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A B S T R A C T

Purpose
Biomarkers can add substantial value to current medical practice by providing an integrated
approach to prediction using the genetic makeup of the tumor and the genotype of the patient to
guide patient-specific treatment selection. We discuss and evaluate various clinical trial designs for
the validation of biomarker-guided therapy.

Methods
Designs for predictive marker validation are broadly classified as retrospective (ie, using data from
previously well-conducted randomized controlled trials [RCTs]) versus prospective (enrichment,
unselected, hybrid, or adaptive analysis). We discuss the salient features of each design in the
context of real trials.

Results
Well-designed retrospective analysis from well-conducted prospective RCTs can bring forward
effective treatments to marker-defined subgroups of patients in a timely manner (eg, KRAS and
colorectal cancer). Enrichment designs are appropriate when preliminary evidence suggest that
patients with or without that marker profile do not benefit from the treatments in question;
however, this may sometimes leave questions unanswered (eg, trastuzumab and breast cancer).
An unselected design is optimal where preliminary evidence regarding treatment benefit and
assay reproducibility is uncertain (eg, epidermal growth factor receptor and lung cancer). Hybrid
designs are appropriate when preliminary evidence demonstrate the efficacy of certain treatments
for a marker-defined subgroup, making it unethical to randomly assign patients with that marker
status to other treatments (eg, multigene assay and breast cancer). Adaptive analysis designs
allow for prespecified marker-defined subgroup analyses of data from an RCT.

Conclusion
The implementation of these design strategies will lead to a more rapid clinical validation of
biomarker-guided therapy.

J Clin Oncol 27:4027-4034. © 2009 by American Society of Clinical Oncology

INTRODUCTION

With the advent of so-called targeted therapies,
biomarkers have the potential to provide substan-
tial added value to the current practice of medical
oncology. Biomarkers provide the possibility to in-
tegrate an accurate predictor of efficacy with a spe-
cific mechanism-based therapy using the genetic
makeup of the tumor and the genotype of the pa-
tient to guide the selection of treatment for each
individual patient. However, the validation of bi-
omarkers through clinical research, leading to suc-
cessful use of the biomarker in clinical practice,
remains a considerable challenge, in large part
due to the multitude of marker assessment meth-
ods (eg, immunohistochemistry, circulating tu-
mor cells, fluorescent in situ hybridization [FISH],
high-dimensional microarray, proteomics-based

classifiers, and so on); feasibility of obtaining the
specimens (tissue v serum based); the reliability and
reproducibility of the assay (including issues of cen-
tral v local testing); and additional costs involved
with assessing the marker status on every patient.

Biomarkers can be broadly classified as prog-
nostic markers (associated with disease outcome) or
predictive markers (associated with drug response).
A prognostic marker is a single trait or signature of
traits that separates a population with respect to the
outcome of interest in the absence of treatment, or
despite nontargeted standard treatment. Prognostic
marker validation is therefore relatively straightfor-
ward, as it is associated with the disease or the pa-
tient, and can be established (at least in theory) using
data from a series of patients treated with placebo or
with standard treatment. A predictive marker, on
the other hand, is a single trait or signature of traits
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that separates a population with respect to the outcome of interest in
response to a particular targeted therapy. A validated predictive
marker can prospectively identify individuals who are likely to have
a favorable clinical outcome, such as improved survival or de-
creased toxicity, from a specific treatment. Prognostic and predictive
signatures are beginning to be established in various tumor types to
estimate disease-related patient trajectories and to predict the patient-
specific outcome to different treatments.1-6

In this article, we focus on clinical trial designs for predictive
marker validation, under the assumption that the methods for assess-
ment of the biomarker are established and initial results show promise
with regard to the predictive ability of the marker(s). The systematic
evaluation of these designs represents an essential step toward the goal
of personalized medicine; the successful and efficient implementation
of these strategies will speed the rapid clinical validation of biomarker-
guided therapy.

RETROSPECTIVE VALIDATION: CHALLENGES
AND OPPORTUNITIES

Prospectively designed clinical trials are the gold standard approach to
validating a predictive marker. In most cases, however, due to the time
and expense required for prospective trials, the possibility to test the
predictive ability of a marker using data from previously well-
conducted randomized controlled trials (RCTs) comparing therapies
for which a marker is proposed to be predictive is a more feasible and
timely option. The use of an RCT, as opposed to a cohort or single-arm
study, is fundamentally essential for retrospective validation, as it
assures that the patients who were treated with the agent for whom the
marker is purported to be predictive are comparable to those who
were not. In a nonrandomized design, it is impossible to isolate any
causal effect of the marker on therapeutic efficacy from the multitude
of other factors that may influence the decision to treat or not to treat
a patient. For instance, in a study that attempted to evaluate the
predictive utility of tumor microsatellite instability for the efficacy of
fluorouracil-based chemotherapy in colon cancer using a cohort of
non–randomly assigned patients, the median age of the treated pa-
tients was 13 years younger than those of the nontreated patients,
rendering any meaningful statements about the predictive value of the
marker impossibly confounded.7,8 The essential elements that are
critical for retrospective validation studies are outlined in Table 1.
Retrospective validation, when conducted appropriately, can aid in
bringing forward effective treatments to marker-defined patient sub-
groups in a timely manner that might otherwise be impossible due to

ethical and logistical (ie, large trial and long time to complete) consid-
erations.9,10 In particular, if such a retrospective validation can be
demonstrated in data from two independent RCTs, this provides in
our opinion strong evidence for a robust predictive effect.

An example of a marker that has been successfully validated using
data collected from previous RCTs is KRAS as a predictor of efficacy of
panitumumab and cetuximab in advanced colorectal cancer. In a
prospectively specified analysis of data from a previously conducted
randomized phase III trial of panitumumab versus best supportive
care, KRAS status was assessed on 92% (427 of 463) of the patients
enrolled, with 43% having the KRAS mutation.11 The hazard ratio for
treatment effect comparing panitumumab versus best supportive care
on progression free survival in the wild-type and mutant subgroups
was 0.45 and 0.99, respectively, with a significant treatment by KRAS
status interaction (P� .0001). In addition, multiple phase II trials have
demonstrated similar results.12 Similarly, retrospective data on KRAS
status and cetuximab from phase III and phase II trials have demon-
strated a statistically significant advantage in the overall survival for
patients with wild-type KRAS, with no survival benefit in patients with
KRAS-mutant status.13-17 In summary, these well-designed retrospec-
tive validation studies have consistently demonstrated that the benefit
from panitumumab and cetuximab is restricted to patients with wild-
type KRAS status, with no clinical benefit for patients with mutant
KRAS. Based on this strong evidence, all ongoing clinical trials spon-
sored by the National Cancer Institute with these agents in colorectal
cancer have been or are being modified to only include patients with
wild-type KRAS, and the label for panitumumab monotherapy has
been restricted to patients with wild-type KRAS in Europe.

PROSPECTIVE VALIDATION: CHALLENGES
AND OPPORTUNITIES

While retrospective validation may be acceptable as a marker valida-
tion strategy in selected circumstances, the gold standard for predic-
tive marker validation continues (appropriately) to be a prospective
RCT. Several designs have been proposed and utilized in the field of
cancer biomarkers for validation of predictive markers. We classify
these designs broadly into three categories: targeted or enrichment
designs; unselected or all-comers designs, which can further be cate-
gorized into sequential testing strategy designs and marker-based de-
signs; and hybrid designs. We discuss the salient features of these
designs, along with pertinent examples.

Targeted or Enrichment Designs

This design is based on the paradigm (when there is compelling
preliminary evidence) that not all patients will benefit from the study
treatment under consideration, but rather that the benefit will be
restricted to a subgroup of patients who express (or not express) a
specific molecular feature. Consequently, all patients are screened for
the presence or absence of a marker or a panel of markers, and only
those with (or without) certain molecular features are included in the
trial. This design therefore results in a stratification of the study pop-
ulation, with a goal of understanding the safety, tolerability and clini-
cal benefit of a treatment in the subgroup of the patient population
defined by a specific marker status.

An enrichment design strategy of enrolling only human epider-
mal growth factor receptor 2 (HER2) –positive patients demonstrated

Table 1. Requirements for a Valid Retrospective Assessment of
a Predictive Biomarker

Requirements

1. Data from a well-conducted randomized controlled trial
2. Availability of samples on a large majority of patients to avoid selection

bias
3. Prospectively stated hypothesis, analysis techniques, and patient

population
4. Predefined and standardized assay and scoring system
5. Upfront sample size and power justification
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that trastuzumab (Herceptin; Genentech, South San Francisco, CA)
combined with paclitaxel after doxorubicin and cyclophosphamide
significantly improved disease-free survival (DFS) among women
with surgically removed HER2-positive breast cancer.18 The com-
bined analysis using data from both phase III trials with over 1,600
patients in each of the control and treatment arms provided 90%
power to detect a 25% reduction in the hazard rate for DFS. In this
case, the enrichment strategy clearly succeeded in identifying a sub-
group of patients who received a significant benefit from this therapy.
However, subsequent analyses have raised the possibility of a benefi-
cial effect of trastuzumab in a more broadly defined patient popula-
tion than that defined in the two phase III trials.19,20 While multiple
possible explanations exist, two questions remain: whether trastu-
zumab therapy may benefit a potentially larger group than the approx-
imately 20% of patients defined as HER2 positive in these two trials,
and questions of assay reproducibility arising from local versus central
testing for HER2 status were left unanswered due to the inclusion of
only biomarker-defined subgroups in the two phase III clinical trials.21

Two key lessons may be learned from the HER2/trastuzumab
example regarding the appropriateness of targeted or enrichment
designs. First, before the launching of any trial, particularly one with
an enrichment design strategy, assay reproducibility and accuracy
must be well established. Second, there should be compelling prelim-
inary evidence to suggest that patients with or without that marker
profile do not benefit from the treatments in question. As a general
guideline, targeted designs are appropriate when therapies have mod-
est absolute benefit in the unselected population, but cause significant
toxicity; when in the absence of selection, therapeutic results are sim-
ilar whereby a selection design (even if incorrect) would not hurt; and
when an unselected design is ethically impossible based on previ-
ous studies.

Unselected or All-Comers Designs

In this design, all patients meeting the eligibility criteria (which
does not include the status of a biomarker characteristic) are entered
into the trial. We note that the ability to provide adequate tissue may
be an eligibility criterion for these designs, but not the specific
biomarker result. These designs can be broadly classified into sequen-
tial testing strategy designs, marker-based designs, or hybrid designs,
which are differentiated from each other by the protocol specified
approach to the prespecified type I and type II error rates (influencing
sample size), analysis plans (including a single hypothesis test, multi-
ple tests, or sequential tests), and randomization schema. The key
features of these designs along with examples of clinical trials that have
utilized these designs are discussed.

Sequential testing strategy designs.22,23 Sequential testing designs
are similar in principle to a standard RCT design with a single primary
hypothesis, that is either tested in the overall population first and then
in a prospectively planned subset, or in the marker-defined subgroup
first, and then tested in the entire population if the subgroup
analysis is significant. The first is recommended in cases where the
experimental treatment is hypothesized to be broadly effective, and
the subset analysis is ancillary. The latter (also known as the closed
testing procedure) is recommended when there is strong preliminary
data to support that the treatment effect is strongest in the marker-
defined subgroup, and that the marker has sufficient prevalence that
the power for testing the treatment effect in the subgroup is adequate.
Both these approaches appropriately control for the type I error rates

associated with multiple testing. A modification to this approach,
taking into account potential correlation arising from testing the over-
all treatment effect and the treatment effect within the marker-defined
subgroup has also been proposed.24

The approach of first testing in the subgroup defined by marker
status has been implemented in the ongoing US-based phase III trial
testing cetuximab in addition to infusional fluorouracil, leucovorin,
and oxaliplatin as adjuvant therapy in stage III colon cancer (N0147).
While the trial has now been amended to accrue only patients with
KRAS–wild-type tumors, approximately 800 patients with KRAS-
mutant tumors have already been enrolled. In this trial, the primary
analysis will be conducted at the 0.05 level in the patients with wild-
type KRAS. A sample size of 1,035 patients with wild-type KRAS per
arm will result in 515 total events, providing 90% power to detect a
hazard ratio of 1.33 for this comparison using a two-sided log-rank
test at a significance level of 0.05. If this subset analysis is statistically
significant at P � .05, then the efficacy of the regimen in the entire
population will also be tested at level 0.05, as this is a closed testing
procedure. This comparison using all 2,910 patients will have 90%
power to detect a hazard ratio of 1.27 comparing the two treatment
arms, based on a total of 735 events.

Marker-based designs.25,26 Designs that fall under this classifica-
tion are the marker-by-treatment-interaction design and the marker-
based strategy design. A formal comparison of these two designs in the
setting of a binary marker is discussed.

The marker-by-treatment-interaction design uses the marker
status as a stratification factor (ie, assumes that the overall population
can be split into marker-defined subgroups) and randomly assigns
patients to treatments within each marker subgroup. This is similar to
conducting two independent RCTs, one in each marker-based sub-
group, except that both are conducted under one large RCT umbrella.
However, this design differs from a single large RCT in four essential
characteristics: only patients with a valid marker result are allowed to
be randomized, the sample size is prospectively specified separately
within each marker-based subgroup, the randomization is stratified
by marker status, and this design is clearly a prospective (and a defin-
itive) marker validation trial.

The marker-based strategy design, on the other hand, randomly
assigns patients to have their treatment either based on or indepen-
dent of the marker status. A downside of this design is that it funda-
mentally includes patients treated with the same regimen on both the
marker-based and the non–marker-based arms, resulting in a signifi-
cant overlap (driven by the prevalence of the marker) in the number of
patients receiving the same treatment regimen in both arms. As a
consequence, the overall detectable difference in outcomes between
the two arms is reduced (depending on the marker prevalence), thus
resulting in a comparatively larger trial.

An example of the marker-by-treatment-interaction design is
the recently activated phase III biomarker validation study, also
known as MARVEL (Marker Validation of Erlotinib in Lung Can-
cer), of second-line therapy in patients with advanced non–small-cell
lung cancer (NSCLC) randomly assigned to pemetrexed or erlotinib
(Fig 1). This trial is motivated by the need to obtain prospective
evidence to address the conflicting results from several retrospective
analyses regarding the predictive role of epidermal growth factor re-
ceptor (EGFR) amplification by FISH in the setting of treatment with
chemotherapy and EGFR tyrosine kinase inhibitors, and the fact that
EGFR FISH represents a poor prognostic factor in untreated NSCLC
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patients, MARVEL is designed to prospectively evaluate the clinical
predictive utility of EGFR copy number as measured by FISH in
advanced NSCLC.4,27-33 The FISH status of the patient will be assessed
before randomization (to ensure adequate number of patients with
FISH� and FISH� status) in a central location (to address issues
regarding standardization of assay techniques, reproducibility and
interpretability of assay results). The primary comparisons will be
progression-free survival of patients treated on the erlotinib arm
compared to the pemetrexed arm within the FISH� and FISH�
subgroups (286 [30%] FISH�; 670 [70%] FISH�). An overview of
the statistical hypothesis testing framework for the MARVEL trial is
included in the online-only Appendix.

Hybrid Designs

In this design, only a certain marker-defined subgroup of pa-
tients are randomly assigned to have their treatment based on their
marker status, whereas patients in the other marker-defined sub-
groups are assigned the standard-of-care treatment(s). This design is
powered to detect differences in outcomes only in the marker-defined
subgroup that is randomized to treatment choices based on the
marker status, similar to an enrichment design strategy. However,
unlike the enrichment design, the hybrid design provides additional
value: since all patients are screened for marker status to determine
whether they are randomly assigned or assigned the standard-of-care
treatment(s), it seems prudent to include and collect specimens and
follow-up from “all” patients in the trial to allow for future testing for
other potential prognostic markers in this population. This design is
an appropriate choice when there is compelling prior evidence dem-
onstrating the efficacy of a certain treatment(s) for a marker-defined
subgroup, thereby making it unethical to randomly assign patients
with that particular marker status to other treatment options.

At least three large phase III marker validation trials have been
recently launched with a hybrid trial design: the phase III randomized
study of oxaliplatin, leucovorin calcium, and fluororacil with versus
without bevacizumab in patients with resected stage II colon cancer
and at high risk for recurrence based on molecular markers (ECOG

[Eastern Cooperative Oncology Group] 5202; Fig 2); the TAILORx
(Trial Assigning Individualized Options for Treatment; Fig 3) trial
designed to evaluate the Oncotype Dx (Genomic Health, Redwood
City, CA), a 21-gene recurrence score in tamoxifen-treated patients
with breast cancer;34 and the MINDACT (Microarray in Node-
Negative Disease May Avoid Chemotherapy; Fig 4) trial for patients
with node-negative breast cancer designed to evaluate MammaPrint
(Agendia, Amsterdam, the Netherlands), the 70-gene expression pro-
file discovered at the Netherlands Cancer Institute.35,36

In ECOG 5202, patients with stage II colon cancer, deemed to be
at a high risk for recurrence after surgery (estimated 5-year survival
rate of 60%) based on two molecular markers are randomly assigned

FISH+
(estimated approximately

30%; n = 286)

Preregistration
(n = 1,196 with tumor tissue)

Central pathology review and EGFR evaluation
by FISH (FISH status blinded)
(n = 956 with assay results)

Randomization (1:1)

Pemetrexed 
(n=335)

Erlotinib
(n=335)

FISH−
(estimated approximately

70%; n = 670)

Randomization (1:1)

Erlotinib
(n=143)

Pemetrexed 
(n=143)

Fig 1. MARVEL (Marker Validation for
Erlotinib in Lung Cancer) trial design. Each
cycle of treatment is 21 days. Stratifica-
tion factors: ECOG performance status,
gender, smoking status, histology, best
response to prior chemotherapy. EGFR,
epidermal growth factor receptor; FISH,
fluorescent in situ hybridization.

High risk

Registration
(Tumor block submission)

Risk assessment: microsatellite
instability and loss of heterozygosity 

on chromosome 18q

Randomization (1:1)

Low risk

Observation

Oxaliplatin,
leucovorin calcium,

fluorouracil

Oxaliplatin,
leucovorin calcium,

fluorouracil,
bevacizumab

Fig 2. ECOG (Eastern Cooperative Oncology Group) 5202 trial design. Cycle of
treatment, 2 days every 2 weeks, repeat for 12 cycles.
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to one of two treatment arms, whereas patients deemed to be at a low
risk for recurrence after surgery (5-year survival rate estimate of 90%)
will not receive any adjuvant therapy (Fig 2). The trial is expected to
enroll approximately 3,500 patients. With 250 eligible patients per
year accrued for 5.5 years (1,375 eligible high-risk patients randomly
assigned; 3,438 eligible patients total) and 3 years of follow-up, there is
at least 88% power to detect a 37% difference in median DFS (absolute
difference of 5%, from 80% to 85%, at 3 years) using a one-sided

stratified log-rank test at 0.025 level, with stratification on stage and
microsatellite instability status. Unfortunately, this design will not
allow for a determination of the benefit of bevacizumab in the low-risk
strata, however if the outcomes in the absence of treatment are as
favorable as predicted in that group, no postsurgical therapy would
generally be recommended.

The TAILORx and MINDACT trials aim to validate two new
prognostic and possibly predictive tools for breast cancer, and are the

Intermediate risk
(RS: 11-25)

Preregistration
(Tumor block submission)

Oncotype Dx risk score (RS)

Randomization (1:1)

High risk (RS > 25)Low risk (RS < 11)

Chemotherapy +
hormonal therapy

Hormonal therapy

Hormonal therapy Chemotherapy +
hormonal therapy

Fig 3. TAILORx (Trial Assigning Individu-
alized Options for Treatment) trial design.
RS, risk score.

Discordant (approximately 32%)
(High risk 1, low risk 2;
low risk 1, high risk 2)

Randomization (1:1)

High risk (for both)
approximately 55%

Low risk (for both)
approximately 13%

Hormonal therapy +
adjuvant chemotherapy

Hormonal therapy

Preregistration
(Tumor block submission)

Risk assessment: clinicopathologic factors (risk 1)
and 70-gene profile (risk 2)

Decision based on risk 2
(70-gene profile)

Decision based on risk 1
(clinicopathologic)

High risk 2
(low risk 1)

Low risk 2
(high risk 1)

High risk 1
(low risk 2)

Low risk 1
(high risk 2)

Hormonal therapy +
adjuvant

chemotherapy

Hormonal
therapy

(Group A)

Hormonal
therapy

Hormonal therapy +
adjuvant

chemotherapy

Fig 4. MINDACT (Microarray in Node-
Negative Disease May Avoid Chemother-
apy) trial design.
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first to test the feasibility of a prognostic tool in clinical application.
The TAILORx trial was activated in 2006 and will accrue approxi-
mately 10,000 women with hormone receptor–positive, lymph node–
negative breast cancer (Fig 3).37-40 This study uses a noninferiority
design (null hypothesis of no difference) to determine whether pa-
tients with a recurrence score between 11 and 25 derive benefit from
adjuvant chemotherapy with a larger type I error (one-sided, 10%)
and smaller type II error (5%) than usual. A decrease in the 5-year DFS
rate from 90% with chemotherapy to 87.0% or lower on hormone
therapy alone would be considered unacceptable. All patients in the
TAILORx trial will provide blood samples for banking and future
research. The MINDACT trial is expected to enroll 6,000 patients with
node-negative breast cancer (Fig 4).36 The primary test will be for
group A in Figure 4, where a null hypothesis rate of 92% for the 5-year
distant metastases–free survival will be tested. With 6,000 patients
overall, this group is expected to enroll 672 patients, thus providing
80% power to reject the null hypothesis if the true distant metastases–
free survival is 95% using a one-sided test at the 0.025 significance
level. Several other tests to compare the overall efficacy between the
two prognosis methods within the randomized cohort as well as
comparisons between treatment alternatives (based on a subsequent
randomization) within specific subgroups will be performed. The
70-gene profile used in MINDACT previously demonstrated a 97%
negative predictive value across all disease types, and a 38% positive
predictive value, thus decreasing the likelihood of undertreatment of
patients, but having a higher chance of overtreatment.41 The inter-
laboratory reproducibility of this gene profile and its discriminative
ability was also independently validated in retrospective analyses.42,43

Complete genome arrays will be performed on all patient samples
collected in this trial.

In summary, these three trials are examples of prospective
validation trials utilizing a hybrid trial design that has the potential
to substantially change the management of patients in the future,
allowing for a better risk assessment and improved individual-
ized treatment.

COMPARISON OF PROSPECTIVE DESIGNS

Targeted (or enrichment) Versus Unselected

(or all-comers) Designs

A recent article compared the performance of the targeted versus
the randomize-all designs in terms of the sample size (both the num-
ber screened and randomized) and statistical power in the setting of a
binary outcome.44 Based on the simulation studies, Hoering et al
concluded that a targeted design is most efficient where there is an
underlying true predictive marker and the cut point for determining
the marker status is well established; and that the randomize-all design
(with sequential testing strategy to test for the overall and within-
marker subgroups treatment effect) is recommended in cases where
the cut point for marker status determination is not well established,
the marker prevalence is high, and the new treatment has the potential
to benefit both marker subgroups. The findings from this article can
be put in perspective using the HER2/trastuzumab example. In the
HER2/trastuzumab phase III trials, an enrichment design strategy was
used to bring forward an effective treatment to a subgroup of patients
in an efficient and timely manner. However, if indeed trastuzumab
had a beneficial effect in a more broadly defined patient population, an

unselected or sequential testing design strategy including both HER2-
positive and -negative patients may have provided a more definitive
answer regarding the predictive utility of HER2.

A formal comparison and discussion of the statistical properties
of the targeted versus the unselected designs can also be found in
Simon and Maitouram45 and Maitouram and Simon.46 Simon and
Maitouram evaluated the relative efficiency of the two designs for an
RCT under certain assumptions, and their simulations showed that
the targeted design required fewer randomly assigned (and
screened) patients compared with the untargeted design. The re-
duction in the sample size was dependent on the accuracy of the
assay, and the prevalence of the markers in patients, in addition to
other limitations.45,46

Marker-Based Designs

Preliminary work suggested that the marker-by-treatment-
interaction design may be superior to the marker-based strategy de-
sign in terms of the number of events (and hence the total sample size)
required (while keeping all the parameters the same for both designs)
under specific clinical settings, while the opposite may be true in other
settings.26 In a recent article by Mandrekar and Sargent,9 a head-to-
head comparison of the two designs in the setting of a single or
multimarker signature that can be distilled to a binary measure over a
wide spectrum of clinically relevant scenarios came to the same con-
clusion. Mandrekar and Sargent calculated the sample size required
for all possible clinical trials for these prespecified design parameters,
and demonstrated that in the setting of a binary marker designed to
decide between the treatments, the marker-by-treatment-interaction
design has greater efficiency in terms of overall sample size and events
than the marker-based strategy design.9 While the impact of the error
in measurement of the biomarker on the efficiency of these designs
needs to be explored further, it is likely that it will have a similar effect
on both designs by inflating the required sample size due to patient
misclassification. A formal investigation of these designs in a multima-
rker situation or where a marker is designed to make a choice between
multiple treatments remains open.

ADAPTIVE ANALYSIS DESIGNS

A number of innovative statistical designs have been recently pro-
posed that use either an adaptive strategy for analysis, or an
outcome-based adaptive randomization.47-49 We discuss briefly the
key elements of three such designs.

The biomarker-adaptive threshold design48 is similar to the se-
quential testing strategy designs discussed earlier and can be imple-
mented one of two ways: the new treatment is compared with the
control in all patients at a prespecified significance level, and if not
significant, a second stage analysis involving finding an optimal cut
point for the predictive marker is performed using the remaining
alpha; or under the assumption that the treatment is effective only for
a marker-driven subset, no overall treatment to control comparisons
are made, instead, the analysis focuses on the identification of optimal
cut points. Both these approaches were concluded to be superior (in
terms of the power and number of events required to detect an effect at
a prespecified overall type I error rate) to the classic nonadaptive
design approaches in the simulation studies. Two issues need further
consideration: the added cost of a somewhat larger sample size and/or
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redundant power dictated by the strategy of partitioning the overall
type I error rate and use of data from the same trial to both define and
validate a marker cut point.

The adaptive accrual design outlines a strategy to adaptively
modify accrual to two predefined marker-defined subgroups based on
an interim futility analysis.47 Specifically, the trial follows the following
scheme: (1) begin with accrual to both marker-defined subgroups; (2)
if the treatment effect in one of the subgroups fails to satisfy a futility
boundary at the interim analysis, terminate accrual to that subgroup,
and (3) continue accrual to the other subgroup until the planned total
sample size is reached, including accruing subjects that had planned to
be included from the terminated subgroup. This design demonstrated
greater power than a nonadaptive trial in simulation settings; how-
ever, this strategy might lead to a substantial increase in the accrual
duration depending on the prevalence of the marker. In addition, the
futility boundary is somewhat conservative and less than optimal as it
is set to be in the region where the observed efficacy is greater for the
control arm than the experimental regimen.

The outcome-based adaptive randomization design uses a Bayes-
ian hierarchical framework to adaptively (based on outcome from the
accumulated data in the trial) randomly assign patients to treatments
based on the biomarker status.49 The design is extensively described in
the context of the phase II BATTLE (Biomarker-Integrated Ap-
proaches of Targeted Therapy of Lung Cancer Elimination) trial in
advanced NSCLC. Patients are classified into five biomarker sub-
groups based on their biomarker profile, and subsequently adaptively
randomly assigned. The trial is expected to enroll 200 patients to test
the null hypothesis of disease control rate at 8 weeks of 30% versus the
target rate of 50%, with a false-positive rate between 15% and 19%
based on simulation studies The adaptive accrual and adaptive ran-
domization designs require a rapid and reliable end point, which is

somewhat challenging as most oncology trials use time to event end
points as the gold standard for validation trials.

CONCLUSION

Advancing new discoveries from bench to bedside is the ultimate goal
of clinical and translational research. In this article, we have attempted
to provide a comprehensive overview of the designs for predictive
biomarker validation along with pertinent examples. While there is no
one-size-fits-all solution, it is clear that the choice of a clinical trial
design is driven by a combination of scientific, clinical, statistical and
ethical considerations. The current era of novel agents and targeted
therapies such as small molecules, antibodies, and vaccines are man-
dating intelligent clinical trial designs. Well-designed retrospective
analyses of RCTs, supplemented by prospective trials whenever possi-
ble, will hasten this important progress.
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