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Applications in early-phase cancer trials have motivated the development of many statistical designs since the
late 1980s, including dose-finding methods, futility screening, treatment selection, and early stopping rules.
These methods are often proposed to address the conventional cytotoxic therapeutics for neoplastic diseases
and cancer. Recent advances in precision medicine have motivated novel trial designs, most notably the idea of
master protocol (eg, platform trial, basket trial, umbrella trial, N-of-1 trial), for the evaluation of molecularly
targeted cancer therapies. In this article, we review the concepts and methodology of early-phase cancer trial
designs with a focus on dose finding and treatment screening and put these methods in the context of platform
trials of molecularly targeted cancer therapies. Because most cancer trial designs have been developed for
cytotoxic agents, we will discuss how these time-tested design principles hold relevance for targeted cancer
therapies, and we will delineate how a master protocol may serve as an efficient platform for safety and efficacy

evaluations of novel targeted therapies.
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EARLY-PHASE PLATFORM TRIALS

Evaluation of cancer therapeutics has traditionally
been conducted in distinct phases of clinical trials that
examine one treatment (a single agent or a combina-
tion of agents) in a single cancer population at a time.
As a result of the advances in molecular biology and
genomic technology, cancer drug development has
undergone an evolutional shift over the past decade.
The widespread availability of genomic profiling and
next-generation genomic sequencing has enabled
comprehensive characterization of tumors on the basis
of cancer biology. Tumors once thought to be of the
same histologic type may now be considered het-
erogeneous and differentiated on the basis of genomic
biomarkers and may be treated differently according to
the biomarker expression profile. Because the subject
subgroups defined by specific genetic abnormalities of
the tumors may only represent a small fraction of the
disease population, the concept of precision oncology
trials for targeted therapies has created enormous
challenges in recruiting patients with rare genomic
subtypes. This recruitment challenge, coupled with
the need to test multiple targeted therapies in relatively
small molecularly defined patient subgroups in an
efficient manner, has led to the rethinking of the
cancer drug development paradigm. To meet these
challenges, the concept of master protocols has been
introduced to increase the speed of oncologic therapy
development and evaluation. A master protocol

generally refers to an overall framework under which
multiple treatments are evaluated concurrently in
substudies within the same trial structure. Patient
specimens would typically undergo a centralized
biomarker profiling, and on the basis of this evaluation,
patients are assigned to a substudy within the master
protocol. Figure 1 depicts the general structure of
a master protocol. The main goal of constructing
a master protocol is to enable sharing of operational
infrastructure and key design elements across sub-
studies so as to achieve better coordination and effi-
ciency than can be achieved in single trials designed
and conducted independently in biomarker-defined
subpopulations.!®

A platform trial is a randomized trial in a single his-
tology that involves multiple treatments and multiple
biomarkers under a master protocol. A platform trial
does not test a specific hypothesis by matching the
targeted therapies to their putative biomarkers. In-
stead, rather than presuming we know which therapy
is appropriate for which biomarker stratum, ran-
domization is used for treatment assignment within
each biomarker stratum. Table 1 gives a schema of
biomarker-based inclusion criteria in a hypothetical
platform trial. Two well-known examples of platform
trials are the Biomarker-Integrated Approaches of Tar-
geted Therapy for Lung Cancer Elimination (BATTLE)
trial in advanced non-small-cell lung cancer®” and
the Investigation of Serial Studies to Predict Your
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CONTEXT

Key Objective

This article provides a critical review of early-phase cancer trial statistical methods and discusses their practicality under the
novel platform trial paradigm for evaluating molecularly targeted therapies.

Knowledge Generated

Although many trial design principles for cytotoxic agents still hold relevance for molecularly targeted therapies, new design
and analysis issues, including delayed toxicities and efficacy-tolerability trade-offs, should be considered when designing
studies involving these agents. Early-phase platform trials facilitate efficiency gains by allowing within-trial information
sharing of safety and efficacy data.

Relevance

This article provides a practical guide for early-phase platform trial designs in the era of precision medicine. Novel statistical
methods continue to be needed to harness the information garnered in these new-generation trial designs to help expedite
oncologic drug development and approval.

Therapeutic Response With Imaging and Molecular
Analysis 2 (I-SPY2) trial for neoadjuvant treatment of
women with locally advanced breast cancer.2® Methodo-
logic innovations in a platform trial may include midtrial
outcome-adaptive randomization to favor treatments with
higher response rates within the respective biomarker-
defined stratum.!®!! The treatment effects of various
experimental therapies are often estimated according
to a Bayesian hierarchical model by borrowing out-
come information across molecularly defined biomarker
subgroups.19! At the same time, Bayesian decision rules
may be incorporated to determine when and whether
therapies with low probabilities of success should be dis-
continued and therapies with high probabilities of future
success should advance to subsequent confirmatory
studies; in this way, novel therapies may be added or
dropped in a perpetual manner.'%1213 Because of the need
for midtrial adaptations, platform trials often use short-term
end points, such as absence of disease progression at
8 weeks (as in BATTLE) or pathologically confirmed
complete response (as in I-SPY2). Although the Bayesian
inferential structure provides a convenient and efficient
framework for analysis, it does not protect the type | error
rate against multiple comparisons in the conventional
sense. As such, phase Il platform trials are generally
regarded as exploratory, and positive findings from these
trials will require independent confirmation for the prom-
ising drug-biomarker stratum in subsequent phase lll trials.

Cancer trial designs have been well established for cyto-
toxic agents. Specifically, phase | trials are dose-finding
studies that examine safety of the drug and estimate the
maximume-tolerated dose (MTD),** and phase |l trials are
designed to screen new drugs on the basis of pilot efficacy
such as clinical response.'®® The general objective of
early-phase cancer trials is to identify and recommend
a promising dose regimen of a new agent for confirmatory
investigation in multicenter phase Il randomized clinical
trials. With the new pathway for accelerated approval,’ it is
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arguably even more critical to be able to generate rigorous
evidence in these early-phase trials. In this article, we re-
view these time-tested design concepts for cytotoxic
agents, describe their relevance to the evaluation of mo-
lecularly targeted cancer therapies, and outline new design
and analysis issues under the novel master protocol
framework.

TRADITIONAL PARADIGM OF EARLY-PHASE DOSE AND
TREATMENT SCREENING

The MTD of a new agent is defined as a dose that produces
a certain percentage of dose-limiting toxicities (DLTs), and
it is often used as a recommended phase Il dose. The
rationale for using toxicity as a surrogate for efficacy can be
traced back to the suggestion of using nitrogen mustards in
the treatment of neoplastic diseases in the 1960s.'® The
most commonly used statistical design for a phase | on-
cology dose-finding trial is the 3+3 design. This is a rule-
based design in which the number of dose levels is fixed in
advance and the dose escalation or de-escalation decision
is based on the number of DLTs that patients experience at
a given dose. The 3+3 design has received extensive ex-
aminations and has been demonstrated to produce poor
statistical properties, including treating many patients at
doses that are below the biologically active level and im-
precise estimation of DLT probability because of the rela-
tively small number (three to six) of patients treated at each
dose cohort. 192!

To address the deficiencies of the 3+3 design, many dose-
finding designs have been proposed since the 1990s that
purport to improve statistical accuracy and trial efficiency in
the context of chemotherapy trials.?? The most prominent
work among these is an adaptive design known as the
continual reassessment method (CRM).?>2* The CRM uses
a mathematical model to relate the dose levels to the
probability of DLT. The process starts with a target DLT rate
(eg 25%) and an initial dose-toxicity curve posited by the
investigators on the basis of prior knowledge of the toxicity
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FIG 1. Master protocol design schema.
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profiles of the drug. After the first patient has been treated at
the dose determined by the initial dose-toxicity curve, the
toxicity information is combined statistically with the initial
curve, and an updated dose-toxicity curve is estimated
using a Bayesian methodology. The next patient is then
assigned adaptively to the dose level for which the esti-
mated toxicity rate is closest to the target toxicity rate. This
process is repeated every time a new patient is enrolled,
and the final estimated dose-toxicity curve is used to
identify the MTD. Figure 2 gives a graphical illustration of
the updates of dose-toxicity curves, with a 25% target DLT
rate. The CRM has been shown to improve the precision in
estimating the MTD and to increase the number of patients
assigned to the selected MTD when compared with the
standard 3+3 method.?>?” The latter property has impor-
tant ethical implications because traditional methods will
likely treat many patients at low and, hence, inefficacious
doses. In this regard, the CRM fulfills the therapeutic
purpose of phase | cancer trials, which are often the last
resort of the patients who have exhausted other alternative
treatment options. During its early inception, the CRM drew
some criticisms particularly with regard to the possibility of
exposing patients to doses that are likely to cause DLT.2%2°
To address these concerns, several trials used a hybrid
approach that combined the model-based CRM with a rule-
based initial dose-escalation plan (ClinicalTrial.gov identifiers:
NCT03141203, NCT03733990, and NCT03028766).253!

Once an MTD is identified, a new chemotherapy will be
studied in phase Il trials, which are proof-of-concept studies
looking for early indication of antitumor activity. This objective
is often achieved with a single-arm trial design using clinical
response as an end point, with the possibility of stopping
a trial early as a result of futility.}®233232 For instance, to have
80% statistical power to reject a 25% response rate in favor of
a 45% response rate of a new drug at 5% significance,
a single-arm, fixed-sample size trial will need to enroll 36
patients and seek to observe 14 responses in the enrolled
patients. Alternatively, a Simon two-stage design'® will first
enroll 17 patients and then enroll an additional 24 patients
(ie, atotal of 41 patients) only if there are at least six responses
in the first 17 patients. In other words, if there are five or fewer
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responses in the first 17 patients, the new drug will be de-
clared futile without additional investigation. Because of the
provision for futility stopping, the Simon design will, on av-
erage, treat fewer patients with inefficacious drugs, thus al-
locating resources to the more promising ones. However, to
demonstrate promise of a new drug, an adaptive design with
futility stopping will always require a larger maximum sample
size than a fixed trial (as in the example just provided). Thus,
whether using such an adaptive trial design in a single-arm
study is advantageous depends on the context and per-
spectives of the investigators.3*

TABLE 1. Biomarker-Based Participant Inclusion in a Platform Trial

Biomarker
Drug ALK CDK4/6 EGFR KRAS/BRAF
Ceritinib
150 mg per day v v
300 mg per day v v
450 mg per day v v
Ribociclib
200 mg per day v v
400 mg per day v v
600 mg per day*
Sorafenib
200 mg per day v v v
400 mg per day v v v
600 mg per day*
Erlotinib
100 mg per day v v v v
150 mg per day v v v v

NOTE. A participant with a given biomarker is eligible for random
assignment to a drug and dose among those marked by a checkmark,
which indicates that the drug is a candidate for the biomarker and that
the dose does not exceed the maximum-tolerated dose. For example,
a participant with ALK will be eligible for ceritinib, ribociclib, and
erlotinib, although ribociclib 600 mg per day will be excluded from
randomization as a result of safety consideration.

*Dose levels that exceed the maximum-tolerated dose.
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FIG 2. Example of dose-toxicity curves in the continual reassessment method (CRM) paradigm. The dashed
(gray) curves represent the initial curve posited by the investigators. The colored solid curves represent updated
curves after the toxicity data from a certain number of patients have been observed. The target dose-limiting
toxicity (DLT) rate is assumed to be 25% (horizontal line). The vertical dotted lines point to the optimal dose level

to which patients will be assigned.

DESIGN AND ANALYSIS ISSUES IN PLATFORM TRIALS
Late-Onset Toxicities and Cumulative Toxicities

The MTD is inherently associated with a fixed observation
window within which DLTs are expected to occur. As such,
dose assignments are often made based on DLTs observed
during this window in a phase | trial. In the cytotoxic
chemotherapy paradigm, toxic effects are acute, and
hence, it is adequate to assess DLTs occurring in the first
cycle of treatment. For molecularly targeted agents and
immunotherapies, the mechanism of action typically in-
volves targeting the cellular survival or inhibiting the growth
signaling pathway. These noncytotoxic agents tend to in-
duce long-lasting mild toxicities, and hence, the assump-
tion of acute toxicities may not apply.®® For some agents,
prolonged administration may be required to achieve de-
sirable therapeutic benefit, thus increasing the likelihood of
late-onset or cumulative toxicities that may manifest many
months after the initiation of treatment. Therefore, for phase
| trials of targeted therapies, it is critical to identify the MTD
with respect to a longer observation window, so as to ensure
future investigations are limited to a tolerated dose range.

The 3+3 design and CRM-type designs dictate that accrual of
new patients be suspended until all enrolled patients have
been fully evaluated for DLT. When delayed toxicities are
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anticipated, the trial length may be prohibitively long because
of the need for frequent accrual suspension and the lengthy
DLT observation window.3¢3” A dose-finding design that does
not require suspension of patient accrual while waiting for
DLT information on previously treated patients to mature is
the time-to-event continual reassessment method (TITE-
CRM).* The dose allocation scheme of the TITE-CRM follows
closely the original CRM paradigm but additionally leverages
the time-to-toxicity and partial follow-up information in all
enrolled patients when estimating the MTD. The TITE-CRM
has the potential to substantially reduce the trial length
compared with the standard methods. Since its introduction,
the TITE-CRM design has been successfully implemented in
trials at major academic cancer centers,*>*8 as well as US
National Cancer Institute—sponsored cooperative groups tri-
als such as Radiation Therapy Oncology Group 0813 ftrial
(ClinicalTrials.gov identifier: NCT00750269). In situations
where patients become available to a trial at a rapid rate, the
TITE-CRM could accrue many patients at a given dose level
before anyone has been observed for a meaningfully long
period. This could cause problems in two possible ways. First,
if the current dose s truly safe, the TITE-CRM will treat more
patients at the current dose than necessary before higher
doses are explored, thus resulting in loss in efficiency.
Second, if the current dose exhibits late-onset toxicities, the
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trial could expose many patients to a highly toxic dose before
any safety issues appear. Therefore, it may be useful to
impose a waiting window between cohorts of patients, so as to
allow adequate follow-up before adaptation is made.**!

Tolerability and Efficacy Trade-Off

For molecularly targeted agents and immunotherapies, it
may not be adequate to only consider toxicity and tolera-
bility in a dose-finding trial. First, acute toxicity is no longer
a surrogate for the agent’s therapeutic activity, as in cy-
totoxic agents. Second, a higher dose of a new compound
may be less efficacious than a lower dose® or may see
limited benefits on the basis of considerations of phar-
macokinetic properties.®® Hence, the MTD may not be an
ideal recommended phase Il dose, although it is still useful
to define the upper safety limit by the MTD. Third, DLTs
may not be observed with these agents, and MTD may not
be determined at the conclusion of dose escalation.>*>®
These are the scenarios where both toxicity and activity end
points should be used to guide dose recommendations.>°°
Yan et al®® proposed an adaptive Bayesian phase I/1l EffTox
design that guides dose selection on the basis of the trade-
offs between the probabilities of treatment toxicity and
efficacy. Paoletti and Postel-Vinay®® discussed the ideal
setting for the EffTox design and contended that such
design is best suited when a homogeneous disease pop-
ulation is well-defined for drug sensitivity and an early
biomarker for efficacy is available. Houede et al®” model
clinical utilities on the basis of both toxicity and clinical
response in a combination therapy trial, which aims to choose
the optimal dose pair of a chemotherapy and a biologic agent.
Finally, Li et al® proposed an approach to identify the best
drug at an efficacious and safe dose for a given biomarker
subtype in an early-phase platform trial. They used the CRM
to estimate the MTD of a drug and hierarchical Bayesian
modeling to estimate the efficacy of a drug administered at
multiple doses. As cancer trials increasingly focus on com-
bination therapies, it is critical to leverage efficacy information
as well as toxicity in dosing decisions.

Treatment Screening in a Randomized Platform Trial

In a single-arm, proof-of-concept trial, the interpretation of
the results and conclusion of the trial depend on the
specification of what would constitute a poor (null) re-
sponse rate on the basis of historical data or a priori clinical
experience. The choice of a single null response, however,
can be elusive in the early-phase screening of targeted
therapy. Although response defined by tumor shrinkage is
an indicator of activity for cytotoxic drugs, progression-free
survival (PFS) may be more appropriate for early indication
of efficacy of a targeted therapy whose mechanism does not
necessarily shrink tumors. PFS is a less specific end point
than tumor shrinkage because untreated patients may
survive without progression for a period of time, whereas
patients not treated with chemotherapy are unlikely to
experience response. As a result, heterogeneity in PFS
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experience may render historical data insufficient to define
a null PFS rate for screening purposes. Furthermore, as
precision medicine challenges the fundamental assump-
tion of tumor homogeneity, the appropriate null response
rate may vary with biomarker expression.

In a platform trial where several drugs are considered for
a biomarker subtype (Table 1), drug screening can be
based on randomized comparison and ranking, thereby
eliminating some subijectivity in choosing a null response
rate. Simon et al®® propose ranking several randomized
experimental drugs concurrently when a standard therapy
is not available. Others have proposed adaptive screening
strategies such as a two-stage design,®®®* whereby the first
screening stage aims to select a promising drug among
several for additional evaluation, and continuous moni-
toring using the sequential probability ratio test.®> These
innovative adaptive designs have been shown to increase
the final dose selection accuracy while treating more pa-
tients with better drugs during the trial and can accom-
modate situations where there is a concurrent standard
therapy. Indeed, the infrastructure developed under
a master protocol, in conjunction with the use of these
innovative adaptive designs, facilitates unbiased random-
ized comparisons of potential drug candidates in a platform
trial in a timely and efficient manner.

Pooling Information Across Subtypes in a Platform Trial

In an early-phase platform trial, where a drug may be given
to patients across biomarker subtypes, the safety profile of
the drug can be evaluated using pooled information across
subgroups. Specifically, it is often reasonable to assume
there is a common MTD for all biomarker subtypes when
the biomarker is agnostic to adverse reactions to the drug.%®
The concept of combining toxicity information from dif-
ferent diseases is not new, because phase | cancer trials of
chemotherapy are often conducted in patients with het-
erogeneous malignancies (eg, solid tumors). However,
implementing this concept in the context of a platform trial
provides much needed relevant safety information of the
drug in patients with rare biomarker subtypes.

When assessing a drug’s efficacy in a given biomarker
subtype, a statistically unbiased approach is to consider the
observed response or PFS rate using only data of patients
with that subtype. A Bayesian analysis, for instance, could
be adopted by assuming a conjugate p prior on each re-
sponse rate. This analytical approach may make it difficult
to understand the drug's effect in rare biomarker subtypes.
A potential advantage of running a platform trial is that
a targeted therapy’s efficacy for a given biomarker can
potentially be analyzed based on its efficacy in other
subtypes of the same histology, when the drug is hy-
pothesized to work through a common molecular mech-
anism in all subtypes. Such borrowing strength can be
achieved in a Bayesian analysis by putting a hyperprior
distribution on the hyperparameters of the p prior. Because
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this analysis adds another level in the hierarchy of Bayesian
analysis, it is called hierarchical Bayesian modeling (HBM).
Several authors have examined and proposed the use of
HBM in platform trials.5%%%* |t has been noted that bor-
rowing information using HBM can be counterproductive
when the drug’s effects vary across biomarker subtypes.®®
This is conceivable when a drug has nonspecific anticancer
activity that is not specific to the molecule. Although on-
going work has been suggested to model multiple sources
of exchangeable drug effects in conjunction with HBM,®* it
is critical to evaluate the clinical situations as to whether
there is a strong reason for expecting a common drug effect
across subgroups.

DISCUSSION

There are many potential efficiency gains associated with
a platform trial.2® First, the use of a common genomic
screening platform to identify patients eligible for the trial
often results in shorter recruitment time and lower screen
failure rate. This means that more patients will have the
opportunity to participate in investigational research and
gain access to potentially beneficial drugs. The common
assay standard operating procedure also ensures consis-
tent and high-quality tissue material collection and sub-
mission, thus enhancing preanalytical and analytical
validity of the biomarker measurement. Second, the use of
centralized governance bodies under a master protocol (eg,
the scientific review committee, institutional review board,
or data and safety monitoring committee) can ensure
streamlined and efficient oversight for all substudies. In
particular, the trial efficiency is enhanced by up-front
standardization of the development, approval, and moni-
toring process across studies. For example, the Trial In-
novation Network represents a collaborative national
network that aims to enhance operational efficiency by
leveraging the resources and expertise of the Clinical and
Translational Science Award.®® Third, the speed of drug
development and evaluation is improved by the common
infrastructure that allows opening or closure of substudies
of new agents and biomarkers more expeditiously.

Other related trial designs for biomarker-based cancer drug
development under the broad definition of a master pro-
tocol include basket trials and umbrella trials.1* A basket
trial evaluates a targeted therapy on multiple disease sub-
types; specifically, each basket evaluates the therapeutic
effect of a targeted therapy for several cancer types that have

AFFILIATIONS

!Mayo Clinic School of Medicine, Rochester, MN
2Mailman School of Public Health, Columbia University, New York, NY

CORRESPONDING AUTHOR

Ying Kuen Cheung, PhD, Department of Biostatistics, Mailman School of
Public Health, Columbia University, 722 West 168th St, New York, NY
10032; e-mail: yc632@cumc.columbia.edu.

6 © 2019 by American Society of Clinical Oncology

a common molecular biomarker or genetic alteration. Basket
trials are typically nonrandomized; on the basis of a pre-
specified genetic alteration, patients are assigned to a regimen
that is expected to be active for their tumor. In contrast, an
umbrella trial generally restricts patient enroliment to a single
tumor type. A patient's tumor undergoes central genetic
testing, and the patient is triaged to one of several molecularly
defined substudies where the patient receives a matched
targeted therapy. These biomarker-defining strata may be
single-arm phase |l or phase Il/Ill trials that randomly assign
patients to either the matched targeted therapy or some
standard therapy (or placebo). An example of an umbrella trial
is the Adjuvant Lung Cancer Enrichment Marker Identifica-
tion and Sequencing Trial (ALCHEMIST) for early-stage
non-small-cell lung cancer.®®

Although these novel trials provide a platform to answer
clinical questions that traditional clinical trial design may
not afford, it is important to appreciate that these gains are
accompanied by increased logistical challenges and co-
ordination efforts.%” For example, a platform trial requires
tremendous resources and time commitment to establish
the common trial infrastructure. Often, a platform trial
would involve multiple agents developed by different in-
dustry partners; the contract negotiation with multiple
stakeholders in terms of data sharing or coordination across
substudies will likely pose additional communication
challenges. Finally, the assay platform used to screen
patients for eligibility and assignment to substudies will also
need to be cleared with an investigational device exemption
by the US Food and Drug Administration, further adding
regulatory complexities.

Despite these challenges, the opportunities afforded by the
new-generation platform trials are enormous. From a study
design perspective, as we have illustrated, a single platform
trial under a master protocol can facilitate information
sharing of safety and efficacy data across disease subtypes
in the statistical analysis.>® To date, most existing statistical
methods have been proposed that deal with safety and
efficacy questions independently (eg, CRM for safety dose
finding, HBM for efficacy evaluation). New statistical par-
adigms may involve assembling these method modules into
an omnibus design that ensures statistical rigor and har-
nessing the information necessary for an informed decision
or drug approval.
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