
SPECIAL ARTICLE

Statistical controversies in clinical research: basket
trials, umbrella trials, and other master protocols: a
review and examples

L. A. Renfro* and D. J. Sargent

Division of Biomedical Statistics and Informatics, Mayo Clinic, Rochester, USA

*Correspondence to: Dr Lindsay A. Renfro, Division of Biomedical Statistics and Informatics, Mayo Clinic, 200 First Street SW, Rochester, MN 55905, USA. Tel: þ1-507-284-

3202; E-mail: renfro.lindsay@mayo.edu

In recent years, cancers once viewed as relatively homogeneous in terms of organ location and treatment strategy are now better
understood to be increasingly heterogeneous across biomarker and genetically defined patient subgroups. This has produced a
shift toward development of biomarker-targeted agents during a time when funding for cancer research has been limited; as a
result, the need for improved operational efficiency in studying many agent-and-target combinations in parallel has emerged.
Platform trials, basket trials, and umbrella trials are new approaches to clinical research driven by this need for enhanced efficiency
in the modern era of increasingly specific cancer subpopulations and decreased resources to study treatments for individual
cancer subtypes in a traditional way. In this review, we provide an overview of these new types of clinical trial designs, including
discussions of motivation for their use, recommended terminology, examples, and challenges encountered in their application.
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Introduction

A new cancer treatment paradigm

In recent years, substantial progress in the areas of genomics tech-

nology, tumor biology, computational analysis, and drug discovery

have motivated exciting advances in clinical and translational can-

cer research. In particular, rapid development, decreased cost, and

increased availability of next-generation genomic sequencing and

other methods for molecular classification of tumors has produced

a new paradigm for understanding and treating cancer. In some

cases, this new molecular viewpoint of ‘precision oncology’ has led

to therapeutic discoveries where the targeted treatment paradigm

actually worked; for most other hypotheses, however, the signifi-

cance of molecular classification remains unclear.

The advantages of targeting oncogenic pathways believed to be

responsible for the growth and metastasis of tumors is now well

established in a variety of cancer settings, including BRAF-

mutant melanoma [1], HER2-positive breast cancer [2, 3], KRAS

wild-type colorectal cancer [4, 5], and EGFR or ALK-mutated

lung cancer [6–8], among others. The success of most of these

discoveries hinged upon identification of a fairly prevalent bio-

marker which happened to be an actionable mutation responsible

for driving the clinical behavior of a fairly common tumor; where

low prevalence mutations exist, particularly in rare diseases, less

progress has been made to date. Additionally, immunotherapies

including nivolumab [9, 10] and pembrolizumab [11] have been

approved for treatment of advanced squamous cell and non-

squamous cell non-small-cell lung cancer (NSCLC) and

advanced melanoma, respectively.

Development of novel therapeutics is challenged by the hetero-

geneity that exists not only among patients within any given

tumor type (inter-patient heterogeneity), but also the heterogen-

eity within an individual (intra-patient heterogeneity) as demon-

strated by molecular evolution of a tumor through time (through

sequences of therapy) and space (primary tumor to metastasis)

[12]. The respective concepts of ‘oncogenic driver’ and ‘oncogene

addiction’ have thus shifted the course of drug development in

oncology [13–15]. In parallel, increased understanding of the

complex structural paradigm of genetic alterations activating

intracellular proteins along multiple pathways, as well as several

years of early clinical experience with success of (and subsequent
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resistance to) single-target therapies, has led to the widely ac-

cepted hypothesis that multiple targeted therapeutics will likely

be required to overcome tumor resistance and yield sustained

clinical benefit for patients [16–20].

Clearly, we have entered an era where a patient’s tumor and its

treatment will no longer be viewed primarily in terms of fixed

organ location and pathology, but also (or instead) will be viewed

in terms of potentially dynamic genomic, proteomic, transcrip-

tomic, and immunologic abnormalities and features that may be

specifically targeted with novel agents.

Challenges of traditional clinical trial designs in
the era of new treatment strategies

Despite remarkable advances in the development of molecularly

targeted agents, progress on the clinical front has outpaced mod-

ernization of the clinical trial designs used to study novel therapies

within possibly heterogeneous—and potentially rare—patient sub-

groups [21]. Cancer statistician Dr Don Berry has called clinical tri-

als the ‘weakest links in the chain of knowledge for determining

therapeutic advances’, further stating that ‘it is ironic that we take

the same clinical trial approach to evaluate all manner of potentially

amazing transformative experimental therapies and yet we don’t

experiment with the design of the clinical trial itself’ [22].

Limitations inherent to both the existing phase I–II–III clinical de-

velopment paradigm and the types of designs typically employed

within single-phase cancer trials are evident when clinical cancer

‘success’ is viewed on a broader scale. Currently, the time from ini-

tial drug discovery to clinical testing and regulatory review can take

up to 15 years [23]. While preclinical evaluations are currently

underway for thousands of compounds intended for the treatment

of cancer [24] and 771 new cancer medicines and vaccines are cur-

rently in development or awaiting regulatory review [25], it remains

the case that only �13% of cancer drugs initiating phase I studies

ultimately achieve final market approval [26]. Of those compounds

that make it to confirmatory phase III trials, only 34% may be ex-

pected to achieve a ‘statistically significant’ result [27, 28].

A 2010 report by the Institute of Medicine echoed these con-

cerns, highlighting the challenges faced by cooperative oncology

groups and calling for restructuring of the entire clinical trials

system to increase efficiency and avoid redundancy at a time

where novel compounds waiting for evaluation are many and re-

sources are limited [29]. In the same year, the National Cancer

Institute’s Investigational Drug Steering Committee convened

The Clinical Trial Design Task Force, the members of which

endorsed several types of clinical trial design modifications to

meet these objectives, including sequential learning for early ter-

mination (for efficacy or futility), possible trial extensions to es-

tablish or identify predictive subgroups, multi-stage (e.g. phase

II/III) designs to enable seamless transitions to confirmatory

studies, and ‘platform’ designs that allow for mid-trial adding or

dropping of new experimental treatment arms [30, 31].

Concerns regarding simple application of ‘off-the-shelf’ de-

signs within a traditional sequence of phase I, II, and III trials

(often utilizing different end points) are especially well founded

in the context of targeted therapies studied within ever-shrinking

‘targeted’ patient populations [22]. Specifically, when molecu-

larly targeted treatments are studied in early phase trials, it must

be decided whether to allow all eligible patients with a given

disease to enroll, whether to restrict enrollment to those patients

hypothesized to experience the greatest benefit from targeted

therapy, or whether to do some combination of the two through

mid-trial adaptive measures [32, 33]. In the case of a standard

‘all-comers’ design, the targeted agent may only benefit a selected

group of patients and thus a strong subgroup effect may instead

appear as a weak overall effect, though randomization of marker-

positive and marker-negative patients to targeted versus non-

targeted treatment can play an important role of validating the

treatment-by-marker interaction hypothesis. On the other hand,

so-called ‘enriched’ clinical trials enrolling only those patients

hypothesized to benefit (such as those whose tumor DNA harbors

a particular mutation) may demonstrate a large effect in theory,

but such a trial may be challenging to conduct in practice, par-

ticularly within low-prevalence populations where a high screen

failure rate dampens enthusiasm for the trial. Choice of an un-

selected versus enriched design for a single marker-therapy com-

bination should be made based on the existing level of evidence

for the putative predictive biomarker [34].

As many have noted, performing clinical development of tar-

geted therapies according to a traditionally isolated one-agent-at-

a-time fashion lacks efficiency and may be prone to high overhead

and low feasibility, particularly in low-prevalence subgroups of a

given disease [16, 17, 22, 35]. While nearly 1.7 million adults are

diagnosed with cancer in the United States each year [36], only

3%–5% of these patients enroll in clinical trials, further contribu-

ting to underpowered studies and early trial discontinuation [37].

This changing cancer paradigm and ongoing segmentation of

broadly recognized cancers into comparatively rare subcancers

have produced an urgent need to streamline the development

and approval of new compounds [16, 19].

A movement toward increased efficiency in clinical
research

In response to the aforementioned challenges and pressures of con-

ducting single biomarker-based trials in this new era of clinical

cancer research, a trend has emerged toward investigating multiple

target–treatment pairs in parallel, either within or across recog-

nized tumor types. These so-called ‘master protocols’ may utilize a

centralized screening platform and common protocol format for

each of several biomarker-driven substudies, with benefits includ-

ing enhanced patient participation due to increased likelihood of

eligibility for at least one of the accruing cohorts. In the sections

that follow, we review different types of master protocols including

‘basket’ and ‘umbrella’ trials that operationalize these advantages.

We further clarify terminology related to these types of trials, de-

scribe features they have in common, provide examples of recently

completed or ongoing master protocols, and discuss challenges

and important considerations in their implementation.

Overview of master protocols

Master protocols: motivation and common
features

The term ‘master protocol’ refers generally to a framework in

which multiple parallel drug studies are operated under one

Annals of Oncology Special article

Volume 28 | Issue 1 | 2017 doi:10.1093/annonc/mdw413 | 35



overarching (‘master’) protocol, wherein the parallel studies are

differentiated by the marker–treatment combinations under inves-

tigation (Figure 1) [16]. Master protocols require endorsement by

a broad consortium of academic and industry partners, pharma-

ceutical companies, and government agencies. The main goals of

constructing a master protocol in place of several truly independ-

ent trials in biomarker-defined cohorts include increased genomic

screening efficiency, accelerated and streamlined clinical develop-

ment timeline, and enhanced enthusiasm for patient accrual due to

inclusion of a broad range of molecular subtypes.

increased efficiency. Master protocols increase genomic screening

efficiency in several ways, including: use of a common platform

or set of assays capable of detecting abnormalities in multiple po-

tential targets; immediate assignment of patients to an appropri-

ate substudy on the basis of screening results; strict guidelines

ensuring that sufficient tumor is evaluated for simultaneous as-

sessment of multiple markers or abnormalities, and a structural

framework for allowing substudies of new agents and biomarkers

to be added or dropped in a preplanned, expeditious fashion.

Although not always the case, substudies of master protocols are

often designed to detect only large efficacy signals (in single-arm

cohorts) or large treatment effects (in randomized cohorts), with

efficiency resulting from lower sample size requirements [16, 19,

22]. Additionally, master protocols often utilize a master budget

with shared costs for a common infrastructure across substudies,

resulting in financial efficiency.

accelerated clinical development. Master protocols often include

enhanced regulatory input to support accelerated clinical devel-

opment, as agencies usually review the high-level study design of

a master protocol or platform trial up front, with lesser require-

ments for subsequent regulatory review when modifications to

treatments or cohorts are made later in time [16, 38–40]. In this

case, the protocol serves as an operational structure allowing for

new therapies to enter and subsequently exit a standing trial (for

efficacy or futility) while the trial is underway, without the need

for overall protocol modifications and associated administrative

delays. The use of a master protocol with a standardized screening

platform may also facilitate US Food and Drug Administration

(FDA) approval of new therapies, making them available to

marker-defined subgroups of patients more quickly than may

have been possible otherwise.

stakeholder enthusiasm. Inclusion of a potentially large number

of marker–treatment combinations within the same study has the

potential to bolster the enthusiasm of study stakeholders, includ-

ing treating physicians, participating institutions, sponsors, and

patients themselves. In particular, where an additional cohort is

included to capture patients negative on all markers (and where

such patients are assigned to an experimental therapy or standard

of care), an initially eligible patient may enter the trial with the

knowledge that he or she will almost certainly be able to receive a

potentially promising experimental treatment regardless of the

outcome of the screening process [16, 35].

flexible objectives. Substudies based on biomarkers or genomic

groups of interest may share common design features (e.g. power,

sample size, type I error), or different study designs may be used

across the master protocol, reflecting differences in study object-

ives among the protocol cohorts. A master protocol may contain

substudies with discovery-based or confirmatory objectives, or in

some cases, sequential objectives are addressed by multi-phase

designs within patient cohorts [16, 21, 38, 39]. An exploratory

master protocol typically comprises single-arm studies within

targeted cohorts where patients received a matched experimental
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Figure 1. General schema of a master protocol.
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(targeted) drug; a confirmatory master protocol randomizes pa-

tients to targeted versus non-targeted or standard of care therapy

within targeted cohorts in order to confirm the predictive nature

of the biomarker for regulatory purposes [21].

Baskets, umbrellas, and platforms: definitions and
terminology

Rapid introduction of master protocols and the subsequent

frenzy of scientific interest have motivated widespread use (and

misuse) of related terms in the literature such as ‘basket trial’,

‘umbrella trial’, and ‘platform trial’, among others. A number of

authors have noted confusion regarding the definitions of these

terms [16, 19, 22, 39, 41, 42]; we attempt to harmonize some def-

initions here.

A basket trial is a master protocol for which patient eligibility is

defined by the presence of a particular biomarker or molecular al-

teration rather than a particular cancer type. Basket trials are pre-

dicted on the hypothesis that the molecular characterization of a

particular tumor predicts response to a matched (targeted) treat-

ment to a greater extent or independent of tumor histology [16,

18–20, 21, 22, 39, 41, 42]. Basket trials are generally tumor-

agnostic to some degree; for example, enrollment to a basket trial

may be restricted to patients with solid tumors, while the molecu-

larly defined subtrials (or ‘baskets’) may comprise patients with

many different types of solid tumors. For this reason, randomiza-

tion to a common control arm within molecular cohorts is un-

common, due to differences in standard of care across tumor

types. A general schema for a basket trial is shown in Figure 2.

Unlike basket trials, where drug–mutation pairs are tested on a

variety of tumor types, an umbrella trial generally restricts enroll-

ment to a single type or class of cancers. In an umbrella trial, pa-

tients with tumors from the specified cancer type are centrally

screened and assigned to one of several molecularly defined

subtrials where they receive (or perhaps are randomized to) a

matched targeted treatment [16, 18–21, 39, 42]. In such trials, the

relevant markers are regarded as refinements of (rather than re-

placements of) tumor type. Common features of umbrella trials

include: an enrollment and screening process that occurs before

an actionable biomarker has been identified, and central profiling

using a standardized platform or set of assays. While basket stud-

ies are generally limited to single-arm substudies with discovery

objectives, umbrella trials may include single-arm or randomized

subtrials, where the latter includes confirmatory objectives. An

example schema for an umbrella trial is shown in Figure 3.

Hyman et al. [39] refer to umbrella trials as ‘molecular allocation

studies’.

Another type of master protocol described in the literature is

the platform trial (or ‘standing trial’), a generic term for a

randomized design with a common control arm and many differ-

ent experimental arms that enter and exit the trial as futility or ef-

ficacy are demonstrated, often according to Bayesian decision

rules [22, 38, 40]. The trial itself then comprises a platform or

standing infrastructure to which novel therapies may be added or

from which they may be dropped. While biomarker cohorts in a

platform trial may not be explicitly separate, the treatment effects

of various experimental treatments are usually modeled as inde-

pendent parameters across molecularly defined subtypes, often

according to a Bayesian hierarchical model. Adaptive randomiza-

tion, i.e. mid-trial shifts in the randomization ratios for patients

with a given biomarker signature to favor the treatment showing

the most promise in that signature, may also be present. Berry
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[22], Saville and Berry [38], and Hobbs et al. [40] have described

platform trials in the context of randomization to a single control

arm versus many experimental arms (which may enter and exit

the trial seamlessly), in order to reduce overall sample size and

improve efficiency when compared with an equivalent set of two-

arm trials using a common control arm.

In the sections that follow, we describe basket trials, umbrella

trials, and other master protocol designs in more detail, including

advantages, limitations, and examples.

Basket trials: marker specific, histology-

independent cohorts

Advantages of basket trials

Basket trials have several advantages. First, they can provide ac-

cess to molecularly targeted agents for patients across a broad

range of tumor types, potentially including those not otherwise

studied in clinical trials of targeted therapies [20]. Secondly, in

many cases, molecular testing is carried out locally and confirm-

ation by a central assay is not required before patient enrollment

[20, 39], though tumor and plasma are often banked for subse-

quent companion diagnostic testing and validation. This feature

reduces the time between initial diagnosis and/or eligibility con-

firmation and later cohort assignment and initiation of treat-

ment. Thirdly, cohorts within basket trials are often small and

utilize single-stage or two-stage designs, which yield quick results,

given sufficient accrual.

Limitations of basket trials

One major limitation of basket trials is the assumption that mo-

lecular profiling may be sufficient to replace histological tumor

typing, as, in some cases, histological tumor type has been found

to predict response to treatment more strongly than the bio-

markers or mutations comprising the studied cohorts (see, e.g.

[39]). Even outside the context of a basket trial, it was recognized

that V600E BRAF-mutant melanoma or hairy cell leukemia are

responsive to BRAF inhibition, while colon tumors with the same

BRAF mutation are not [18, 20, 43–46]. This issue may be antici-

pated, as it is well accepted that the environment and location in

which a tumor develops may impact its mutational profile as well

as differentially predict treatment response across similar profiles.

To this end, many have noted that current clinical evidence is in-

sufficient to conclude that molecular descriptors should replace

histological tumor typing [18, 22, 41, 47], and it has been sug-

gested that future studies integrate anatomic with mutational

and functional molecular profiling through the use of proteomic

technologies [47] and explore multi-gene signatures with com-

bination therapies [48].

Basket trial examples

NCI MATCH. Activated in August 2015, NCI MATCH

(Molecular Analysis for Therapy CHoice) is an ongoing basket

trial that was initially intended to screen �3000 patients with

advanced solid tumors or lymphoma who have progressed on at

least one therapy with the goal of assigning 800–1000 patients to

25 single-arm substudies based on disease classification by next-

generation sequencing [20, 22, 49, 50]. In MATCH, it is hypothe-

sized that the overall response rate will be improved from 5% to

25% in one or more cohorts through the use of matched targeted

therapies, and this hypothesis will be tested in independent ana-

lyses of 30 patients with heterogeneous tumor types per substudy.

Each arm will enroll at least 25% of patients from rare tumor

types and repeat biopsies over time may also occur, such that pa-

tients may be reclassified to other arms of the study if they remain

eligible. In the event that NCI-MATCH investigators detect a

promising efficacy signal within one of the ‘baskets’ that is mostly

or completely attributable to a particular tumor type, a location

or histology-dependent expansion or separate phase II or III

study could be launched to confirm the finding [50]. Patients are

not eligible for participation in NCI MATCH if they have a tumor

type and mutation for which a targeted agent has been FDA

approved. Additional details of biopsy processing, molecular

classification, and required levels of evidence for NCI MATCH

are described by Moore and Mannel [20].

While some discussions of NCI MATCH have been mostly

positive [20, 50], others have expressed strong concerns [22, 50].

Importantly, all patients are regarded to be exchangeable across

tumor types in terms of expected response rate, even when pa-

tients with different tumor types (e.g. breast versus colon) are

understood to have very different prognoses. Currently, NCI

MATCH has temporarily suspended accrual after experiencing a

lower-than-anticipated match rate among eligible patients [51,

52]. At this time, feasibility is being assessed, along with the pos-

sible addition of molecular cohorts to the trial to enhance the

overall match rate. Despite these challenges, NCI MATCH is one

of the first basket trials to be activated and will serve as a founda-

tion for subsequent learning, both in terms of cancer biology and

targeted trial design.

SIGNATURE. Another ongoing basket trial is SIGNATURE, a

basket trial sponsored by Novartis that is currently enrolling pa-

tients harboring any solid tumor or lymphoma refractory to

standard therapies (excluding those where molecular agents have

already proved effective). SIGNATURE comprises several inde-

pendent biomarker-driven single-arm trials with matched tar-

geted treatments, and to date, three arms are open to enrollment

[20, 53].

AcSé. AcSé is a large-scale multi-center phase II trial from the

French program UNICANCER assessing the efficacy and safety of

crizotinib as monotherapy in 23 cohorts of patients harboring at

least one mutation among ALK, MET, RON, or ROS1 across a

variety of solid tumors (gastrointestinal, breast, kidney, ovarian,

thyroid, and sarcomas, among others). While AcSé primarily re-

sembles a basket trial in that it enrolls patients from many tumor

types, within AcSé, cohorts are defined both by alteration and

histopathology (e.g. gastric cancer with MET amplification), with

each cohort following a single-arm, two-stage design. This study

is currently accruing patients [19, 54].
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Umbrella trials: one tumor type, many

marker cohorts

Advantages of umbrella trials

One immediate advantage of umbrella trials (relative to basket

trials) is the ability to draw meaningful conclusions that are spe-

cific to a tumor type and therefore less prone to chance tumor

heterogeneity present within a given trial cohort. Furthermore,

when randomization to targeted versus non-targeted treatments

within cohorts takes place (and particularly when a marker-

negative cohort is included), the drug’s purported mechanism of

action can be more thoroughly evaluated, and prognostic versus

predictive marker effects can be empirically distinguished. Such

trial designs may lend stronger evidence to support the activity of

a new drug with a readily describable population and indication.

Limitations of umbrella trials

A direct consequence of the greatest strength of umbrella trials

(conclusions applicable to a single tumor type) is one great disad-

vantage: feasibility. Particularly within rare diseases, further sub-

classification of an already-rare tumor type by molecular

alterations may lead to poor accrual within cohorts, and slow

progress of the trial overall. An already lengthy trial may be fur-

ther exacerbated by inclusion of randomization (generally requir-

ing larger cohort-specific sample sizes) and changes in the

treatment landscape of the tumor type under study, e.g. introduc-

tion of new standard of care regimen to the market while the um-

brella trial is underway [38, 40].

Umbrella trial examples

FOCUS4. One ongoing umbrella trial is FOCUS4, which enrolls

previously untreated metastatic colorectal cancer patients and as-

signs them to one of four biomarker-enriched cohorts following

16 weeks of standard front-line chemotherapy. Within each co-

hort, patients are randomized to an experimental targeted agent

versus placebo [55, 56]. FOCUS4 further contains a cohort for

all-wild-type patients where patients may be randomized to treat-

ments showing promise in the marker-positive cohorts, thereby

enhancing participation as potential access to experimental treat-

ment is ensured for all eligible patients. FOCUS4 opened to en-

rollment in 2014 and plans to follow patients for up to 5 years.

ALCHEMIST. An umbrella trial similar to FOCUS4 in its design

is ALCHEMIST (Adjuvant Lung Cancer Enrichment Marker

Identification and Sequencing Trial), a study of targeted therapy

in patients with resectable adenocarcinoma of the lung harboring

EGFR or ALK mutations [16, 34, 57, 58]. In ALCHEMIST, fol-

lowing initial treatment with standard non-targeted therapy, pa-

tients are randomized to experimental targeted agents versus

placebo within respective target-enriched cohorts. Because the

prevalence of the mutations under study is quite low (10% com-

bined), ALCHEMIST further enrolls all-wild-type patients whose

tumors undergo whole exome sequencing at registration and at

relapse following standard care, so that the natural course of dis-

ease may be studied in this group.

LUNG-MAP. LUNG-MAP [16, 22, 59, 60] is a phase II/III study

of targeted therapies in patients with previously treated advanced

squamous NSCLC led by the Southwest Oncology Group

(SWOG) in cooperation with NCI. In LUNG-MAP, four

randomized phase II trials of targeted therapy versus standard of

care are conducted in parallel within mutation-enriched cohorts,

with graduation of a cohort to a phase III registration study if

progression-free survival crosses an efficacy boundary during

phase II (phase II patients are included in the phase III analysis,

contributing critical additional length of follow-up). Once eligi-

bility is determined, patients in LUNG-MAP are screened for

mutations and amplifications of interest by the research version

of the Foundation One panel of Foundation Medicine, Inc.,

which improves screening efficiency in a disease where available

tissue may be limited. LUNG-MAP was additionally designed as

a platform trial allowing for seamless integration of new cohorts

via nomination by its Drug Selection committee. No cross-

cohort statistical analyses are planned, and patients without a

mutation of interest were initially randomized to receive an anti-

PD-L1 therapy versus standard of care within a ‘non-match’

study. Patients with tumors harboring multiple markers are

randomized in a weighted fashion to qualifying cohorts with pri-

ority given to those cohorts with lower prevalence markers.

Despite its sound design, regulatory efficiency, and ability to

assign each eligible patient to a promising experimental therapy,

LUNG-MAP has faced challenges since its initiation. In March

2015, shortly after the trial began, the FDA approved the im-

munotherapy drug nivolumab for the same population based on

a trial where it had shown superiority over docetaxel, the stand-

ard of care drug used in the control arms of the LUNG-MAP co-

horts. Also, one cohort of the study (for c-MET-positive patients)

closed early for toxicity concerns when it became known that one

of the study drugs had caused harm in patients with gastric can-

cer. Following temporary suspension to respond to these events

[16], LUNG-MAP is currently recruiting patients to some of the

study cohorts with treatment modifications [59].

Beyond baskets and umbrellas: platform

trials and other designs

Here, we provide several examples of master protocols that do

not fit neatly in the categories of basket or umbrella trials, includ-

ing strategy trials and Bayesian adaptive platform designs.

SHIVA

In the multi-histology SHIVA trial, 195 patients with solid

tumors refractory to standard treatments were randomized to

targeted treatment according to molecular characteristics versus

non-targeted treatment with standard therapy (physician’s

choice), with crossover to targeted therapy upon progression

allowed for patients randomized to the control arm [61]. SHIVA

is considered a ‘strategy’ trial, as the strategy of each patient’s

treatment (biomarker-based versus standard) was the differenti-

ating feature at randomization, rather than comparison of spe-

cific treatments. Unfortunately, the experimental targeted

strategy arm of SHIVA failed to show improved progression-free

survival compared with standard of care [62].
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NCI-MPACT

Similar to the SHIVA trial in its objectives, NCI-MPACT

(Molecular Profiling-Based Assignment of Cancer Therapy) is an

ongoing pilot strategy trial for patients with advanced solid

tumors harboring a mutation in one of three specific genetic

pathways. In MPACT, patients are randomized in a 2:1 ratio to

receive targeted therapy for their identified pathway mutation

versus a treatment not known to be pathway-specific, with cross-

over to targeted therapy allowed upon progression in the control

arm [63, 64]. Currently, MPACT is studying treatments for the

DNA repair, PI3K, and RAS/RAF/MEK pathways, with a total of

four experimental treatment arms (two experimental arms are

included for the DNA repair pathway). It is anticipated that 700

patients will be screened to enroll 180 patients to the initial 4 co-

horts of the trial; additional pathway/treatment cohorts may be

added at a later date. Dual end points of this trial include overall

response rate and 4-month progression-free survival.

BATTLE trials

BATTLE was a Bayesian adaptive trial in advanced NSCLC and

one of the first clinical trials specifically designed to investigate

differential biomarker-driven treatment effects [22, 65, 66].

BATTLE employed a master protocol and individual protocols

for each of four treatment arms, among which response-adaptive

randomization was used to modify the randomization probabil-

ities within each of five biomarker-based subgroups based on

observed 8-week disease control rates within each marker–

treatment combination. The final results of the BATTLE trial and

its inherent challenge were detailed in several manuscripts [66–

70]. Kim et al. [66] stated that in a follow-up trial, BATTLE-2

[67], a prospectively defined learning period would occur, from

which only biomarkers showing sufficiently strong predictive

ability would be subsequently used to guide patient assignments.

BATTLE-2 is currently ongoing.

I-SPY2

Another biomarker-based Bayesian adaptive design is I-SPY2, a

phase II trial of neoadjuvant treatment of women with locally

advanced breast cancer [22, 71]. In I-SPY2, patients are biopsied

at baseline and directly assigned to one of many biomarker signa-

ture cohorts, wherein patients are subsequently randomized to

one of several experimental treatments. The primary end point

for each cohort is pathologic complete response supported by

longitudinal MRI measurements. A drug performing well within

a specific marker signature (in terms of Bayesian predictive prob-

ability) triggers adaptive randomization at higher probabilities

for subsequent patients enrolled within the same signature, and

definitively successful drugs are ‘graduated’ to a phase III study

within the signature. Meanwhile, treatments not showing prom-

ise within a signature are randomized at lower probabilities and

are ultimately removed from consideration, and drugs reaching

futility across all signatures are dropped from the trial. This plat-

form design framework allows novel targeted agents of interest to

continually enter and exit the trial protocol in an operationally

seamless manner, taking advantage of established infrastructure

and site participation. To date, at least four cohorts have grad-

uated to the phase III setting [22, 72]. As noted by several authors

[65–69], the utility of Bayesian adaptive randomization depends

on quick marker assessment, a relatively quick end point to in-

form the randomization algorithm, and a slow-to-moderate ac-

crual rate to ensure that early adaptations may benefit subsequent

patients.

CUSTOM

The Molecular Profiling and Targeted Therapies in Advanced

Thoracic Malignancies (CUSTOM) study is a master protocol

that simultaneously evaluated 5 targeted therapies in 15 different

patient cohorts defined by 5 groupings of molecular features

crossed with three different tumor histologies. One trial arm

studying erlotinib in NSCLC patients with EGFR mutations dem-

onstrated an overall response rate of 60%; in combination with

other published reports of erlotinib’s efficacy in this setting, this

arm of CUSTOM was terminated for early efficacy. Studies of tar-

geted therapies in other arms are ongoing [18, 73].

CREATE

The cross-tumoral phase II study with Crizotinib (CREATE)

study [19, 74] is evaluating crizotinib’s efficacy in patients with

advanced disease and ALK and/or MET mutations in one of six

heterogeneous tumor types. In CREATE, each tumor type consti-

tutes a subtrial, and each subtrial contains two subcohorts to en-

roll patients with ALK/METþ versus ALK/MET– tumors.

CREATE is hoping to recruit up to 420 patients from several

countries, and enrollment is ongoing.

Discussion: considerations and challenges

in master protocols

New challenges and considerations often affect the conduct and

feasibility of trials with a master protocol design. Here, we discuss

several in more detail. A detailed review of biomarker-based trial

designs from a statistical design and analysis perspective was re-

cently given by Renfro et al. [33].

New collaborative paradigm

To be successful, a master protocol requires a new collaborative

paradigm defined by the close collaboration of multiple industry,

academic, regulatory, and community oncology stakeholders,

often including participation by multiple pharmaceutical compa-

nies providing drugs to the same trial [38]. Experts from many

disparate areas are often involved, including cooperative group

and local hospital leadership, and specialists in oncology, path-

ology, molecular medicine, computational biology, clinical and

translational research, pharmacology, biostatistics, and patient

advocates. This is of clear long-term benefit to the research enter-

prise, but is a short-term challenge as new relationships and trust

are established.

Inclusion of marker-negative patients

As described earlier, inclusion of a treatment cohort for all-

negative or all-wild-type patients within a master protocol design

may enhance enthusiasm for the trial, as all otherwise eligible
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patients will be offered access to a potentially beneficial experi-

mental treatment regardless of screening results. In some settings,

however, inclusion of a marker-negative cohort may not be feas-

ible or reasonable, or its patient population may shift due to mid-

trial addition or cancellation of marker-positive arms. In the lat-

ter case, potential regulatory approval of new therapies on the

basis of a master protocol’s marker-negative substudy would be

challenged by a poorly defined patient population for labeling

purposes.

Classification of patients with multiple genetic
mutations

In many of the master protocols described, patients may poten-

tially qualify for more than one targeted cohort on the basis of

multiple positive biomarkers. Assignment of such patients to just

one qualifying matched cohort must be decided. If prevalence of

a mutation or biomarker group is not too low and accrual is not a

concern, patients may be assigned to one of the cohorts at ran-

dom. In other cases, particularly where one of the mutations is

rare and feasibility needs to be optimized, the patient may be dir-

ectly assigned to the rarest mutation or the cohort with the lowest

patient accrual to date. In all of these cases, it is also possible to re-

assess patients for mutations or markers upon initial disease pro-

gression and, on the basis of those results, assign such patients to

second matched cohorts within in the same trial (e.g. NCI

MATCH).

Effect size versus sample size

The sample size versus effect size trade-off is often an issue when

defining targeted cohort-specific objectives within basket, um-

brella, or platform designs. To keep the sample size small within

cohorts and maintain overall trial feasibility, it is often necessary

to target a large effect size (versus a randomized comparator arm

or historical control), often with lower power and higher type I

error than traditional phase II or III trials. Several authors such as

Menis et al. [19] and Burock et al. [75] have stated that the goal of

cancer clinical trials in this era of precision medicine should be to

conduct ‘trials designed to learn’ which lead to ‘trials designed to

conclude’, which begins with identifying large and meaningful

differences within small, molecularly enriched groups of patients,

often referred to as ‘home runs’ [76].

Challenges in assay evaluation, validation, and
implementation

Validation of biomarkers for use in patient screening and clinical

trials remains fraught with challenges, including a multitude of

available assessment methods (e.g. immunohistochemistry,

fluorescence in situ hybridization, and next-generation sequenc-

ing), variable reliability (sensitivity and specificity), reproducibil-

ity, feasibility in terms of tissue requirements and turn-around

time, and related costs [19]. Several authors have noted that an

optimal drug/device co-development program should include

simultaneous evaluation of assay methodology and companion

drugs from prospective or retrospective analysis of clinical trials

[35, 77].

Future directions of master protocols in oncology

As next-generation sequencing continues to develop, master

protocols including basket and umbrella trials are likely to see

increased use with more nuanced assignment of patients to

matched treatments, e.g. to combination treatments according to

multiple driving mutations, biomarkers, or pathways [18]. In the

future, molecular evaluation of patients who show remarkable

improvement in their disease following treatment with cancer

drugs that have otherwise shown low activity in other patients

(so-called ‘exceptional responders’ as defined by the NCI) may

motivate future master protocol designs within specific disease

types [78]. The FDA has also demonstrated a willingness to ap-

prove agents that have been evaluated in only a small number of

patients, even based on single-arm trials, as traditionally large

registration trials may never be feasible or ethically appropriate

within some cancer subtypes [79]. How these large shifts in the

standard paradigm of cancer clinical research will ultimately im-

prove success rates for new therapies in oncology remains to be

seen, but we are confident that if we continue to learn and refine,

the net impact will be better treatment of cancer patients.
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