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abstract

In this precision oncology era, where molecular profiling at the individual patient level becomes increasingly
accessible and affordable, more and more clinical trials are now driven by biomarkers, with an overarching
objective to optimize and personalize disease management. As compared with the conventional clinical de-
velopment paradigms, where the key is to evaluate treatment effects in histology-defined populations, the
choices of biomarker-driven clinical trial designs and analysis plans require additional considerations that are
heavily dependent on the nature of biomarkers (eg, prognostic or predictive, integral or integrated) and the
credential of biomarkers’ performance and clinical utility. Most recently, another major paradigm change in
biomarker-driven trials is to conduct multi-agent and/or multihistology master protocols or platform trials. These
trials, although they may enjoy substantial infrastructure and logistical advantages, also face unique operational
and conduct challenges. Here we provide a concise overview of design options for both the setting of single-
biomarker/single-disease and the setting of multiple-biomarker/multiple-disease types. We focus on explaining
the trial design and practical considerations and rationale of when to use which designs, as well as how to
incorporate various adaptive design components to provide additional flexibility, enhance logistical efficiency,
and optimize resource allocation. Lessons learned from real trials are also presented for illustration.
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INTRODUCTION

In the past 10 to 15 years, cancer clinical trials have
experienced some important paradigm changes to
embrace the era of precision oncology as defined by
various biomarkers. The central hypothesis driving this
movement is that by integrating the right biomarker
information we can properly select, or at least enrich,
trial cohorts for patients who are most likely to benefit
from a particular therapy. Multiple factors collectively
contribute to this movement—our knowledge about
oncogenic pathways has been greatly advanced; high-
throughput screening and other drug discovery de-
velopments have made a lot more candidate agents
available for evaluation; and the rapid development
of various omics-based technologies, especially the
increasing availability of next-generation genomic se-
quencing, makes it more feasible and affordable to
incorporate biomarker information into clinical trials. All
of these call for novel biomarker-driven trial designs to
expedite the clinical development of multiple treatment
agents and newly defined patient populations.

In this review, we use biomarker to generically de-
scribe any characterizations of biologic molecules or
diagnostic tests carried out on DNA, RNA, proteins,
and metabolites from blood, body fluids, or tissues for

diagnosis purposes including disease confirmation,
staging, subtyping, and so on. Under this working
definition, the presence of some actionable mutation,
such as a mutation in epidermal growth factor receptor
(EGFR) measured at the protein level, is viewed as
a single biomarker; a DNA-based multiplex genotyping
that simultaneously determines multiple actionable
mutations such as EGFR, KRAS, or EML4-ALK is
viewed as multiple biomarkers.

Compared with the traditional paradigm, there are even
greater consequences of asking the right questions (or
wrong questions) in these biomarker-driven clinical
trials. For example, although often there is good biologic
rationale to consider biomarker-negative (M-negative)
patients unlikely or less likely to benefit from the new
(targeted) therapy, the clinical evidence of whether
the potential treatment benefit is confined only in
biomarker-positive (M-positive) patients may or may not
be strong. Moreover, the development of a validated
companion biomarker, including establishing a widely
accepted partition or cutoff value to determine whether
the biomarker is positive or negative, is sometimes
lagging behind the development of novel therapeutic
agents. Therefore, as we simultaneously evaluate new
treatments and identify new patient populations de-
fined by the corresponding biomarkers, it is crucial to
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properly tailor the trial designs and prioritize research
questions on the basis of the development stage of the
biomarker and the credentials of its clinical utility.

The demand for trial development and conduct has be-
come more daunting than ever, as high-throughput mo-
lecular profiling becomes more accessible. Rather than
mounting separate trials, an important paradigm shift to
expedite clinical development is to establish the so-called
master protocol or platform trial—a program of trial de-
velopment and conduct implemented with an up-front
molecular screen and enrollment infrastructure into sub-
trials across multiple biomarkers and/or multiple disease
types—to enhance logistic and regulatory efficiency.

Some important and useful concepts in development of
biomarkers for clinical utility are first briefly introduced
here and expanded on in the next sections. Throughout
this review, we assume biomarkers of interest already
have good analytical validity (eg, they can be accurately,
reliably, and reproducibly measured).1,2 A biomarker is
called prognostic if it is associated with disease prognosis
regardless of treatment type and is called predictive when
it exerts prognostic influence differentially according to
different treatments. It is desirable to have a biomarker
(either prognostic or predictive) with good clinical utility
(ie, the biomarker can reliably prompt clinical actions that
benefit patients). According to Dancey et al,3 biomarkers
are integral when they are inherent in the study design
from the onset and must be performed in real time to
establish eligibility, identify the correct stratum for strat-
ified enrollment, or assign treatment. In other words, to
make a biomarker usable for clinical trial setting, an in-
tegral biomarker should be fully developed and validated
(eg, the cutoff that dichotomizes the continuous marker
measurement is fixed), with a rapid assay turnaround
time. Alternatively, biomarkers are considered integrated
if they are used to test specific hypotheses with defined
objectives and statistical analysis plans in the study. Fast
assay turnaround time is desirable but not required for
integrated biomarkers.

To design more efficient trials and overcome the afore-
mentioned challenges, the idea of adaptive designs has
been promoted, and aspects of this approach play an im-
portant role in virtually all existing biomarker-driven trials.
Although modern oncology trial design has promoted
adaptive designs as a new aspect of clinical trials, we note
that adaptive elements have played a long-standing role in
oncology clinical trials, dating back to early multistage design
concepts4,5 and continuing in the rich development of group
sequential monitoring methods that permit early efficacy or
futility stopping.6 Also, both traditional and newer phase I
oncology trial designs are by their nature adaptive to ac-
cumulating data. Wewill discuss the rationale and features of
established as well as newer adaptive design elements as
they arise in respective biomarker-driven trial designs.

Finally, a new nomenclature that generally describes trial
constructs has been introduced, attempting to describe
heuristically the structure, particularly when multiple bio-
markers and/or treatment agents are considered. The term
basket trial refers to a trial with an agent tested among
multiple disease types sharing a commonmolecular feature
or target identified by biomarker(s). In contrast, an umbrella
trial describes the case where, for a common disease entity,
multiple agents may be investigated in conjunction with
specific molecular targets and biomarkers. Either of these
designs may be implemented under a master protocol or
platform trial, as an expedient method of execution relative
to multiple distinct trials. We note that all of these terms lack
precision, and thus the specific study features will provide
more detail as to the structure.

This article aims to provide a concise and up-to-date
overview on the current status of biomarker-driven clinical
trials, with a focus on the underlying design considerations,
rationale, and lessons learned. We organize these dis-
cussions in terms of the biomarker’s role (integral v in-
tegrated), number of biomarkers involved (one v multiple),
and trial objective (confirmatory v discovery). Adaptive
design elements and selected examples are embedded as
we summarize the features of each design (Table 1).

CONTEXT

Key Objective
In the past few decades, clinical trials have experienced a major paradigm shift, aiming to incorporate ever-growing tumor

biomarker information and evaluate biomarker-defined patient cohorts, while accelerating the clinical development
process simultaneously. What are the key considerations when designing and conducting biomarker-driven clinical trials?

Knowledge Generated
We present an overview of the rationale, trial types, key design elements and features, and practical considerations for

commonly used biomarker-driven clinical trials. Examples of trials conducted and the lessons learned are also presented.
Relevance
When properly designed and implemented with adequate resources, biomarker-driven clinical trials may efficiently and

effectively generate evidence on biomarker-based personalized disease management. Clinicians and clinical trialists
should think thoroughly and critically if and how to design and conduct these trials.
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ADAPTIVE DESIGN FEATURES

As stated above, the notion of decisions toward trial
modification on the basis of accumulating information, or
adaptive strategies, was already a common feature of on-
cology trials before biomarkers were a design focus. Interim
monitoring, including but not limited to group sequential
methods, provides the statistical framework to allow re-
peated assessments of treatment efficacy and early stop-
ping as soon as the accumulated data already provide
adequate evidence to conclude that the experimental
regimen is highly likely (efficacy monitoring) or unlikely
(futility monitoring) beneficial. These adaptive design ele-
ments have been extensively used and appear in virtu-
ally all oncology trials nowadays. For example, phase II
trials traditionally have implemented a single-arm, non-
comparative design, with a planned interim futility analysis,
such as Simon’s two-stage design,7 to minimize patient
exposure to ineffective regimens. In the late-phase setting,
integrated randomized phase II/III design8 is a useful
adaptive design that combines both screening (phase II
component) and confirmatory (phase III component) in
a single trial. Such designs allow phase II patient data to be
included in the principal phase III trial analysis to improve
the overall logistic efficiency. As the data based on the
phase II component are used to provisionally test the study
hypothesis of the phase III component, integrated phase II/III
designs can effectively be viewed as phase III studies with
rather aggressive (ie, likely to stop) interim futility analyses.
If more than one experimental regimen is of interest in the
phase II component, a plan of selecting treatment arms
can also be incorporated when making the go/no-go de-
cision from phase II to phase III.

More formally speaking, adaptive designs are those that
allow prospectively planned modifications in both the
statistical and scientific aspects of study designs, on the
basis of accumulating data while the trials are still in
progress.9 Adaptations to the statistical aspects of study
designs arise when the primary estimand (eg, the target of
estimation) addressing the scientific question of interest10

remains unchanged; examples include group sequential
designs,6 sample size adaptation,11 and, more recently
(although the concept dates back several decades), out-
come/response-adaptive randomization.12-14 Adaptations
to the scientific aspects of study designs occur when the
primary estimand does change (eg, enriching patient
population, or selecting new treatment arms or end points
while the trial is still ongoing). Among these adaptive design
features, group sequential theory–based interim analysis
and treatment assignment modification (such as add or
drop arms) have been used most frequently, whereas other
adaptive design features have not been widely adopted in
practice. We also note that although the term adaptive
design may be frequently considered synonymous with
outcome adaptive randomization via Bayesian methods
(as, for example, in the Biomarker-Integrated Approaches

of Targeted Therapy for Lung Cancer Elimination [BATTLE]
trials15), trials with these aforementioned design features
should also be considered adaptive.

In biomarker-driven trials, as we seek to simultaneously
understand the biomarker-treatment relationship, both
types of adaptations may be desirable to enhance logistical
efficiency and optimize resource allocation, while main-
taining balance with respect to ethical considerations.

DESIGNS WITH SINGLE INTEGRAL BIOMARKER

An enrichment design, which only enrolls M-positive pa-
tients (Fig 1A), can be considered when there is strong
rationale and evidence suggesting the putative treatment
effect of the novel agent is confined within the M-positive
subpopulation only,16 because it does not permit a treat-
ment effect evaluation among M-negative patients at all or
permit evaluating whether the biomarker is predictive. For
discovery purposes, both nonrandomized and randomized
designs may be considered. Single-arm enrichment de-
signs may be appropriate when tumor response (tumor
shrinkage) provides a meaningful measure of clinical ben-
efit without a comparator. If the new agent is expected to
have little effect on tumor shrinkage, or must be com-
bined with an active agent, randomized phase II screening
designs17 with end points such as progression-free survival
may be considered and provide valuable information on
whether a confirmatory, randomized phase III enrichment
design should be performed. Of note, although enrichment
designs should be efficient (a small sample size) because
we anticipate a large effect size, if the prevalence of M-
positive patients is low, many patients must be screened to
obtain the necessary sample size; if the prevalence is too low,
the trial may simply be infeasible.

When there is strong evidence suggesting the biomarker is
predictive with respect to the experimental regimen (ie,
M-positive patients benefit), but it remains unclear whether
the new treatment may also have a clinically meaningful
(but likely smaller) benefit for M-negative patients, the so-
called biomarker-stratified design, which randomly assigns
all patients with a valid marker result (M-positive and
M-negative) as a stratification factor, can be considered
(Fig 1B). One can also view this as an umbrella trial (de-
fined in a later section) that contains two separate RCTs for
M-positive and M-negative subgroups. The key design
consideration for confirmatory trials is if and how to pri-
oritize the multiple hypotheses within the M-positive sub-
group, the M-negative subgroup, or the overall population
and properly power for each separately as applicable. To
control the overall type I error due to multiple comparisons,
various analysis strategies have been proposed to reflect
different prioritizations and preserve the power of the most
interesting questions.18,19 Here are some examples:

• If we assume the new treatment is unlikely to be ben-
eficial in the M-negative subgroup unless it works first
in the M-positive subgroup, a sequential, α-recycling

Hu and Dignam

4 © 2019 by American Society of Clinical Oncology



strategy can be considered by first testing the M-positive
subgroup at significance level α and then testing the
M-negative subgroup at the same α level if and only if the
first test is statistically significant.20 An alternative ap-
proach to reflect such prioritization is to split the overall α
unequally with a Bonferroni correction (eg, α1 = 0.04 and
α2 = 0.01 for M-positive and M-negative, respectively).

• If the effect in the overall population is of secondary
interest, the aforementioned sequential procedure needs
to be modified, because the treatment effect of the
overall population can still seem to be clinically mean-
ingful even when the new treatment only works in the
M-positive subpopulation but not in the M-negative
subpopulation at all. To mitigate the potentially mis-
leading conclusion that treatment works in all comers
(M-positive and M-negative), the Marker Sequential Test
design21 was proposed, which first tests the M-positive
subgroup at a reduced significance level α1 (, α): if the
test yields a statistically significant result, the M-negative
subgroup will be tested at level α, whereas the overall
population will be tested at α − α1 if the test among the
M-negative subgroup is not significant.

• If there is no convincing evidence suggesting a particular
biomarker is predictive, a fallback strategy can be used,
which first tests the overall population at α1 (, α): if the
result is significant, one can claim that the treatment is
effective in all patients; if it is not significant, then the
M-positive population must meet α − α1 for significance.22

Although biomarker-stratified designs are typically used in
the context of a confirmatory phase III setting, randomized
phase II screening designs may still be considered if the
overarching goal is to efficiently inform whether to conduct
a randomized phase III enrichment design. When the
primary interest is to evaluate whether the biomarker-based
treatment assignment strategy is more effective than
non–biomarker-based treatment assignment strategy, one
may consider a biomarker-strategy design, which randomly
assigns all patients (M-positive and M-negative) to receive
treatments either on the basis of or independent of bio-
marker status (Fig 1C). This design may also be used to
evaluate whether the biomarker is predictive with some
efficiency loss,16,23 because there can be a significant
portion of patients with the same biomarker status receiving
the same treatments in both arms, reducing the treatment
effect size that can realistically be specified.

Biomarker-directed design may be considered when it is
desirable to have an integral biomarker evaluation for all
patients, and there is compelling existing evidence sug-
gesting a particular biomarker-defined subgroup should
receive a certain regimen with satisfactory efficacy and
safety profiles (Fig 1D). In this case, like enrichment de-
signs, a biomarker-directed design only randomizes the
biomarker-defined subgroup where the biomarker’s clinical
utility in directing treatment decisions remains unclear;
meanwhile the other biomarker-defined subgroups are
treated deterministically. This design therefore is suitable
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Off study Randomize

Standard Rx New Rx
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FIG 1. Schemas for single integral biomarker-driven trial designs. (A) Enrichment design. (B) Biomarker-stratified design. (C) Biomarker-strategy design. (D)
Biomarker-directed design. M-negative, biomarker-negative; M-positive, biomarker-positive; Rx, treatment.
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for evaluating the clinical utility of not only an integral
predictive biomarker but also a prognostic biomarker. For
example, in TAILORx (Program for the Assessment of
Clinical Cancer Tests [PACCT-1]: Trial Assigning Individual-
ized Options for Treatment),24 patients with breast cancer
treated with tamoxifen were classified as low, intermediate,
and high risk on the basis of a 21-gene recurrence score
(Oncotype DX, Genomic Health, Redwood City, CA). Patients
with intermediate risk were randomly assigned to receive
hormonal therapy with or without chemotherapy, whereas low-
risk patients and high-risk patients always received only hor-
monal therapy or hormonal therapy with chemotherapy,
respectively.

In these confirmatory integral biomarker-driven trials, in-
terim monitoring, especially futility monitoring, plays an
even more critical role to help prioritize the limited re-
sources by dropping subgroups with unpromising or un-
responsive treatment benefit and/or dropping ineffective
experimental regimens if more than one is being investi-
gated. For example, for biomarker-stratified designs, futility
monitoring can be easily and flexibly incorporated for
M-positive, M-negative, and overall population, such that
if the treatment benefit is unlikely to be observed in
M-negative subgroup, the trial can terminate accrual to
M-negative and only accrue M-positive patients.23 One
straightforward extension is to accrue M-negative and
M-positive (all comers) initially and only continue to ac-
crue biomarker-defined subgroups where promising
treatment effects are observed, using proper multiplicity
adjustments.25 This concept has been generalized more
broadly as the adaptive enrichment design, where all
comers are accrued initially, and the eligibility criteria
may change adaptively on the basis of planned interim
analysis results and subgroups defined by one or more
biomarkers.26,27 Alternatively, one can start with M-positive
patients only and expand to the overall population if it is
suggested that the treatment effect may be not be confined
within M-positive subgroup alone.28

DESIGNS WITH SINGLE INTEGRATED BIOMARKER

When an integrated biomarker is analytically validated,
but its clinical utility is not fully developed by the time of
trial initiation, or the biomarker cannot be obtained with
fast turnaround time, it is desirable to have proper trial
design and analysis plans to provide a valid treatment ef-
fect evaluation for biomarker-based subgroups. For a bio-
marker classifier that is based on a multiplex assay of
genomic, proteomic, and transcriptomic data, the adaptive
signature design29 was proposed to evaluate whether the
experimental regimen is effective in the overall population
or a subset of patients only while developing the biomarker
classifier simultaneously. This design modifies the fallback
analysis strategy for biomarker-stratified designs in a learn-
and-confirm fashion. If the treatment comparison for all
patients is not significant in the overall population at α1
(, α), we will either split all patients into training and testing

subsets or use K-fold cross-validation30 to develop the
biomarker and then evaluate efficacy in identified sub-
groups. Of note, the cross-validated approach has also
been shown to substantially improve the power of identi-
fying the M-positive subgroup that benefits from the new
treatment. By transforming the multiple candidate genes to
a binary classifier, the approach does not suffer too much
with respect to type I error control as the dimension of genes
increases. When a biomarker or gene signature can be
quantified on a continuous or ordinal scale, we can
consider the biomarker-adaptive threshold design31 using
a similar strategy to identify and validate an optimal cutoff
point that separates M-positive and M-negative subgroups.
The use of bootstrap resampling for estimation and in-
ference of the threshold, although accounting for the
multiplicity issue due to combining the tests for subgroup
M-positive and overall population, has been shown to
preserve the power to detect a global treatment effect while
developing the biomarker. Comparing with the conven-
tional approaches, these methods have been shown to
substantially improve the likelihood of detecting the M-
positive subgroup when differential treatment effect does
exist, especially when the prevalence of M-positive is low. A
more comprehensive review has been performed by Renfro
et al.32

BASKET TRIALS FOR INTEGRAL BIOMARKER(S)

A basket trial, in its simplest form, studies a single targeted
therapy among patients characterized by a corresponding
biomarker in the context of multiple disease types or his-
tology. Basket trial designs may be practically viewed as
a collection of enrichment designs across different disease
types or histology (Fig 2A). For example, after the approval
of vemurafenib for BRAFV600 mutation-positive meta-
static melanoma, a nonrandomized phase II basket trial of
vemurafenib for multiple nonmelanoma cancers with
BRAFV600 mutation was conducted,33 with objective re-
sponse as the primary end point.

From a trial conduct perspective, basket trials can be more
efficient than multiple histology-specific enrichment trials
conducted separately and are convenient to carry out
because the biomarker can (although not necessarily) be
assessed locally at participating sites as part of the eligibility
criteria screen. The latter is an important feature andmakes
it different from umbrella trials with respect to trial conduct
logistics. Furthermore, this trial design can be quite ap-
pealing to patients because it conveniently provides access
to the experimental therapy across multiple disease types,
including in settings where our understanding of the
biomarker-treatment relationship is relatively limited. Con-
sequently, basket designs most often serve for discovery
purposes (ie, early phase II, pilot efficacy only), as we hope
to investigate whether we can extrapolate the findings and
gain understanding of biomarker-drug interaction within
a particular disease type to all relevant disease types on the
basis of the biomarker.
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From a scientific perspective, the underlying rationale of
conducting a basket trial is that the biomarker’s presence
may independently predict responses attributed to the
corresponding targeted therapy, regardless of histology or
disease type.34 If this truly holds, it would be reasonable to
redefine cancer in a histology-agnostic fashion, suggesting
an exciting new approach to therapy development. For
example, in May 2017, the US Food and Drug Adminis-
tration approved pembrolizumab for any patients with
microsatellite instability–high/deficient DNA mismatch re-
pair regardless of histology.35 This approval was the first-
ever histology-agnostic indication and was partly based on
a small, proof-of-concept basket trial.36

Because basket trials may be viewed as a collection of
enrichment trials, they also inherit all of the advantages and
disadvantages, with the same practical considerations as
elaborated earlier. One unique challenge facing basket trials
is the balance between feasibility and the exchangeability
(eg, histology agnostic) hypothesis, given the potential het-
erogeneity across different disease types. That is, if and
when can we assume the molecular profiling is sufficient to
replace histology and pool patients together with the same
biomarker? For many biomarkers, prevalence is so low that it
may be infeasible to accrue enough patients and analyze by
each disease type. Meanwhile, pooling all patients with the
same biomarker can be questionable if not at all unrealistic,
because the approach implies we can completely ignore the
prognosis heterogeneity across different histology and as-
sume disease subtype is not prognostic at all. In the case of
vemurafenib for patients with BRAFV600 mutations, re-
sponse to treatment was high when the primary site was
melanoma but low when the primary site was colorectal
cancer.33 A practical compromise is to combine some dis-
ease types for which prevalence is significantly lower than
others. In Le et al,36 patients with microsatellite instability–
high/deficient DNA mismatch repair were accrued and
analyzed by colorectal and noncolorectal cohorts separately,
because the prevalence in colorectal cancer is notably
higher than other disease types.

Several novel adaptive designs have been developed to
avoid separate analyses and properly share response in-
formation across disease types. One approach is based on
preplanned interim analyses to determine the next steps.37

For example, if there is adequate evidence suggesting
some histology-specific cohorts have similar and promising
activities, these cohorts will be aggregated to allow more
efficient statistical inference with fewer patients; otherwise,
histology-specific cohorts with exceptionally favorable re-
sponse will remain separate, and cohorts with low re-
sponses will be terminated. The other approach is based on
statistical modeling and Bayesian inference,38,39 which
explicitly allows information sharing across different
histology-specific cohorts and permits early stopping for
some cohorts naturally on the basis of posterior probability
of histology-specific response rates. Nonetheless, it was

argued that, for sample sizes typically used in phase II trials
and a reasonable number of cohorts/histology types under
investigation, these designs that are meant to share in-
formation may not be as useful as one would hope, unless
there is a strong rationale and evidence indicating uniform
responses across cohorts.40

Another important consideration when designing discovery
basket trials is whether randomization should be used or
not. The nonrandomized basket trial may be clearly pre-
ferred because of its feasibility and close connection to the
conventional single-arm phase II design traditionally used
in early-stage development. However, nonrandomized
basket design practically mandates objective response to
be the only choice of the primary end point, because it is
generally considered the only interpretable efficacy end
point without a comparator. Even with this end point,
concernsmay still arise regarding the relevance of historical
control in at least some histology cohorts, because the
biomarker likely defines a new disease subtype for which
there is little or no historical information on prognosis.41

Furthermore, if the experimental regimen is to be admin-
istered in combination with other active regimens, how to
isolate the impacts of background treatments and properly
interpret the experimental regimen’s role can be chal-
lenging. Multi-agent, nonrandomized basket trials also
have been proposed, which are essentially a collection of
single-agent basket trials. In this case, because a central-
ized molecular screening platform is typically used, one
may also view them as umbrella trials.

From a pure statistical perspective, one could argue that
basket trials may have multiplicity issues, because we si-
multaneously evaluate multiple histology-specific cohorts.
Pragmatically speaking, this may not be that problematic,
because we are more tolerant of a higher type I error for
discovery purposes; the same issue also exists if we con-
duct separate trials for each cohort, and more practical
concerns such as accrual feasibility often outweigh the
type I error control. Nonetheless, avoidance of false-positive
signals as well as bias are concerns worth addressing as
these trial designs evolve.

UMBRELLA TRIALS FOR MULTIPLE INTEGRAL BIOMARKERS

A typical umbrella trial evaluates multiple experimental
regimens within a single disease histology. An up-front,
centralized molecular screening platform and a multiplex
assay are used to simultaneously obtain the biomarkers that
determine eligibility and treatment. Patients with bio-
markers of interest are allocated into mutually exclusive
marker-specific subtrials, which use either nonrandomized
or randomized enrichment designs (Fig 2B). Patients
whose molecular profiles are not part of these markers of
interest can be grouped as an unmatched cohort and
evaluated separately or treated off protocol.

If the biomarkers of interest have good clinical utility,
confirmatory-intent umbrella trials may be considered,
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where for each marker-specific cohort, randomized phase
II or integrated phase II/III designs8 are used. A randomized
phase II/III trial example is ALCHEMIST (Adjuvant Lung
Cancer Enrichment Marker Identification and Sequencing
Trial) for resectable non–small-cell lung cancer (NSCLC),42,43

which consists of three treatment subtrials, ALCHEMIST-
EGFR for patients with EGFR mutation (ClinicalTrials.gov
identifier: NCT02193282), ALCHEMIST-ALK for patients with
ALK rearrangements (ClinicalTrials.gov identifier:NCT02201992),
and ANVIL (ClinicalTrials.gov identifier: NCT02595944) for
unmatchedpatients (eg, squamous histology, or nonsquamous
histology andneither EGFRmutation nor ALK rearrangements).
An observation cohort is also available for unmatched patients
who refuse to participate in ANVIL. Another prominent example
is Lung-MAP (ClinicalTrials.gov identifier: NCT02154490),44

which was initially for squamous lung cancer but recently
was amended for all types of advanced NSCLC. In all exam-
ples, statistical considerations, including sample size justifi-
cation and interim analyses for efficacy and futility, are largely
driven by needs within each of the subtrials. Using sequential
development features such as phase II/III designs and interim
analyses that permit adaptation to findings, these trials
adaptively provide the necessary flexibility for the umbrella
trial objectives as a whole (Fig 2C).

When there are multiple candidate regimens that are
of interest equally for some or all biomarker cohorts, um-
brella trials also can be designed solely for discovery ob-
jectives. For example, in the BATTLE-1 (ClinicalTrials.gov
identifier: NCT00411632, NCT00409968, NCT00410059,
NCT00410189, NCT00411632, NCT00411671) trial, pa-
tients with chemotherapy-refractory NSCLC were assayed
for four candidate biomarkers to be allocated to a total of
five marker strata (including one nonmatched) and then
randomly assigned to one of four drug regimens.15 In NRG-
LU003 (ClinicalTrials.gov identifier: NCT03737994), an
umbrella trial of previously treated patients with ALK-positive
lung cancer, a total of 10 marker cohorts (including an un-
matched cohort) and up to seven new-generation ALK
inhibitors are to be evaluated. In both cases, the primary
interests are to explore the antitumor activities and identify
predictive biomarkers that are promising enough to guide
patient assignment. However, as the total number of
possible drug-marker strata increases, the likelihood to
accrue enough patients to have a reasonably accurate
estimate of efficacy for each drug-biomarker stratum
decreases. By exploiting the fact that biomarker allocation
is not informative for treatment assignments, BATTLE-1
considered a learn-as-go approach by explicitly using
a Bayesian hierarchical probit model for information sharing,45

along with outcome-adaptive randomization,12,46 which
allocates more patients to drug-marker strata that are more
likely to have exceptional activities, to potentially provide
individuals with more efficacious treatments and improve
estimation precision (Fig 2D). In NRG-LU003, for each
biomarker the investigators are able to determine and

prioritize the experimental regimens of interest on the basis
of preclinical data, which substantially reduces the total
number of drug-biomarker strata to be evaluated. In ad-
dition, within each drug-marker stratum, a Simon’s two-
stage design is used to flexibly retire those ineffective strata
as soon as possible. Freidlin and Korn40 suggested that
under typical phase II trial design settings, both approaches
may require similar resources.

One implication of conducting umbrella trials is that an ex-
plicit rule governing how to match biomarkers and candidate
regimens needs to be specified prospectively. Therefore,
umbrella trials also provide a unique opportunity to evaluate
whether a rule-based policy that matches biomarkers and
drugs is effective at all and, if so, to what extent across all
genomic characterizations. To make such evaluation in-
terpretable, the rule-based assignment policy should be as
stable as possible during the trial conduct and ideally cover
a wide range of biomarker-drug combinations.47 Another
unique consideration with umbrella trials is that a patient
could be eligible for multiple biomarker cohort allocation
because the tumor contains multiple biomarkers. How to
address this needs to be prospectively specified, either de-
terministically (eg, one biomarker overrides others) or ran-
domly (eg,with aprobability inversely proportional toprevalence).

MASTER PROTOCOLS AND PLATFORM TRIALS

A common feature for both basket and umbrella trials is that
within each biomarker-defined cohort a nonrandomized or
randomized enrichment design is implemented. With the
emergent use of molecular profiling, basket trials and um-
brella trials, as well as extensions discussed here, can be
collectively called master protocols or platform trials. These
trials consist of multiple enrichment subtrials defined by
molecular profiles and use a centralized screening platform
and common data collection infrastructure. More impor-
tantly, such a protocol provides substantial flexibility in terms
of discontinuing unpromising investigations, carrying for-
ward favorable early results to definitive testing in a phase
II/III framework, and introducing new subtrials as targets
and agents are identified in a perpetual manner, using the
aforementioned adaptive design methods for single-biomarker
settings.48 In addition, the infrastructure advantages of
conducting master protocols, such as centralized and
streamlined trial conduct (enrollment, informed consent),
data collection, governance (institutional review board,
data and safety monitoring committee), and quality as-
surance (clinical monitoring, imaging reading), are sub-
stantial as compared with conducting individual trials
separately. Meanwhile, the new paradigm presents unique
challenges, and here we describe the development history
of two master protocols to highlight some of these chal-
lenges when conducting these logistically demanding trials.

The NCI-MATCH (National Cancer Institute Molecular
Analysis for Therapy Choice ClinicalTrials.gov identifier:
NCT02465060) trial is a multiple targeted-therapy basket
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trial designed to evaluate whether biomarkers may exist in
advanced solid tumors and lymphoma that are refractory to
standard first-line therapy. When it was activated in 2015, it
started with 10 parallel biomarker-based cohorts to eval-
uate eight different targeted therapies. In May 2016,
a preplanned feasibility interim analysis revealed that only
9% of patients had actionable mutations that could be
matched with any of the multiple targeted therapies under
investigation. The lower-than-expected matching success
rate led to a major amendment to improve the overall
matching rate by adding additional marker-specific cohorts.49

In June 2017, when the original screening target was met
(N = 6,000), it was found that the common molecular
subtypes were rarer than expected.50 The study therefore
underwent another major amendment by collapsing multiple
subtype cohorts and relaxing the screening process. To date,
the study remains open to accrual, with a total of 19 cohorts
to evaluate 13 drugs.51

Lung-MAP was originally designed in 2014 for advanced
squamous NSCLC, consisting of four targeted therapy
subgroups and one nonmatched subgroup, each using
a phase II/III seamless design, with progression-free survival
and overall survival as primary end points, respectively.52

Since 2015, the treatment landscape of advanced NSCLC
has changed tremendously because of a series of approvals
in immunotherapies especially for squamous and non-
squamous NSCLC by the US Food and Drug Administration,
which fundamentally changed the standard of care and the
study control arms. After multiple minor amendments for
adding and closing biomarker-specific subtrials, in 2018 the
study was completely revamped by expanding eligibility to all
histology of advanced NSCLC, using a new screening pro-
tocol and introducing new biomarker-defined subtrials.53

In summary, although conceptually offering efficiency and
flexibility, master protocols are more prone to various factors

that are unknown (eg, low biomarker prevalence) or cannot be
foreseen (eg, changing treatment landscape) at the trial ini-
tiation. These trials also come with substantial logistical
complications, especially when several sponsors are involved
who may have conflicting proprietary interests and regulatory
concerns.

DISCUSSION

Biomarker-driven clinical trials allow us to investigate pa-
tient heterogeneity on the basis of molecular profiling,
which consequently introduces new opportunities and
challenges. Comparing with the conventional paradigm,
these trials require even more thorough planning and
comprehensive evaluation on the overarching objectives
(discovery or confirmatory), the credential of biomarker’s
clinical utility, choice of adaptive design and analysis plans,
knowledge of cancer biology, existing data from preclinical
and early clinical trials, prevalence of each subtype pop-
ulation, logistic readiness to conduct immortal clinical trials,
and so on. The success of any biomarker-driven trials
therefore certainly relies on an even closer collaboration
among all involved in advancing cancer care, including
clinical investigators, statisticians, sponsors, regulators,
drug and assay developers, and patient advocates.

Our discussions have been limited to phase II and III trial
designs for discovery and confirmatory purposes. There are
ample opportunities to incorporate dose selection when
incorporating biomarkers in the early stages of clinical
development. In addition, we are not able to cover aspects
evaluating the analytical validity of a companion biomarker
or diagnostic test whose development is just as critical as
drug development.54 For example, any putative treatment
effect will be diluted if the assay has low specificity or low
sensitivity for resistance variants, which in turn will nega-
tively affect the treatment evaluation.
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