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ABSTRACT

Purpose: Recent years have seen a change in the
way that clinical trials are being conducted. There
has been a rise of designs more flexible than
traditional adaptive and group sequential trials which
allow the investigation of multiple substudies with
possibly different objectives, interventions, and
subgroups conducted within an overall trial structure,
summarized by the term master protocol. This review
aims to identify existing master protocol studies and
summarize their characteristics. The review also
identifies articles relevant to the design of master
protocol trials, such as proposed trial designs and
related methods.

Methods: We  conducted a  comprehensive
systematic search to review current literature on
master protocol trials from a design and analysis
perspective, focusing on platform trials and
considering basket and umbrella trials. Articles were
included regardless of statistical complexity and
classified as reviews related to planned or conducted
trials, trial designs, or statistical methods. The results
of the literature search are reported, and some
features of the identified articles are summarized.

Findings: Most of the trials using master protocols
were designed as single-arm (n = 29/50), Phase II
trials (n = 32/50) in oncology (n = 42/50) using a
binary endpoint (n = 26/50) and frequentist decision
rules (n = 37/50). We observed an exponential
increase in publications in this domain during the last
few years in both planned and conducted trials, as
well as relevant methods, which we assume has not
yet reached its peak. Although many operational and
statistical challenges associated with such trials
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remain, the general consensus seems to be that
master protocols provide potentially enormous
advantages in efficiency and flexibility of clinical drug
development.

Implications: Master protocol trials and especially
platform trials have the potential to revolutionize
clinical drug development if the methodologic and
operational challenges can be overcome. (Clin Ther.
2020;42:1330—1360) © 2020 The Authors. Pub-
lished by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Key words: adaptive design basket trial, master
protocol, multi-arm multi-stage design, platform trial.

INTRODUCTION

Since the late 1940s, randomized controlled trials
(RCTs) have served as the gold standard for
establishing therapeutic efficacy.! However, recent
advances in drug discovery and biotechnology have
accelerated tremendously the detection of treatment
candidates. In addition, diagnostics have become
more refined, leading to more precisely defined
disease descriptions and hence smaller patient
populations for targeted therapies. The classic 2-arm
parallel-group RCTs have thus become one of the
rate-limiting factors in drug development, and more
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flexible trial designs have been called for.”® Clinical
trials conducted within the master protocol
framework could remedy the problem because such
trial designs allow for the evaluation of >1
investigational treatments in multiple subgroups of a
study population within the same overall clinical trial
structure compared with traditional randomized
controlled trials, which mostly evaluate only one
investigational drug in one study population.
Furthermore, because of several subgroups running in
parallel, the chance of patients meeting the inclusion
criteria of at least one of the subgroups is increased.
If inclusion and exclusion criteria are similar, sharing
of patients across the whole study might be feasible
(eg, by dynamic control arms). Although in practice
planning and implementing a trial with a master
protocol require more time to properly deal with
operational and data-analytical complexities, Saville
and Berry® found, using simulation studies, that
under certain assumptions such trials can greatly
reduce the time and number of patients needed to
successfully identify effective treatments. In many
disease areas, such as remote damage control
resuscitation,” heart failure with preserved ejection
fraction,® pulmonary exacerbations of cystic fibrosis,”
colorectal cancer,® squamous cell carcinoma of the
head and neck,” bladder cancer,'’ nephrology,''

neonatal seizures,'* pediatric cancer,”” radiation
oncology  devices,'®  schizophrenia,!”  sepsis,'®
tuberculosis,'”  transplantation,”’ and multidrug-

resistant organisms,”’ master protocol trials are being
considered to satisfy needs for the evaluation of new
or targeted therapies, clinically validated targets, and
predictive biomarkers, as well as facilitating faster
clinical testing of available compounds. Although
master protocol trials can also be designed using
traditional design features, such as frequentist
decision rules, fixed sample size, and allocation
ratios, often innovative statistical methods, such as
response-adaptive  randomization, adaptive and
seamless adaptive designs, sharing of common
control  arms, Bayesian
frameworks,””> ® are used in the design of master
protocols. The debate concerning the actual benefits
of some of these methods is still ongoing.’’* The
importance of adaptive trial designs and master
protocols in the context of innovative trials and
precision medicine has been highlighted by many
authors.”"’>  The Adaptive Platform  Trials

and/or decision
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Coalition's opinion on design, conduct, oversight,
and reporting of adaptive platform trials has recently
been published.”® For an overview of logistical and
biostatistical considerations in the development of
master protocol trials, see Yee et al.”* For a
comprehensive review of confirmatory adaptive
clinical trials, see Bauer et al,”” and Bothwell et al.”®
For a review of trial designs used in biomarker-
guided adaptive trials, see Antoniou et al.”’

Within the group of master protocol clinical trials,
3 types of clinical trial designs can be differentiated:
basket trials, umbrella trials, and platform trials. We
call a master protocol trial a basket trial if one
investigational treatment or treatment combination
is evaluated in the context of multiple diseases or
disease subtypes with a common biomarker or
genetic feature linked to the therapeutic target of the
treatment (Fig. 1A). If multiple investigational
treatments or treatment combinations are evaluated
in the context of a single disease, possibly within
several substudies for different disease subtypes or
patient subgroups, we call it an wmbrella trial
(Fig. 1B). A platform trial is a trial in which
multiple investigational treatments or treatment
combinations are evaluated in the context of a single
disease, possibly within several substudies for
different disease subtypes; furthermore, drugs or
drug combinations within
substudies may enter or leave the trial (e.g., if a new
biomarker to identify disease subtypes becomes
available), allowing the trial to run perpetually, in
principle. In case a treatment is found to
significantly  outperform  the control
treatment, this treatment could become the new
control treatment and serve as the new reference
within the same trial structure (Fig. 2). Instead of
considering a platform trial a distinct type of master
protocol trial, it could also be seen as an adaptive
form of an umbrella trial in which treatment arms
and/or study populations may be added or dropped
during the trial or as an overarching framework for
substudies that can enter or leave the platform over
time. However, for the remainder of this article, we
use the above stated definitions.

Although several authors have observed that the
definitions of basket, umbrella, and platform trials
have been overlapping and inconsistent in the
past,* %1 we used the definitions provided by
Woodcock and LaVange,®” which are consistent with

existing and new

existing
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or genomic feature. After positive screening results, all patients, regardless of their disease or disease
subtype, are treated with the same targeted therapy. An additional placebo arm could be included;
however, single-arm basket trials tend to be more common. (B) Schematic overview of an umbrella

trial, including K different substudies. Within the context of a single disease, patients are screened for

the presence of a biomarker or genomic feature and accordingly enrolled or randomized to any of the
K existing substudies, which can be independent and differ with respect to treatment, trial duration,

and so on.

the definitions found in the recently released US Food
and Drug Administration (FDA) draft guidance on
master protocols83 (October 2018), which is
currently the only draft guidance available from a
regulatory authority. A recommendation report on
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the initiation and conduct of complex clinical trials
by the Clinical Trials Facilitation and Coordination
Group was released in 2019.%* Siden et al,*’ who
conducted a literature search similar to ours in terms
of search strategy but with a different scope, found
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Figure 2. (A) Schematic overview of a platform trial. Whenever new patients enter the trial, they are screened for
the presence of a biomarker or genomic feature and enrolled in one of the existing substudies at that
time. Substudies can enter and leave the trial at any time (e.g., when new biomarkers become available
or futility criteria are met and no other candidate experimental drugs are available), the control arm
within one substudy can change over time, and patient enrollment can continue perpetually. (B)
Schematic overview of a single disease subtype or subgroup substudy of a platform trial. The control
arm within one substudy can change over time, and patient enrollment can continue perpetually.
Treatment arms can be dropped for futility or efficacy and be replaced by new treatment arms.
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that only 57% of the self-reported master protocol
trials they identified were consistent with the FDA's
definitions. Janiaud et al®” and Hirakawa et al®" also
give a comprehensive overview of conducted or
currently ongoing trials with master protocols
focusing on oncology only. The authors try to raise
awareness that, although carrying tremendous hope,
master protocol trials “should not be seen as a way
to bypass rigorous clinical testing for expedited
access to unproven treatment options.”®’ Another
recent systematic review of master protocol trials by
Park et al®® found a similar exponential increase in
master protocols over time. They also reported that
most master protocols investigated experimental
drugs in oncology in adult populations. A pooled
analysis of published basket trials in cancer following
a systematic review was recently published by Hazim
and Prasad.®” The authors found that at the time of
article submission >1100 patients with >33 different
tumor types had been enrolled in published basket
trials, with 25% of patients having had partial or
complete response to therapy.

In this systematic review, we aim to provide a
comprehensive overview of the current literature on
master protocols in terms of planned and conducted
trials and trial design related methods, with a special
focus on platform trials.

METHODS

We conducted a systematic literature search on
PubMed using a prespecified set of keywords and
further included suitable publications from the list of
references in the identified articles and articles
discovered via searches  (Supplemental
Appendix). This study was conducted in accordance
with the PRISMA reporting guidelines for systematic
literature reviews.

The key features of the identified planned and
conducted trials were extracted and classified as
basket, umbrella, or platform by the definitions
provided above, which can differ from the reported
self-classification. Some master protocol trials that we
identified in our literature search do not exactly fit
any of the previously mentioned definitions of basket,
umbrella, and platform trials. Trials that included
several indications (therefore by our definitions no
umbrella or platform trials) and evaluated several
treatments (therefore by our definitions no basket
trials) were classified as other.

manual
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Identified trial design and methodologic articles
were classified as follows: (1) articles that proposed
new designs or methods relevant for basket trials, (2)
articles that proposed new designs or methods
relevant for umbrella and platform trial, (3) articles
that discussed the issue of multiplicity in trial designs
with master protocols, and (4) articles that
investigate MAMS designs and related methods
(Multi-arm, multi-stage [MAMS] designs have been
suggested in the literature to compare several
treatments while allowing for interim analyses;
therefore, the statistical methods can be directly
applied to umbrella and platform trials).

RESULTS

A word cloud based on the titles of the 286 identified
articles (Fig. 3) reveals that many are in the fields of
oncology and focus on adaptive elements of the
designs concerned. On the basis of the titles, basket
trials seem more popular than platform and
umbrella trials. Fig. 4A shows the distribution of
identified articles with respect to year of publication.
Apart from an exceptional year 2018, we suspect
that the exponential increase in publications because
of increasing interest in this domain will still
continue. Fig. 4B shows the number of identified
articles with  respect to publishing
Approximately 20% of all articles were published in
Journal of Clinical Oncology, Statistics in Medicine,
or Clinical Trials.

journal.

Planned and Conducted Trials

In Table I, the key features of the identified planned
and conducted trials are summarized. In Fig. 4C and D,
the originally planned sample size and the planned or
actual number of study arms of the identified planned
and conducted trials (in each figure we excluded one
trial with a missing value) are summarized. Both the
originally planned sample size and the planned or
actual number of study arms have fairly skewed
distributions. Table II lists the general features of the
identified conducted or planned master protocol
trials, indicating that most of the trials were designed
as Phase II trials (n = 32/50) in oncology (n = 42/
50). Table III lists some statistical features, indicating
that most of the trials were single-arm (i.e., no
control group but possibly many experimental arms;
n = 29/50), using a binary endpoint (n = 26/50), no
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Figure 3. Word cloud using the titles of all identified articles. English stop words were excluded and trials and

trial aggregated.

response-adaptive randomization (n = and
frequentist decision rules (n = 37/50).

In the following, we present the identified planned
and conducted platform trials. Trials are ordered by
year of first identified publication associated with it
and within each year alphabetically by first author's
last name. A verbal description highlighting the
features of basket, umbrella, and other trials can be
found in the Supplemental Appendix. The platform
trials we identified in our literature search are as
follows.

The STAMPEDE (Systemic Therapy in Advancing
or Metastatic Prostate Cancer: Evaluation of Drug
Efficacy) trial'*>'**"152 is a multicenter, multi-arm,
multi-stage, randomized, open-entry clinical trial
assessing novel therapies in men with hormone-naéve
prostate cancer. The primary endpoint is overall
survival. Even though the trial has been running for
nearly 15 years, it is still ongoing, and a multitude of
results have already been published.'”* 1! Over
time, some experimental arms have finished accrual,
and new experimental arms have entered the
trial.'®> % The investigators planned to include
biomarker-stratified randomization in the future.'>”

The I-SPY2 (Investigation of Serial Studies to Predict
Your Therapeutic Response With Imaging And

41/50),

July 2020

moLecular Analysis 2) trial'®*"'°® is an ongoing,

Phase II, response-adaptive, randomized, multicenter
trial evaluating new drugs or drug combinations in
the context of neoadjuvant treatment for women
with locally advanced breast cancer. The primary
endpoint is pathologic complete response. Response-
adaptive randomization of patients is used in 8
prospectively  defined  biomarker-based  disease
groups; however, efficacy is evaluated within 10
predefined clinically relevant biomarker signatures
(that can be overlapping). If highly promising
treatments are identified in the signatures, they will
be graduated for further Phase III testing. Das and

Lo'®”  report that 6 drugs have already
graduated'”>'”! and one study drug received
accelerated FDA approval in one signature,

seamlessly replacing the respective control drug.

The FOCUS4 (Inhibition of EGFR, HER2, and
HER3 Signalling in Patients With Colorectal Cancer
Wild-Type for BRAF, PIK3CA, KRAS, and NRAS)
trial'">172717* was a randomized, multi-arm, multi-
stage, seamless Phase II/III trial testing novel agents
against placebo in biomarker-defined
subgroups of patients with colorectal cancer. The
primary endpoints were progression-free survival and

several
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Table I.  Planned or conducted master protocol trials identified in the literature search.
Trial Name Phase Primary Type Indication Planned Planned  Status as of References  Registration Numbers
Endpoint Sample Study  January 2020
Size Arms
ADD-ASPIRIN 1 Time to event Basket  Oncology 11,000 4 Recruiting 106,107 NCT02804815
Ado-Trastuzumab Il Binary Basket  Oncology 100 4 Active, not recruiting 117 NCT02675829
AZD5363 Il Safety/binary Basket  Oncology 84 4 Active, not recruiting 109 NCT01226316
B2225 Il Binary Basket  Oncology NA 1 Completed 89—91 NCT00154388
IMPACT-2 /1 Time to event Basket  Oncology 1362 2 Recruiting 122 NCT02152254
INSPIRE Il Metric Basket  Oncology 100 1 Active, not recruiting 119 NCT02644369
KEYNOTE-012 | Safety/binary Basket  Oncology 90 5 Active, not recruiting 99—105 NCT01848834
KEYNOTE-016 Il Binary Basket  Oncology 71 4 Recruiting 97—-99 NCT01876511
KEYNOTE-158 1l Binary Basket  Oncology 1350 1 Recruiting 99,118 NCT02628067
Larotrectinib 1l Binary Basket  Oncology 570 3 Recruiting/active, not 110—112 NCT02576431,
recruiting NCT02637687,
NCT02122913
MINERVA 1] Metric Basket  Ophthalmology 187 2 Completed 113,114 EudraCT2012-005417-38
Perifosine Il Binary Basket ~ Oncology 96 3 Completed 108 Japic CT1-132287
monotherapy
SUMMIT Il Binary Basket  Oncology 392 4 Recruiting 115,116 NCT01953926
TOTEM2 Il Binary Basket  Oncology 93 1 Completed 120 NCT00918320
TRAM-01 Il Binary Basket  Oncology 150 4 Recruiting 121 NCT03363217
VE-BASKET Il Binary Basket  Oncology 101 7 Completed 92—-96 NCT01524978
ALCHEMIST 1l Time to event Umbrella Oncology 8300 5 Recruiting/active, not 126,127,132, NCT02194738,
recruiting 134,137,138 NCT02595944,
NCT02193282,
NCT02201992
AMBITION Il Binary Umbrella Oncology 68 4 Recruiting 146 NCT03699449
BATTLE Il Binary Umbrella Oncology 250 4 Completed 123—125 NCT00409968,
NCT00411671,
NCT00411632,
NCT00410059,
NCT00410189
BATTLE-2 Il Binary Umbrella Oncology 450 Active, not recruiting 139—141 NCT01248247
CLUSTER 1} Binary Umbrella Autoinflammatory 180 6 Completed 144 NCT02059291
disease
LUNG-MAP /101 Time to event Umbrella Oncology 10,000 18 Active, not recruiting 126—136 NCT02154490
N2M2 171 Safety/time to Umbrella Oncology 350 8 Recruiting 142,143 NCT03158389

event

(continued on next page)
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Table I.  (Continued )

Trial Name Phase Primary
Endpoint

UPSTREAM Il Binary

VIKTORY Al Binary/time to

event

ALIC4E \% Time to event
DIAN-TU 1711 Metric
EBOLA Il Binary
EPAD-PoC 1l Binary
FOCUS4 1/ Time to event
GBM AGILE /1 Time to event
1-SPY2 I} Binary
INSIGhT 1l Time to event
LEAP /1 Time to event
PREVAIL Il I} Binary
REMAP-CAP v Binary
STAMPEDE I Time to event
CREATE I} Binary
CUSTOM I Binary
ESMART Al Binary/time to
event
FRACTION Il Binary/time to
event
MoST 171 Binary/time to
event
MyPathway Il Binary

Type

Indication

Umbrella Oncology

Umbrella Oncology

Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Other

Other

Other

Other

Other

Other

Influenza
Alzheimer
Ebola
Alzheimer
Oncology
Oncology
Oncology
Oncology
Oncology
Ebola
Pneumonia
Oncology
Oncology
Oncology
Oncology

Oncology

Oncology

Oncology

Planned
Sample
Size

340
1000

2500
490
150
1500
384
550
1920
280
1670
1000
6800
12,200

1004

1000

765

Planned
Study
Arms

12

Status as of
January 2020

Recruiting
Completed/

recruiting/
unknown/
terminated

completed

recruiting

unknown

NA

Completed
Recruiting

Recruiting

Recruiting
Suspended
Completed
Recruiting

Recruiting

Active, not recruiting
Active, not recruiting

Recruiting

Recruiting/active, not

recruiting
Recruiting

Recruiting

References

145
147

187,188
184

176
181—183
107,172—175
185

166—171
142,186
189,190
177-179
18,180
107,148—165
200—203

197

211

207

209

204,205

Registration Numbers

NCT03088059
NCT02299648,

NCT02448290,
NCT02448329,
NCT02451956,
NCT02449551,
NCT02447406,
NCT02447380,
NCT02449655,
NCT02630199,
NCT03082833,
NCT02449655,
NCT03061708

ISRCTN27908921

NCT01760005
NCT02380625
NCT02804789

ISRCTN 90061546

NCT03970447
NCT01042379
NCT02977780
NCT03092674
NCT02363322
NCT02735707
NCT00268476
NCT01524926
NCT01306045
NCT02813135

NCT02750514,

NCT02996110,
NCT02935634
ACTRN12616000908437

NCT02091141

sopnadesay| [esiund
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Table I.  (Continued )

Trial Name Phase Primary Type Indication Planned Planned  Status as of References  Registration Numbers
Endpoint Sample Study  January 2020
Size Arms
National Lung Matrix I Binary/time to Other  Oncology 620 9 Recruiting 198 NCT02664935,
Trial event ISRCTN38344105
NCI-MATCH 1l Binary/time to Other Oncology 6452 35 Recruiting 126,134,191 NCT02465060
event —195
PARAGON Il Binary Other Oncology 350 7 Active, not recruiting 210 ACTRN12610000796088
Pediatric-MATCH I Binary Other Oncology 1000 10 Recruiting 134,199 NCT03155620
SHIVA Il Time to event Other  Oncology 742 2 Unknown 196 NCT01771458
SIGNATURE Il Binary Other ~ Oncology 620 8 Completed/ 208 NCT01885195,
terminated NCT01981187,
NCT02002689,
NCT02160041,
NCT02186821,
NCT02187783,
NCT01833169,
NCT01831726
TAPUR Il Binary Other  Oncology 2980 12 Recruiting 206 NCT02693535

NA = not applicable. Official expansion of trial titles can be found via clinicaltrials.gov or other registries.
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Table I

Category Basket Other

Phase
| 1 0
/1 1 2
1l 12 11
1/ 0 0
1 2 0
v 0 0

Indication
Alzheimer disease 0 0
Autoinflammatory disease 0 0
Ebola 0 0
Influenza 0 0
Oncology 15 13
Ophthalmology 1 0
Pneumonia 0 0
Total 16 13

overall survival. The results of one of the subgroup
analyses have recently been published.!””

Berry et al'’® proposed an adaptive trial ready to be
activated in the event of a new Ebola pandemic that
response-adaptive randomization and
combinations of primary and secondary compounds.

uses

Table III.
Category Basket Other
Primary endpoint
Binary 10 6
Binary/TTE 0 5
Binary 0 1
Metric 2 0
Safety/binary 2 0
Safety/TTE 0 0
TTE 2 1
Type of control
Concurrent 3 1
Includes nonconcurrent 0 1
No control 13 11
Primary analysis
Frequentist 16 11
Bayesian 0 2
Response-adaptive randomization
No 16 12
Yes 0 1

TTE = time to event.

1340

Overview of the phases of drug development and indications for the included master protocol trials.

Platform Umbrella Total
0 0 1
0 2 5
5 4 32
4 1 5
1 2 5
2 0 2
2 0 2
0 1 1
2 0 2
1 0 1
6 8 42
0 0 1
1 0 1

12 9 50

Secondary compounds may be administered only in
combination with a primary compound, but primary
compounds may be administered as a single-agent
regimen. The trial is intended to run perpetually, and
new compounds may enter the trial throughout. A
standard-of-care arm is to be included in the trial;

Overview of statistical features of the included master protocol trials.

Platform Umbrella Total
5 5 26
0 1 6
0 0 1
1 0 3
0 0 2
0 1 1
6 2 11
5 4 13
6 1 8
1 4 29
3 7 37

2 13
6 7 41
6 2 9
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however, it can be dropped or replaced. The primary
endpoint is mortality after 14 days.

The PREVAIL II (Partnership for Research on Ebola
Vaccines in Liberia 1) trial'”"~'"? was a Phase II trial
evaluating the efficacy of ZMapp in the treatment of
patients with known Ebola infection. The trial was
originally planned as a randomized controlled trial
with 2 study arms: standard of care and standard of
care plus ZMapp. If throughout the trial a
compound was found to be superior to the standard
of care, this new standard of care could have been
incorporated into the standard of care, thereby
effectively changing the control in the middle of the
trial. However, enrollment stopped after 72 patients
because the Ebola outbreak ended. Results up to that
point were very promising. The primary endpoint
was mortality after 28 days.

The REMAP-CAP (Randomized, Embedded,
Multifactorial ~ Adaptive  Platform  Trial  for
Community- Acquired Pneumonia) trial'®'®*" is an
ongoing, randomized, multifactorial trial embedded
in clinical practice studying treatment of severe
community-acquired pneumonia requiring admittance
to an Response-adaptive
randomization is used; the primary endpoint is the
90-day all-cause mortality rate.

The EPAD-PoC (European Prevention of
Alzheimer's Dementia—Proof of Concept) trial is part
of the European Prevention of Alzheimer's Dementia
project.'®17183 Aims are first to find experimental
drug candidates that can achieve clear, demonstrable
clinical benefits and second to identify the (sub)
population with maximal benefit from the
intervention. Clinical status, biomarkers, and genetics
are used to define patient subpopulations.

The DIAN-TU (Dominantly Inherited Alzheimer
Network Trial: An Opportunity to Prevent Dementia)
trial'®* is a randomized, multicenter Phase IV/III trial
of potential disease-modifying therapies in individuals
with Alzheimer disease. A longitudinal disease
progression model is used, but the primary endpoint
is change in the DIAN-TU cognitive composite score
during 12 months.

The GBM AGILE (Glioblastoma Adaptive, Global,
Innovative Learning Environment) trial'®
currently ongoing, multi-arm, response-adaptive,
randomized, seamless Phase IIIII trial in patients
with newly diagnosed or recurrent glioblastoma. The
primary endpoint is overall survival. In the first stage,

intensive care unit.

is a
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experimental arms are dropped or graduated using
response-adaptive randomization and a maximum
sample size per treatment of 150. Therapies
graduating to the second stage will be tested in a 50
patient per arm, fixed randomization expansion
cohort. For the primary analysis, data from both
stages will be used.

The INSIGhT (Individualized Screening Trial of
Innovative Glioblastoma Therapy) trial'*>'*¢ is an
ongoing, randomized, adaptive Phase II trial in a
subpopulation of patients with newly diagnosed
glioblastoma. The primary endpoint is overall
survival. Different experimental therapies, which may
be added or dropped throughout the trial, are
compared against a
Randomization ratios are updated throughout the
trial based on progression-free survival.

The ALIC*E (Antivirals for influenza-Like Illness?
An rCt of Clinical and Cost effectiveness in Primary
Care) trial'®'®® is a multinational, multicenter,
response-adaptive randomized, open-label, perpetual
trial. The goal is to determine whether antivirals
should be routinely prescribed for influenza-like
illness in primary care. New treatment arms may be
added or dropped. A common control arm composed
of the standard of care is added and might be
replaced throughout the trial.

The Intergroup LEAP (Less Intense AML Therapy
Platform) trial'®” is a randomized phase IV/II trial in
patients with acute myeloid leukemia using a rolling-
arm trial designs similar to the one proposed by
Ventz et al.'””’ Throughout the trial, new cassettes,
which describe a bundle of study arms, including a
control, can be added. For the first cassette added to
the trial, the Phase II objective was to determine the
most promising experimental arm (with respect to
overall survival), which should be further tested
against control in the Phase III part. As of November
2019, the trial is suspended for an unscheduled safety
data review.

common control arms.

Basket Designs and Methods

There exists a wide range of literature on basket
trial designs. Beckman et al’'? proposed a general
design concept for a confirmatory basket trial that
uses short-term outcomes at early stages that inform
adaptive decisions to continue or discontinue the
trial. Li et al’’? focused on the treatment effect
estimation bias in a 2-stage oncology basket trial
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setting where after the first stage a subset of cancer
histologic types or a biomarker cutoff is chosen.
Cunanan et al’'* developed an adaptive basket trial
design that consists of 2 stages. After the first stage,
the heterogeneity of treatment effects across patient
subpopulations is evaluated. If the heterogeneity is
too large (based on an exact test of a K x 2
contingency table, with the critical value being a
tuning parameter to tweak design operating
characteristics), all subsequent analyses will be
conducted independently for all subpopulations. If
the heterogeneity is small, all subsequent analyses
will be conducted with the pooled data. A simple,
straightforward Bayesian basket design in which for
every subpopulation the treatment effect space
contains only 2 elements (corresponding to a null
and an alternative hypothesis) was proposed in
2016 by Simon et al.>’® Xu et al’'® proposed a
Bayesian basket trial design based on nonparametric
Bayesian regression,  which
subpopulation identification and adaptive patient
allocation based on model-based posterior predictive
probabilities. A basket trial design using Bayesian
hierarchical modeling to borrow information on the
treatment  effect  across  different  patient
subpopulations was proposed by Liu et al.”'” In a
simulation study, Cunanan et al’'® found that the
Bayesian hierarchical model as proposed by Berry
et al’’” can have heavily inflated error rates.
Cunanan et al’’’ further investigated the effect of
different priors for the variance parameter in
Bayesian hierarchical models, which is directly
linked to how much information is shared across
subpopulations, on the type 1 error rate. To better
control the type 1 error in Bayesian hierarchical
models attributable to inappropriately determining
the degree of information borrowing, Chu and
221 broposed a calibrated Bayesian hierarchical
model for basket trials in which the shrinkage
parameter is defined as a (through simulation
calibrated) function of a treatment effect similarity
measure. Neuenschwander et al’’’> proposed a
robust approach for Bayesian hierarchical models in
which the exchangeability assumption does not need
to hold for every subpopulation, thus allowing
some subpopulations to have similar treatment
effects and some to have unique treatment effects.
Hobbs and Landin’*’ also propose a Bayesian
hierarchical model basket trial design that evaluates

survival includes

Yuan
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the exchangeability for every pairwise combination
of subpopulations. Another Bayesian trial design
that aims to control for potential differences of
treatment effects in subgroups is the Bayesian latent
subgroup design by Chu and Yuan,>** which
models the treatment response conditional on the
latent variable of the subgroup being a treatment-
sensitive or treatment-insensitive subgroup. Trippa
and Alexander’”’ propose a Bayesian basket design
that efficiently generates information on both the
experimental agents under consideration and the
predictive capabilities of putative
Furthermore, Simon”’® gives an overview of several
basket trial designs in active use and generalizes the
1*” proposed a
general class of Bayesian basket trial designs using
Bayesian hierarchical models and response-adaptive
randomization, which facilitate both identification
of a biomarker subpopulation, and identification of
a subset of, for example, cancers within a
biomarker-defined subpopulation that benefits from
a treatment. The most recent design was proposed
by Psioda et al,’’® who proposed an adaptive
Bayesian basket trial design using Bayesian model
averaging, which allows for some baskets to share a
similar efficacy and for some to have a unique
efficacy. Using simulation studies and different
scenarios, the authors found that compared with
basket trial designs proposed earlier, their
framework achieves steady performances with
respect to certain operating characteristics, such as
expected sample size and different error rates. Zhou
1?? proposed optimal and minimax 2-stage
basket trial designs as a multi-arm basket extension
of Simon's 2-stage design, which can, under a
noninformative prior assumption on drug activity,
control the global type 1 error and the expected
power. Fujikawa et al’*’ proposed a Bayesian
basket trial design for binary endpoints that
incorporates predictive sample size determination,
interim looks for efficacy and futility, and sharing

of subpopulation data based on the similarity of the
1231

biomarkers.

Bayesian basket design. Ventz et a

response rate posterior distributions. Li et a
discuss multi-stage enrichment and basket designs,
whereby after the first stage only a subset of the
subpopulations is continued and then pooled for
further efficacy monitoring interim analyses before
the final analysis. Ondra et al®*’> conducted a
systematic review on clinical trial designs for the
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identification and  confirmation of targeted
subgroups. Ramsey et al’’’ give an overview of
limitations associated with basket trials. Freidlin
et al”®* presented reasons why obtaining reliable
evidence on clinical benefit of molecular profiling in
multi-basket trials is challenging and proposed a 2-
step procedure to facilitate more
identification of clinically beneficial mutation and
agent pairs.

rigorous

Umbrella and Platform Designs and Methodology

The Bayesian hierarchical model—based trial design
using response-adaptive randomization that was used
in the BATTLE (Biomarker-integrated Approaches of
Targeted Therapy for Lung Cancer Elimination)
trial'>* was described by Zhou et al'*’ alongside
results from studies
different assumptions. The Bayesian 2-stage trial
design of the BATTLE 2 trial using biomarker-based
response-adaptive randomization is described by Gu
et al'! alongside simulation studies investigating the
operating characteristics. The trial design of the
PREVAIL II Ebola trial is described by Proschan
et al.'”’ The authors use a Bayesian analysis strategy
with the rationale that because of unpredictable
decisions made by the data and safety monitoring
board, stringent control of type 1 error is impossible
in a frequentist setting. Kaizer et al’>’ built on the
PREVAIL II trial design and proposed a platform
design  using  adaptive  randomization  and
information borrowing across trial segments through
Bayesian modeling that can greatly increase the
power of the trial. A Phase II Bayesian adaptive
platform trial that combines primary compounds
with  backbone regimens to find the best
combination therapy has been proposed by Tang
et al.?*® The design allows for dropping, graduating,
and adding new combinations during the trial, and
the authors used simulation studies to indicate that
it performs favorably under a set of assumptions on
the combination effect compared with a fully
Bayesian hierarchical model and other proposed
designs. Normington et al>’’ proposed a Bayesian
adaptive platform trial design with time-to-event
endpoints and a common control arm. Control data
borrowing is facilitated using commensurate prior
methods, adaptively adjust the
randomization ratio at the interim analyses. Berry
et al'’® also proposed a platform design to test

simulation under several

which also
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combinations of primary and secondary compounds
in the Ebola disease. Yuan et al”*® propose a
Bayesian Phase II platform trial design with time-to-
event endpoints that facilitates a shared control arm,
response-adaptive randomization, interim analyses
for futility and efficacy, and replacement of
experimental arms throughout the trial. Ventz
et al'” proposed an adaptive platform trial design
with interim analyses and time-to-event endpoints
that starts out as a 2-arm or multi-arm trial with a
shared control and equal randomization. New
experimental arms can be added any time, and all
experimental arms have a maximum sample size,
after which the final analysis will be conducted for
this arm. Ventz et al”*’ also investigated the effect of
procedures, both balanced and
response-adaptive, on trial operating characteristics
in the context of adding new treatment arms
throughout an ongoing trial. Viele et al**"
investigated how different schemes for control
allocation in multiple arm studies with response-
adaptive randomization affect certain trial operating
characteristics. Hobbs et al’*! propose a Bayesian
platform trial design that accepts new arms
throughout the trial, facilitates a shared control arm,
and allows for frequent interim looks for futility
based on Bayesian predictive probabilities.”****}
Jiao et al’** discussed various options of sharing
control arms and incorporating historical data and
proposed a procedure to incorporate these in a
platform trial setting. Gajewski et al** investigated
Bayesian response-adaptive designs in the context of
multi-arm comparative effectiveness trials and found
that they perform favorably compared with other
Bayesian adaptive and fixed randomization trial
designs. An R Shiny software (RStudio, Boston,
Massachusetts) application that facilitates simulation
of adaptive platform trials with limited complexity
has been presented by Thorlund et al.>*®

randomization

Multiplicity

Multiplicity is an issue that arises from testing
multiple hypotheses in the context of master
protocol clinical trials. Controlling the overall type 1
error rate becomes a difficult task when the trial is
an open entry platform trial that allows for new
cohorts to enter the trial over time. Furthermore, it
is not straightforward to determine which type 1
error rate should be controlled (eg, the family-wise
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error rate, the per-comparison error rate, and so on)
and to decide whether different substudies should be
considered independent. Howard et al**’ investigate
multi-arm designs in which control group data are
shared across several treatment arms. They define
new type 1 error rates of interest and give
recommendations for which type 1 error rates
should be controlled with respect to the nature of
the hypothesis tested. Stallard et al**® classified trials
with multiplicity issues that arise from multiple
subgroups and multiple treatments as treatment
arms within subgroups, subgroups within treatment
arms, or subgroups within treatment arms within
subgroups and proposed that multiplicity corrections
should be used in the second and third settings.
Wason et al’*’ conducted a literature review of
articles published in 2012 and found that there was
no consensus on whether multiplicity corrections are
needed if in a multi-arm trial the different arms are
different treatments and not multiple doses of the
same treatment. For multi-arme, response-adaptive,
2-stage designs, methods to control the family-wise
type 1 error rate were proposed by Gutjahr et al.”’"
Robertson and Wason”’! proposed procedures to
control the family-wise type 1 error rate in certain
scenarios with response-adaptive randomization for
normally distributed endpoints. Simulation studies
can be performed to approximate error rates if no
closed form is available for the calculation; however,
regulatory agencies are reluctant to accept
simulation-based  justification of error rate
control.”>” This reluctance might be change in the
future with the Complex Innovative Design Initiative
of the FDA.”>’ Hlavin et al”® derive conditions
under which the family-wise error rate can be
controlled in multi-arm trials when performing
many-to-one comparisons after safety selection.
Dmitrienko et al??’ discuss multiplicity
considerations in exploratory and confirmatory
subgroup analysis and emphasize the importance of
prespecifying a small number of subgroups and
using the correlations among the treatment effect
tests in the confirmatory setting. For a
comprehensive overview of multiplicity adjustment
methods that strongly control the family-wise error
rate, see Alosh et al>’%; for a recent general overview
of multiplicity considerations in clinical trials, see
Dmitrienko and D'Agostino.””
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MAMS Designs and Methods

A MAMS, adaptive clinical trial design was proposed
in the early 2000s>°® with an interim look for futility
after every stage. Intermediate or surrogate endpoints
are used in the interim analyses, whereas the definitive
endpoint is used in the final analysis. The trial design
of the S-stage STAMPEDE trial is based on this
proposed design'*’"1°%; although the trial originally
incorporated 6 arms, several new treatment arms were
added and old ones dropped throughout the ongoing
trial. At every interim analysis except for the first one,
which assessed only safety, experimental treatments
can be dropped for futility based on a pair-wise
comparison to the control arm. For comparisons with
experimental arms added throughout the trial, only
concurrent control patients are used. After the last
stage, for every remaining experimental arm, a 1-sided
test at level 0.025 was conducted to test the
hypothesis of the hazard being smaller in the
experimental arm. According to the authors, this
resulted in an overall type 1 error for the pair-wise
comparison of treatment versus control across the
stages of approximately 0.015, depending on the
correlation of the treatment effect on the intermediate
and definitive endpoints. Royston et al*’” and Bratton
et al’® later extended the MAMS design to be more
flexible and allow an arbitrary number of stages and
binary outcomes. Extensive research exists on the
properties and design of MAMS trials: Blenkinsop
I7°1 investigated the effect of timing of interim
analyses, allocation ratios, efficacy rules, and other
design parameters on the pairwise and family-wise
error rates under the MAMS framework and time-to-
event endpoints. They included early stopping for
efficacy and futility and provided methods to control
the pairwise and family-wise error rates. Graf et al’®’
investigated how the type 1 error is inflated in MAMS
trials when selecting more promising treatments,
changing randomization ratios, and performing naive
tests not considering the adaptations accordingly.
Bauer and Kieser’® proposed adaptive designs that
allow for treatment selection at interim analyses and
strictly control the type 1 error rate. Hommel”®*
extended the methods to allow for adding more
treatments at an interim analysis. On the basis of the
work by Bauer and Kieser’®® and Hommel,”** Posch
et al’® gave a general formulation of the adaptive
testing procedure in the context of treatment selection
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and proposed further methods, such as multiplicity-
adjusted P values and simultaneous Cls. There has
been extensive research on adaptive designs, but
because this was not the scope of our research, we
refer to Bretz et al’®® and Bauer et al” for further
information. Koenig et al’®’ proposed an adaptive
Dunnett test that allowed for treatment selection at
the interim analyses. Magirr et al’®® generalized the
Dunnett test for MAMS trials with treatment
selection. Wason et al’®” explore a range of statistical
issues related to MAMS designs and give
recommendations on how to deal with them. Using 3
cancer trials performed at the Medical Research
Council Clinical Trials Unit, Barthel et al*”’
the performance of MAMS trials compared with
traditional 2-arm parallel group designs. Wason and
Jaki®”! propose a method to find the optimal design
parameters for a MAMS design with respect to
minimizing the expected sample size for chosen
treatment effects. Bratton et al’’> investigate the pair-
wise and family-wise type 1 error rate of MAMS trials
and propose methods to control the type 1 error rate
under any scenario. Crouch et al’”® provide an
analytical method for calculating the family-wise error
rate of a MAMS trial and propose a simple method to
control the error rate. Magirr et al*”* explored how
flexibility can be added to MAMS designs and
investigated the effect on the error rates. Ghosh
et al’”® provided algorithms that significantly reduce
the computation needed to derive MAMS boundaries.
Lin and Bunn’’® compared MAMS designs using
prespecified treatment selection and stopping rules
with  Bayesian response-adaptive  randomization
designs and found that both are comparable, with
each of them being superior to the other, depending
on the scenario. An earlier study on the same subject
with slightly different assumptions but similar findings
has been performed by Wason and Trippa.”’” In a
recently published article, Lee et al’’® propose a
decision-theoretic framework based on 2 utility
functions: one that tries to maximize the number of
rejected hypotheses and one that counts at least one
rejected hypothesis as a trial success, to decide
whether a new treatment arm should be added to a
MAMS design. For a comparison of several MAMS
designs with traditionally used trial designs in the
context of an epidemic, such as Ebola, please refer to
Brueckner et al.””’

evaluated
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DISCUSSION

We conducted a comprehensive, systematic literature
review on master protocol clinical trials that
describes conducted and planned trials from all
indications and relevant trial designs and methods. A
similar search strategy was implemented by Siden
et al® in their systematic review; however, the
authors' primary aim was to illustrate the
inconsistent use of the master protocol terms. The
systematic search was performed using PubMed and
augmented by articles of interest found from manual
searches. Although the level of skepticism toward
master protocols differs considerably, especially with
respect to their appropriateness for confirmatory
clinical trials, we believe the general consensus in the
identified literature is that master protocols provide
potentially enormous advantages in efficiency and
flexibility of clinical drug development.

In a recently published commentary,”®” the authors
describe their experiences of clinical trial applications
from 2 European medical regulators and highlight
the risks and problems of master protocol trials from
more than a statistical point of view. They conclude
that “master protocols should only be used when
they are unavoidable for scientifically sound
methodological reasons.””®’ This comment further
illustrates that as more master protocols are designed
the scientific community will have to educate
regulators on the value that such trials will provide in
potentially bringing new innovative treatments to
patients in a short development timeline.
Furthermore, the drug development process is also
negatively affected if the application of new methods
is handled too restrictively.”*">*> We live in an era
where polytherapy is becoming increasingly more
common across chronic diseases as well as within
oncology. When an open-entry platform trial is
planned, it is understood that for each treatment
being used in combination an investigational
brochure needs to be submitted to health authorities.
The protocol will also need to be amended for each
new substudy or treatment arm added. Thus, the
infrastructure in the master protocol needs to have
the flexibility introduced from the beginning so that
it is clear to health authorities, institutional review
boards, and ethics committees what has changed by
the adding of a new substudy. Operational obstacles
of platform trials have been discussed by Schiavone

280
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et al.”®? Further challenges from investigator, sponsor,
and regulatory views are discussed by Cecchini et al.”**
Laage et al’® reviewed ethical considerations of
adaptive design elements potentially used in trials
with master protocols, and Strzebonska and
Waligora”®® highlight ethical challenges in umbrella
and basket trials. Klauschen et al’®” investigated the
combinatorial complexity introduced by cancer
precision medicine approaches and proposed a novel
clinical trial design that combines elements of basket
and umbrella trials to overcome this problem. A
summary of trial management and data management
teams involved in FOCUS4 and STAMPEDE, as well
as data management challenges specific to adaptive
platform protocols, is given by Morrell et al’*® and
Hague et al.”®” The European regulatory experience
with adaptive designs has been discussed in the
article by Elsifer et al*”’
found that if innovative designs are properly
implemented they are well accepted by regulatory
authorities.

The number of conducted master protocol trials is
still limited and largely restricted to oncology and
exploratory trials. Although there is already quite a
range of different trial designs, it remains
speculative whether fully Bayesian designs or
frequentist approaches are more favorable. Which
statistical methods should be chosen will also
depend on whether additional Phase III trials will
follow or if the concept of a consecutive series of
Phase I, II, and III trials is fading with the increase
of master protocols. In the context of personalized
medicine and targeted therapies with limited sample
sizes, there is always the possibility that the
evidence from a master protocol trial becomes the
(only) pivotal basis for approval. Thus, the
discussion of error rate control might not only be
related to the master protocol trial itself but might
also need to be put in the context of all trials
eventually conducted.

In conclusion, master protocol trials and especially
platform trials are appropriately considered to have
the potential to clinical  drug
development. However, in all the euphoria, the
operational and statistical challenges associated with
such trials must not be forgotten. These challenges
need to be considered with utmost care, but if they
can be overcome, a new era of clinical trials might be
dawning.

and Collignon et al,”’! who

revolutionize
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