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Abstract

Traditionally, site of disease and anatomic staging have been used to define patient populations to 

be studied in individual cancer clinical trials. In the past decade, however, oncology has become 

increasingly understood on a cellular and molecular level, with many cancer subtypes being 

described as a function of biomarkers or tumor genetic mutations. With these changes in the 

science of oncology have come changes to the way we design and perform clinical trials. 

Increasingly common are trials tailored to detect enhanced efficacy in a patient subpopulation, 

e.g., patients with a known biomarker value or whose tumors harbor a specific genetic mutation. 

Here, we provide an overview of traditional and newer biomarker-based trial designs, and 

highlight lessons learned through implementation of several ongoing and recently completed trials.
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1. BACKGROUND

Traditionally, site of disease and anatomic staging have been used to define patient 

populations to be studied in individual cancer clinical trials. In the past decade, however, 

oncology has become increasingly understood on a cellular and molecular level, with many 

cancer subtypes being described as a function of biomarkers or tumor genetic mutations. In 

parallel, cancer therapeutic research has largely shifted from a focus on cytotoxic agents to 

newer drugs that act through inhibiting cancer cell growth and survival mechanisms while 

protecting healthy cells to the extent possible. More recently, therapies that serve to unleash 

the patient’s own immune response to fight cancer cells are being discovered and tested in 

cancer clinical trials. Examples of approved targeted agents include panitumumab and 

cetuximab, now indicated for treatment of advanced colorectal cancer patients with KRAS 
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wild-type tumors [1–2]; erlotinib, afatinib, and gefitinib, targeting EGFR mutations in 

patients with advanced non-small-cell lung cancer [3–4]; and ceritinib [5] and crizotinib [6], 

tyrosine kinase inhibitors targeting ALK mutations. Newly approved immunotherapies 

include nivolumab [7] and pembrolizumab [8].

With these changes in the science of oncology have come changes to the way we design and 

perform clinical trials. Increasingly common are trials tailored to detect enhanced efficacy in 

a patient subpopulation, e.g., patients with a known biomarker value or whose tumors harbor 

a specific genetic mutation. Classes of biomarker-based designs such as enrichment, 

stratified, and strategy designs have been previously discussed from a methodological 

perspective [9–10]. In this review, we first provide a brief overview of these classes of 

designs along with newer biomarker based design strategies for multiple tumor types/

multiple molecular profiles. We then highlight several recently completed and current 

biomarker-driven trials, with emphasis given to relevant practical considerations and lessons 

learned in their implementation.

2. BIOMARKER-BASED DESIGNS OVERVIEW

Biomarker-based designs can be broadly classified according to the number of disease types, 

molecular groups, and targeted therapies they include. Table 1 lists several biomarker-based 

trials categorized by common features. Earlier biomarker-based designs typically assessed a 

single targeted therapy in a single disease type with 1 or 2 molecular groups. These include 

enrichment, marker-stratified, and marker strategy designs. The marker-enriched or 
“targeted” design (Figure 1a) was first described by Simon and Maitournam [11–13], 

though an enriched trial was previously used to study the safety and efficacy of trastuzumab 

in women with HER2 positive breast cancer and led to its regulatory approval in this setting 

[14]. In this design, only patients positive for a particular biomarker are randomized to 

experimental versus control treatments. Examples of enrichment trials in practice include 

N9831 [15] and TOGA [16]. While enriched designs traditionally include randomization to 

targeted versus non-targeted treatments, historically, some targeted agents have been 

approved on the basis of enriched single-arm trials. One example is crizotinib for the 

treatment of non-small cell lung cancer in 2011; others include ceritinib and alectinib [17]. 

The related adaptive enrichment design includes a mid-trial adaptation based on interim 

analysis results [18]. This design initially randomizes an unselected patient population to 

experimental versus control treatment, and if the experimental treatment effect reaches a 

futility threshold in the marker-negative group at an interim analysis, accrual of marker-

negative patients is terminated and the remaining sample size re-allocated to marker-positive 

patients. The marker-stratified design or marker-by-treatment interaction (Figure 1b) is 

a reasonable alternative when there is insufficient evidence of a biomarker’s ability to 

predict treatment effect to justify exclusion of a subpopulation from randomization [19]. In 

this design, all patients are randomized to experimental versus control treatments; however, 

patients are first stratified by marker status and then randomized to a treatment arm within 

their given marker cohort. Examples of stratified trials in practice include INTEREST [20] 

and MARVEL [21]. The marker strategy design (Figure 1c) has been used when the 

specific objective of a clinical trial is to validate the biomarker in the treatment decision-

making process [19, 22–23]. In this design, patients are screened for biomarkers and then 
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randomized to a treatment strategy that takes biomarker status into account (often a targeted 

therapy) versus a treatment that ignores the biomarker (often standard of care). As proposed, 

the strategy design typically evaluates only one marker, limiting its use in practice.

Newer biomarker-based designs expand on the earlier ones by including multiple targeted 

therapies, multiple disease types, and/or multiple molecular groups. These include modified 
strategy designs, umbrella trials, Bayesian biomarker-adaptive designs, and basket 
trials. A modified strategy design (Figure 1d) is similar to a marker strategy design, except 

that it includes multiple targeted molecular profiles, thereby accommodating a more 

heterogeneous patient population. In this framework, the final analysis compares the marker-

based strategy arm vs. the non-marker-based strategy arm (i.e. conventional, physician-

directed) across all profiles. Examples of modified strategy designs include SHIVA [24–25] 

and M-PACT [26].

In an umbrella trial (Figure 1e), a common genomic screening platform and central 

screening infrastructure are used to assign patients to unique marker-enriched protocols. 

Example umbrella trials include FOCUS4 [27], ALCHEMIST [28–29], and LUNG-MAP 

[30–31]. Like the umbrella trial, a Bayesian marker-adaptive design (Figure 1f) may 

include multiple therapies and molecular subgroups. However, the efficacy of the drug is 

assessed in an ongoing manner throughout the trial, allowing for biomarker-based adaptive 

randomization (i.e., changing of the randomization ratio(s) according to patient outcomes 

observed to date) and removal of ineffective therapies mid-trial. The success of such a 

design requires a rapid and reliable endpoint and real-time access to all clinical and biologic 

data. Example Bayesian adaptive designs include BATTLE [32–34] and I-SPY2 [35]. 

Finally, a basket trial (Figure 1g) is similar to an umbrella trial in that there may be a 

common genetic screening platform, multiple study therapies, and multiple molecular 

subgroups. However, a basket trial typically enrolls multiple disease types to each of several 

marker-based cohorts, and these are conducted under a single protocol. An example basket 

trial is NCI MATCH [36].

3. EXAMPLE BIOMARKER-BASED TRIALS IN PRACTICE

In this section, we highlight recently completed or on-going trials that are examples of the 

newer biomarker-based designs, presented by design category.

MODIFIED MARKER STRATEGY DESIGN

SHIVA—Motivated by increased off-label use of molecularly targeted agents based on 

molecular mutations, SHIVA is a recently completed marker strategy trial with the goal of 

comparing a marker-based targeted treatment strategy versus non-targeted treatment in 

patients with solid tumors refractory to standard treatments [24]. In SHIVA, molecular 

profiles are determined for every patient’s tumor. Among those patients randomized to 

marker-based treatment strategies, targeted therapies are assigned if available, but outside of 

their approved indications. Otherwise, patients randomized to conventional therapy are 

assigned treatment according to physician’s choice (based, for example, on tumor type and 

histology). Patients whose molecular profiles do not map to any of the targeted study 

treatments enter an observational cohort, and among the randomized cohort, crossover to the 
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alternative strategy upon progression is allowed. To control for some of the heterogeneity 

arising from differing prognosis across tumor types, both randomization and primary 

analyses are stratified. It is further assumed that there is no interaction between strata and 

intervention; if this is not true, then power of the study could be reduced. Tests for 

interaction, although underpowered, are included as part of the analysis plan. Further, to 

ensure that each patient’s molecular profile reflects what is actually being treated, the trial 

requires the profiling to be based on a resection of metastatic (vs. primary) tumor. Finally, 

after the first 100 patients were enrolled, the trial included a feasibility evaluation of the 

profiling process and treatment algorithm. Although the trial results will not inform on 

independent treatment effects, it will address the question of whether it is better to select 

treatment for patients with refractory disease according to tumor biology or tumor type and 

histology.

The recently published results of the SHIVA trial [25] suggest that use of targeted therapies 

outside their indications does not improve progression-free survival (PFS) compared with 

conventional or physician’s choice therapy among patients refractory to standard treatments. 

In the final analysis median PFS was 2.3 months in the targeted therapy group and 2.0 

months in the conventional therapy group (hazard ratio 0.88, 95% CI 0.65 – 1.19, p = 0.41), 

such that statistical significance was not reached.

UMBRELLA DESIGNS

FOCUS4—FOCUS4 is an ongoing biomarker-driven trial in which previously treated 

metastatic colorectal cancer patients screened for mutations or genetic features at study entry 

are subsequently enrolled to one of four targeted, biomarker-enriched, randomized, and 

placebo-controlled sub-trials conducted in parallel [27]. A separate sub-trial also exists for 

all-wild-type patients. As it guarantees availability of an appropriately personalized sub-trial 

for each patient with successful screening, this design was intended to be attractive to 

patients and avoid many of the pitfalls of individual targeted designs, including lack of 

efficiency in the number screened versus the number randomized. FOCUS4 also includes 

randomization of marker-negative (wild-type) patients to targeted treatments showing initial 

promise in the targeted cohorts, so true marker predictiveness (e.g., ability of marker 

positivity vs. negativity to predict treatment response vs. lack of response) can be assessed. 

Randomized, placebo-controlled rather than single-arm sub-trials within each marker-

positive cohort also ensures that any promising effects observed are not simply due to 

chance enrollment of patients with better prognostic features. FOCUS4 opened to 

enrollment in 2014 and plans 4–5 years of patient follow-up. An ongoing study similar in 

structure to FOCUS4 is ALCHEMIST, a trial of targeted therapy vs. placebo within cohorts 

defined by EGFR or ALK mutations in advanced non-small cell lung cancer tumors [28–29].

LUNG-MAP—Another ongoing trial with structure and objectives similar to FOCUS4 and 

ALCHEMIST is LUNG-MAP, a phase II/III master protocol conducted in patients with 

squamous cell lung cancer [30]. While the individual cohorts are technically separate 

protocols and no cross-cohort analyses are planned, the act of randomization versus standard 

treatment requires promising markers/agents to demonstrate a truly predictive effect within 

cohorts to graduate to phase III study. Progression-free survival serves as an earlier-observed 
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primary in phase II, while the phase III endpoint (overall survival) is collected during phase 

II and later included in the definitive phase III analysis. However, there is no formal 

statistical modeling of the relationship between endpoints, which Berry et al. [31] suggest 

could improve trial efficiency and be used to adaptively plan cohort-specific phase III trials 

tailored by respective phase II observations.

BAYESIAN MARKER-ADAPTIVE TRIAL DESIGNS

BATTLE—One of the first trials specifically designed to investigate differential biomarker-

driven treatment effects was the BATTLE trial [32–34] for patients with advanced non-small 

cell lung cancer who had previously failed chemotherapy. In this trial, patients were assigned 

to 1 of 5 biomarker-composed subgroups after biomarker profiling at enrollment, and within 

marker groups, patients were randomized to 1 of 4 experimental treatments, generating 20 

treatment-by-marker combinations. A key yet controversial feature of this trial was 

response-adaptive adaptive randomization, where within each treatment arm patients were 

randomized with increasing probability to the treatment showing the greatest on-trial benefit 

within his or her marker group after an initial learning period. Furthermore, randomization 

of subsequent patients with the same biomarker profile was suspended to treatments 

showing futility during the course of the trial. If the Bayesian posterior probability of the 

disease control rate exceeding an efficacy threshold within a particular marker-treatment 

subgroup was sufficiently high by the end of the BATTLE trial, a treatment was declared 

effective within that group.

The final results of the BATTLE trial and challenges encountered during its execution have 

been described [33–34]. For example, although several marker groups (each comprised of 

multiple markers) with enhanced benefit were identified, some groups were noted to be less 

predictive than the individual markers comprising them, creating weakened results. It also 

became evident that several pre-specified markers had little if any predictive ability for 

optimizing treatment selections, and furthermore, the trial experienced a “drift” in the 

proportion of patients enrolled who had previously been treated with erlotinib. Kim et al. 

[33] stated that in a current follow-up trial, BATTLE-2 [34], a prospectively defined learning 

period will only allow biomarkers with sufficiently strong predictive ability to guide 

subsequent patient assignments. BATTLE-2 is currently ongoing.

I-SPY 2—Another often-cited Bayesian biomarker-based design is I-SPY 2, a phase II trial 

of neoadjuvant treatment for locally advanced breast cancer [35]. In this ongoing study, a 

patient’s baseline biopsy results in assignment to a biomarker signature cohort, wherein the 

patient is randomized to one of several experimental treatments. The primary endpoint of the 

trial is pathologic complete response (pCR), with longitudinal modeling of the relationships 

between MRI measurements over time. During the trial, a drug performing well within a 

specific marker signature (in terms of Bayesian predictive probability) triggers adaptive 

randomization at higher probabilities for subsequent patients enrolled within the same 

signature, with definitively successful drugs ultimately “graduating” to phase III study. 

Meanwhile, treatments not showing promise within a signature are removed from 

consideration, and drugs reaching futility across all signatures are dropped from the trial. 

This general framework allows for novel targeted agents of interest to continually enter and 
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exit the trial protocol in an operationally seamless manner, taking advantage of established 

infrastructure and site participation. As noted by several authors [37–39], the utility of 

Bayesian adaptive randomization depends on quick marker assessment (so patients can be 

expediently randomized and treated), a relatively quick endpoint to inform the 

randomization algorithm while patients are still enrolling to the study, and a slow-to-

moderate accrual rate to ensure that early adaptations may benefit subsequent patients.

BASKET TRIAL DESIGNS

NCI MATCH—A highly anticipated master protocol for biomarker-targeted therapies that 

recently opened to patient accrual is NCI Molecular Analysis for Therapy Choice 

(MATCH). In MATCH, Next Generation Sequencing at study entry is used to assign patients 

with advanced solid tumors or lymphoma to mutation-specific single-arm studies where it is 

hypothesized that an enhanced tumor response will be achieved with targeted therapy [36]. 

The twenty-five sub-protocols initially planned, collectively referred to as a “basket trial”, 

are marker-specific but tumor agnostic and conducted in parallel without analyses across 

protocols. Because a single MATCH sub-protocol will enroll 30 patients from a number of 

different tumor types (e.g., breast and colon) that likely have different prognostic or 

treatment response profiles, it is possible that a sub-trial’s primary endpoint (tumor response 

rate) will vary across organ classes regardless of marker status and challenge the 

interpretation of results. Nonetheless, this trial is among the first of its kind, reflecting the 

rapidly changing paradigm of disease classification from one of organs and stage of disease 

to one of patient- and tumor-specific biology. The MATCH trial was activated in August 

2015.

4. CONCLUDING REMARKS

In the past decade, rapid advances in both the molecular understanding of cancer and 

technology to address biomarker-based objectives have brought about a new paradigm for 

cancer clinical trials. The results, experiences, and lessons learned from these trials will 

provide a strong foundation to build new and better treatment options for cancer patients in 

the twenty-first century, and better trial and design mechanisms for evaluation of promising 

therapies.

While the umbrella and basket trial designs offer strategies to utilize a common genomic 

screening platform and central patient screening infrastructure, there are several design 

considerations that need careful attention. Some of these questions include how best to 

assign patients with multiple molecular alterations, whether common control arms across 

cohorts should be considered, how to manage addition or deletion of molecularly 

characterized treatment arms during a trial’s conduct, and how best to consider post-hoc 

testing for other genetic signatures (incorporation of genomic profiling data) within each 

sub-study for prognostic and/or predictive potential. Moreover, a complex infrastructure is 

needed to run these trials smoothly, which often requires the integration of several systems 

across multiple institutions and entities to work together in a coherent fashion. 

Multidisciplinary collaborations and team science is a key to the success of these new design 

strategies.
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A direct consequence to clinical practice is the increasing role oncologists will play in 

assisting patients with understanding the molecular and genetic data that describe their 

disease and how best to use this information to manage cancer treatment. With vast amounts 

of high-dimensional data collected from patients and the identification of increasingly 

smaller subpopulations who share common disease features, including sensitivity to novel 

therapies, another question that remains to be answered is how therapies intended for use in 

newly-described sub-cancers will navigate standard clinical development programs and 

traditional sequences of clinical trials. Cooperative groups such as the Alliance for Clinical 

Trials in Oncology have demonstrated the ability to enroll patients to trials in rare diseases 

such as sarcoma [40], and we expect that biomarker-based trials will be increasingly 

conducted in cooperative group settings to ensure feasibility. In the decades ahead, our 

understanding of cancer and its treatment will continue to evolve, and the ways in which we 

conduct clinical studies to bring novel therapeutic options to patients will necessarily evolve 

in parallel, while challenging us to make best use of increasingly limited resources through 

use of novel methodologies.
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Highlights

• Cancer genetics and biomarkers now considered jointly with histology, 

organ and stage of disease

• Changing paradigms of cancer definition and treatment strategies 

necessitate new trial designs

• Successes and challenges identified from recent biomarker-based 

designs provide insight
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Figure 1. Design Schematics
a. Enrichment or Targeted Design. R = randomization M+=marker positive, M−=marker 

negative TA=Targeted Agent

b. Marker Stratified or Marker-by-Treatment Interaction Design. R = randomization M

+=marker positive, M−=marker negative TA=Targeted Agent

c. Marker Strategy Design. R = randomization.

d. Modified Marker Strategy Design. R = randomization, TA = Targeted Agent.

e. Umbrella Design. R = randomization. TA = Targeted Agent. SoC = Standard of Care. 

RCT = randomized controlled trial.

f. Adaptive Design. R = randomization. TA = Targeted Agent. SoC = Standard of Care.

g. Basket Trial Design. TA = Targeted Agent.
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