatment and another specified power for analysis of the association between the patient

characteristic of interest and response to experimental treatment.

5.2 Discussion

This thesis project proposed a patient-focused two-stage study design and an analysis
framework with a sample size calculation method. Chapter 3 proposed a study design for
treatment effect evaluation for rare diseases where clinically validated outcomes may be lacking,
opportunity to access treatment is limited, patients’ response to treatment is heterogeneous, and
the duration of the study and number of patients required are important considerations. With
these features, our study design can be useful to address the following issues of developing rare

disease treatments that are illustrated in Chapter 1 and Chapter 2:

(1) Limited opportunities for patients to access treatments: By increasing the opportunity of
patients in the trial to receive the experimental treatment also provides more opportunities
for patients of those communities to access experimental treatments if they enroll into the

trial.
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(2) Clinically validated outcomes may be lacking: By using patient reported outcomes (e.g.,
pain or ability to perform certain activities) in evaluating treatment effect provides
investigators measures of patient's quality of life; hence provides information and ways to
evaluate treatment effect in a meaningful way for patients.

(3) Patient heterogeneity: By evaluating the association between patient characteristics and
their outcome respond to experimental treatment at Stage 1 provides information for
prioritization in allocating treatments to patients based on their patient characteristics and
future direction on treatment development.

(4) Small number of patients enroll into clinical trials: (i) By distinguish responders and non-
responders at Stage 1 and evaluate treatment effect only on responders at Stage 2 might
reduce the number of patients needed at Stage 2 compared to a one stage parallel group
design; (ii) By analyzing the proportion of patients responding to the experimental
treatment at the end of Stage 1 can terminate the trial early if the proportion of patients

respond to the experimental treatment is much smaller than a prior anticipated proportion.

By addressing the above issues, this would not only solve technical issues in evaluating
treatment effect, but also improve patients' outcomes and utilizing healthcare resources. This is
because: (1) more patients having the opportunity to access treatment means more patients who
will improve relevant outcomes; (2) our approach’s capacity for evaluating treatment effects for
rare diseases where clinically validated outcomes is lacking is important for regulatory approval
and reimbursement, and enables clinicians to better understanding of treatment effect, which in
turn will improve patients' outcome and better use of healthcare resources; (3) allocating
treatments to patients who are more likely to respond reduces the risk of incorrectly not

providing treatment that is useful to patients and the risk of incorrectly providing treatment that
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is not useful to patients; and (4) more efficient study design requires less resources for rare

disease treatment development and hence improves the utilization of healthcare resources.

However, to use this study design for rare disease controlled trials, one should be aware

of the following limitations:

(1) The investigation of the association between patient characteristics and treatment
response in a study is recommended to be exploratory since the association may be
specific to some other aspects of the study (e.g., season). The results on the association
from Stage 1 should, therefore, cautiously be generalized to the target population. Our
suggestion to alleviate this limitation is to ensure sufficient power for identifying
clinically important associations in Stage 1 as well as soliciting from patients and care
providers potential specific aspects of the trials that may potentially bias the trial results.

(2) It is also possible that the treatment is found to be effective following Stage 2, but there is
ambiguity about how the characteristics of responders and non-responders differ. In such
a scenario, the trial has a limited capacity to prioritize treatment for future patients based
on patient characteristics. However, the information about treatment effects is still
valuable for stakeholders in determining the proportion of the target population that is
expected to respond to the treatment.

(3) Since the development of this study design did not consider regulatory aspects,
modification of the study design might be required to meet specific regulatory evidence

requirement.

Chapter 4 proposed an analysis framework and the sample size calculation for the study
design. Compare to series of n-of-1 trials and response-adaptive design, crossover design is a

relatively common study design. The proposed analysis framework and simple size calculation
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method for our proposed study design were illustrated only for crossover design. The secondary
analyses methods and sample size calculation for the other two designs can follow the same
principles as illustrated in Chapter 4. However, the primary analysis and its sample size
calculation of each of those two designs need to be modified since they are different study

designs compared to cross-over study design.

For some rare disease clinical trials, only small numbers of patients are available for
recruitment; hence other source of information in addition to clinical trials might be needed to
evaluate treatment effect. Our proposed analysis framework is a frequentist's approach, Bayesian
analysis framework has been proposed to be a more suitable analysis method to evaluate
treatment effect in Stage 2. We only highlight the arguments in the literature as to why Bayesian
is preferred than the frequentist approach. The frequentist approach is the most common
approach to analyze trial data and uses the trial data alone to evaluate treatment effect [3]. Since
treatment effect evaluation is based solely on trial data, a substantial number of patients is often
needed to evaluate treatment effect [3-5]. Furthermore, since the analysis method of the
frequentist approach is closely related to the study design of trials, this in turns limits the ability
of the frequentist approach to aggregate information across trials that use different study designs
[7]. These features of the frequentist approach can sometimes limit the ability of clinical trials to

evaluate treatment effects of certain rare diseases [4].

Unlike the frequentist approach, Bayesian approach uses probability as a measure of
belief and a parameter has a probability distribution reflecting degrees of subjective belief over
values the parameter might take [8]. Under Bayesian approach, before conducting a trial, a
probability distribution is assigned for each parameter to represent the subjective belief on its

values based on previous studies and/or expert's opinions [9]. Data from a research study
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changes the subjective belief of what the true parameter values could be [9]. Since Bayesian
approach can include other information in addition to trial data for making statistical inference
on trial data, Bayesian statistical inference usually requires a smaller number of patients than the
frequentist approach to evaluate treatment effect. Furthermore, unlike the frequentist approach
that depends on trial design to control type I and type II error for statistical inference, Bayesian
can make statistical inference as information accrues within a trial or aggregate information
across trials relatively more flexibly than the frequentist approach [5]. As a result, under the
Bayesian analysis framework, rare disease clinical trials are more feasible [5]. However, there

are barriers in using Bayesian analysis for rare disease controlled trials:

(1) challenges in quantifying other sources of information that is qualitative such as expert
opinions; and
(2) challenges in assigning weights to different sources of information and opinions of

different experts.

5.3 Future research recommendations

Future research aims to extend the development of study designs and analysis methods
for rare disease controlled trials to evaluate treatment effect. Specifically, some of the research

goals that arose from the work presented in this thesis are:

= The proposed study design has not yet included the perspectives of regulatory agencies.
Therefore, a future study on how the proposed design can be modified to meet the

regulatory aspects of countries is recommended.
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= Asindicated in section 4.2, analysis methods and sample size calculation for the primary
analysis of our proposed study design that uses series of n-of-1 trials or response-adaptive
design at Stage 2.

= Alternative analysis framework for clinical trials such as those of Bayesians (see
Appendix) have been suggested in the literature to be a more suitable option for rare
diseases controlled trials. Therefore future research using Bayesian framework for our

proposed study design is suggested.
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Appendices

Appendix 1: Study Designs in Chapter 3

The following content describes the three study designs that are considered to be used at
Stage 2 of the proposed study design, i.e. cross-over, series of n-of 1 trials, and response adaptive
design; as well as a study design, randomized withdrawal design, that is compared to the

proposed study design in the discussion section of Chapter 3.

A1.1 Cross-over design [1-3]

Description

Patients are sequentially recruited and randomized into two arms in which one arm has the same
treatments as the other but in different order. Patients in the study receive a treatment, wash out,
and then receive another treatment. During the study, outcome of the patients are collected
several times throughout the study at different time point. The difference between the two
treatments’ outcomes is compared to estimate the overall effect difference between the two

treatments.

Time: Since all patients receive multiple treatments and are washed out, this study takes much

longer than studies in which each patient receives only a single treatment.
Internal Validity:

e Blinding due to randomization reduces placebo effect.
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e Carryover effect might occur if wash out period between the treatment periods is not
sufficient.

e Treatment by period effect if present cannot be easily detected due to limited power.

e Opverall effect between two treatments estimated in the study is not confounded by
prognostic factors.

e 100% receiving the new treatment attracts more patients to enter the study but longer trial

duration increases the chance for patients to drop out of the study.
Opportunity to receive new treatment: 100% receiving the new treatment.

Sample size requirement: In this study design, patients are their own control. This allows the
treatment difference to be more precisely estimated compare to parallel-groups. Due to the above

reasons, the sample size requirement for this study design is less than parallel group design.
This design is appropriate in the scenario which must have:

e Stable disease
e None of the treatments changes the patient’s outcome permanently.

e Confounders do not have to be well known or difficult to be controlled for in the study.

This design is recommended if the described scenario above also contains the following

conditions:

e The response of patient to treatment is short.

e Patients of the disease have strong desire to receive new treatment.
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A1.2 Series of N-of-1 Trials [1,4-6]

Description

Only a patient is required to run the trial. The patient receives at least a pair of treatment (new
treatment and placebo or current treatment) multiple times at different time periods in a study.
There is a wash out period between each pair of adjacent treatment periods. The trial is begun by
randomizing the patient into treatment groups. After every second wash out period since
randomization, the patient is randomized again into receiving either pair of treatment. Each result
of an n-of-1 trial is only applicable to the particular patient. With a protocol defined on the
eligibility criteria to enter an n-of-1 trial, a number of n-of-1 trials can be conducted to generalize

the findings to the target population.

Time: Since all patients receive multiple treatments and washed out, this study takes much

longer than studies in which each patient receives only a single treatment.

Internal Validity:

e N-of-1 is for one patient. In the end of the trial, it is helpful to identify what treatment is
best for the particular patient. A series of n-of-1 trials is required to generalize study
results to population.

e Opverall effect between two treatments estimated in the study is not confounded by
prognostic factors.

e 100% receiving the new treatment attracts more patients to enter the study. This increases
internal validity. Longer trial duration increases the chance for patients to drop out of the
study.

¢ Blinding due to randomization reduces placebo effect.
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e Carryover effect might occur if wash out period between treatment periods is not

sufficient.
Opportunity to receive new treatment: 100% receiving the new treatment.

Sample size requirement: For any trial, only a patient is required. A number of trials are

required to generalize the results to the target population.
This design requires:

e Stable disease;

e None of the treatments changes the patient’s outcome permanently; and

This design is recommended if the described scenario above also contains the following

conditions:

e The response of patient to treatment is short.
e Patients of the disease have strong desire to receive new treatment.
e Confounders do not have to be well known or difficult to be controlled for in the study.

e Disease condition of patient population is sparse and heterogeneous

A1.3 Response Adaptive Randomization Design [1,7-9]
Description

All patients are sequentially recruited and randomized to two arms with probability in
consideration of the response of the previous patients. Treatment that is observed to be more

effective than the other is given a higher chance of being assigned as the treatment for the
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upcoming patient. The intention of this method is to provide the observed better treatment during

the study to patients such that more patients benefit from the better treatment in the study.

Time: Since all patients only receive a single treatment, this study takes much less time than

studies in which each patient receives at least two treatments.

Internal Validity:

e For ethical reason, patients should be informed that the later they come into the study, the
greater is their chance of being assigned to the superior treatment. For this reason,
patients may prefer to wait. Patients with more severe conditions are usually enrolled into
the study first because they could not wait. This might result early termination of the trial
because the treatment effect might be more pronounced in patients with more severe
condition.

e Selection bias might occur if investigators guess the assignment of the next patient based
on knowing the treatments assigned to the past patients and their outcome.

e Higher opportunity to receive better treatment attracts patients into the study and hence
increases internal validity of the study.

e If some of the important covariates in the study is time dependent, such covariates need

to be collected and adjusted for in the analysis.

Sample size requirement: Because of sequential enrolment of patients into the trial, sufficient
information might be obtained to reach conclusion before the apriori defined number of patients
is reached. If the number of patients required for the study to obtain sufficient information can be

perfectly anticipated, the sample size required for this design is larger than parallel group design.
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This design is recommended if the scenario contains the following conditions:

e Not stable disease

e Treatments that may change the patient’s outcome permanently.

e The response of patient to treatment is quick.

e Patients of the disease have strong desire or needs to receive new treatment.
e patients are similar with respect to the important prognostic factors

e negligible changes in the types of patients entering into a trial over time.

A1.4 Randomized Withdrawal Design [1,10-12]

Description

Patients are recruited based on a set of selection criterion. There are two phases. In the first
phase, all patients are treated with the new drug. For those who responded to the new treatment
are in the response group and the rest are in the non-response group. In the second phase, the
response group is randomized into either the new treatment group or current treatment group.
The overall treatment effect observed in the two randomized groups is compared in the end of

the trial. For the non-response group, they are withdrawn from the study.

Time: All recruited patients can be quickly identified if they are responsive to the new treatment.
Non-responsive patients can be quickly identified and be withdrawn from the study. For those
that response to the new treatment, the time in the second stage it takes to distinguish the
treatment effect from placebo effect is very similar to parallel group design. The duration of the

study is longer than parallel group design because of two phases.

Internal Validity:
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e The response of patients found in the first phase can be due to placebo effect.

e Carryover effect might occur if wash out period between first phase and second phase is
not long enough.

e Treatment by period effect is a serious treat in both stages.

e Misclassification of response and non-response in the first phase affects observed
outcome in the second phase.

e 100% receiving the new treatment attracts patients to enter the study.

Effect found in the second phase can only be generalized to response group

Opportunity to receive new treatment: 100% receiving the new treatment.

Sample size requirement: The sample size requirement to detect the true clinical effect size
applies to on the second phase. The patients in the second phase are expected to have baseline
characteristics relatively more similar compare to patients in the first phase. Therefore, the
estimate of overall treatment effect in the second phase is expected to be more precise. The true
overall clinical effect size in the second phase is expected to be larger than regular parallel group
design because it is not diluted by those that are non-response to the new treatment. Because of
the increase in precision and expected treatment effect difference, if majority of the recruited
patient responded to the new treatment, the sample size required for a study with this study

design can be potentially less than the parallel group design.

This design is appropriate in the following scenario which must have:

e Stable disease

e None of the treatments completely change the patient’s outcome permanently.
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This design is recommended if the described scenario above also contains the following

conditions:

e Interest in applying new treatment to a subset of patients who are likely to have a certain

degree of response to the new treatment.
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Appendix 2: Bayesian Statistics

The following content briefly describes Bayesian Statistics and also compares Bayesian

Statistics to Frequentist Statistics.

A2.1 Brief introduction to Bayesian Statistics

In Bayesian statistics, probability is used as a measure of degree of subjective belief [1,
2]. In this paradigm, a probability distribution is used to describe the current belief about a
quantity of interest [1, 2]. As more information about the quantity accumulates, its probability
distribution changes and eventually converges to a single value, which is the truth. For example,
a specific quantity of interest, say the average height of School A students in year 2014. Prior to
a study, some background knowledge such as the average height of School A students in the
previous years is known. A probability distribution is formulated to describe the uncertainty of
the quantity of interest. This probability distribution that is set prior to a study is called prior
distribution [3]. After the study is conducted, additional information regarding the average height
of School A students in 2014 updates what is known about the average height School A students
in 2014. After the update of the prior distribution with additional information, a new probability
distribution of the quantity of interest, called posterior probability, is derived to describe what is
known about the quantity of interest [3]. Therefore, there is a probability distribution to describe
the uncertainty of the quantity of interest before a study is conducted and another probability
distribution to describe it after the study is conducted [3]. A prior distribution of uncertainty

before studies are modified to posterior uncertainty after studies by new data from the study [3].
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As more relevant information accumulates, certain values have higher probabilities than others

indicating that these values are believed to be more likely to be the truth than other values.

Evidence from new data is expressed as a likelihood function for the quantity of interest,
and the normalized product of the prior and the likelihood combines the subjective belief about
parameter values before the study and information from the study. This is expressed as the
posterior distribution (i.e., updated belief) of parameter values after studies [4,5]. As more
information is accumulated, this posterior distribution will eventually converge to a probability

mass of 1.0 on the true parameter value.

A2.2 Comparison of Bayesian and frequentist Approaches

Probabilities of parameters: In frequentist approaches, probabilities are defined only on the
sample space. In Bayesian approaches, probabilities are defined on parameter space as well as

the sample space [3].

The use of information for statistical inference: Under frequentist approaches, statistical
inference regarding parameters of interest is made based only on data from experiments. In
Bayesian approaches, statistical inference regarding parameters of interest includes information

outside of the experiments and also the experiments [3].

Flexibility: In frequentist approaches, statistical inference is closely related to study design that
defines sample space (i.e., data that could have been observed) whereas statistical inference
under Bayesian approaches is uses the probabilities of what was observed only [3]. An example

to illustrate this concept is shown below:
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Suppose that an experimental treatment is being used in a disease for which the historical
success rate for standard treatment was 35%. Consider the first of the above two designs, the one
that calls for treating exactly 10 patients. An important value of p is less than or equal to 0.35,
called the null hypothesis. So when p = 0.35, the probability of the actual observation (7
successes) is 0.021. The conventional frequentist approach is to add in the probabilities of more
extreme results - in this case 8, 9, or 10 successes - giving 0.026. This sum is called the
significance level, or more briefly, the P-value. In this case the P-value = 0.026 is less than a
usual type I error probability 0.05; hence under a typical scenario, this results are called

statistically significant.

Had the design of the trial been other than taking exactly 10 observations, then the P-
value for these data would be different as well. For example, if the design was to continue the
trial until obtaining the third failure, then the P-value would have been 0.004, an order of
magnitude smaller than the first P-value. So the evidence is now stronger that the success rate on
the experimental treatment is greater than the historical rate, even though the results of the
experiment are identical. This close relation between trial design and consequent inferences

describes the frequentist approach and showed its inflexibility [3].
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