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StrengthS and limitationS of thiS Study
 ⇒ This is the first review, which systematically 
searched for all trial designs applied to personalised 
medicine.

 ⇒ The screening process and data extraction were 
performed in duplicate.

 ⇒ A new classification of trial designs for personalised 
medicine has been proposed.

 ⇒ We cannot exclude that we missed some relevant 
designs since we restricted the search to the last 
15 years.

abStraCt
objective Personalised medicine (PM) allows treating 
patients based on their individual demographic, genomic 
or biological characteristics for tailoring the ‘right 
treatment for the right person at the right time’. Robust 
methodology is required for PM clinical trials, to correctly 
identify groups of participants and treatments. As an initial 
step for the development of new recommendations on trial 
designs for PM, we aimed to present an overview of the 
study designs that have been used in this field.
design Scoping review.
methods We searched (April 2020) PubMed, Embase 
and the Cochrane Library for all reports in English, French, 
German, Italian and Spanish, describing study designs 
for clinical trials applied to PM. Study selection and 
data extraction were performed in duplicate resolving 
disagreements by consensus or by involving a third expert 
reviewer. We extracted information on the characteristics 
of trial designs and examples of current applications of 
these approaches. The extracted information was used to 
generate a new classification of trial designs for PM.
results We identified 21 trial designs, 10 subtypes 
and 30 variations of trial designs applied to PM, which 
we classified into four core categories (namely, Master 
protocol, Randomise- all, Biomarker strategy and 
Enrichment). We found 131 clinical trials using these 
designs, of which the great majority were master protocols 
(86/131, 65.6%). Most of the trials were phase II studies 
(75/131, 57.2%) in the field of oncology (113/131, 
86.3%). We identified 34 main features of trial designs 
regarding different aspects (eg, framework, control group, 
randomisation). The four core categories and 34 features 
were merged into a double- entry table to create a new 
classification of trial designs for PM.
Conclusions A variety of trial designs exists and is 
applied to PM. A new classification of trial designs is 
proposed to help readers to navigate the complex field of 
PM clinical trials.

introduCtion
Personalised medicine (PM) is an evolving 
field, which allows treating patients by 
providing them a specific therapy according 
to their individual demographic, genomic or 
biological characteristics.1 It was defined by 

the European Council Conclusion on PM as 
‘a medical model using characterisation of 
individuals’ phenotypes and genotypes (eg, 
molecular profiling, medical imaging, life-
style data) for tailoring the right therapeutic 
strategy for the right person at the right time, 
and/or to determine the predisposition to 
disease and/or to deliver timely and targeted 
prevention’.2

Many trial designs have been used to 
evaluate personalised treatment or inter-
ventions.3 The most common design is the 
enrichment design, whereby only biomarker- 
positive patients are randomly assigned to 
the targeted or control arm.4 Despite its 
popularity, the use of enrichment designs is 
recommended only when the biomarker is a 
perfect predictor of the response in order not 
to deny biomarker- negative patients a treat-
ment they would have otherwise benefited 
from.5 Prospective validation of the candi-
date biomarker is therefore strongly recom-
mended before applying these trials designs.

Over the last years, more complex study 
designs have been increasingly proposed in 
the field of PM.4 According to the Clinical 
Trials Facilitation and Coordination Group, a 
clinical trial is considered as using a complex 
design ‘if it has separate parts that could 
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constitute individual clinical trials and/or is character-
ised by extensive prospective adaptations such as planned 
additions of new Investigational Medicinal Products or 
new target populations’.6 These designs are particularly 
efficient because they allow answering multiple clin-
ical research questions within a single study.7 Examples 
of common complex designs are the so- called basket, 
umbrella and platform trials, which are frequently applied 
in the field of oncology.8 Basket trials refer to designs in 
which patients with heterogeneous diagnoses but with 
similar disease mechanisms are tested using the same 
targeted therapy. While, umbrella trials evaluate multiple 
treatment options in patient groups, which present the 
same disease, but with different genetic mutations. Finally, 
platform trials allow testing multiple targeted therapies 
in patients with the same disease in a perpetual manner, 
using interim evaluations and allowing therapies to enter 
or leave the trial.9 However, these designs are often chal-
lenging6 because they often require independent statis-
tical analyses for each subprotocol, including interim 
analyses driving prospective adaptation with the addition 
of new interventions or populations, and/or termination 
of subprotocols based on futility or safety issues.

Numerous methodological challenges, covering many 
aspects of the study design (eg, randomisation, use of 
control arm, biomarker stratification, biomarker vali-
dation), are associated with trial designs applied to PM. 
The application of robust methodologies is especially 
important for clinical trials applied to PM to correctly 
select participants and treatments to be tested. As a 
starting point for the development of new recommenda-
tions on the use of trial designs applied to PM, we aimed 
to map the landscape of the existing study designs for 
clinical trials applied to this medical field.

Our specific objectives were to answer to the following 
five research questions:
1. What are the available designs for clinical trials applied 

to PM?
2. What are the examples of current applications of these 

approaches?
3. What are the pros and cons of the different approach-

es?
4. How is a PM strategy versus non- personalised strategy 

evaluated?
5. What are the gaps in the current research on PM clin-

ical trials?
This scoping review is part of the PERMIT project 

(PERsonalised MedIcine Trials) aimed at mapping the 
methods for PM research and building recommendations 
on robustness and reproducibility of different stages of 
the development programmes. Although several catego-
risation may be proposed, the PERMIT project considers 
four main building blocks of the PM research pipeline: 
(1) design, building and management of stratification and 
validation cohorts; (2) application of machine learning 
methods for patient stratification; (3) use of preclinical 
methods for translational development, including the use 
of preclinical models used to assign treatments to patient 

clusters; (4) evaluation of treatments in randomised clin-
ical trials. This scoping review covers the fourth building 
block in this framework.

methodS
We conducted a scoping review following the meth-
odological framework suggested by the Joanna Briggs 
Institute.10 The framework consists of six stages: (1) iden-
tifying the research questions, (2) identifying relevant 
studies, (3) selecting the studies, (4) charting the data, 
(5) collating, summarising and reporting results and (6) 
pursuing a consultation.

A study protocol was published in Zenodo before 
conducting the review.11 Due to the iterative nature 
of scoping reviews, deviations from the protocol were 
expected and duly reported when occurred. We used 
the PRISMA- ScR (Preferred Reporting Items for System-
atic reviews and Meta- Analyses extension for Scoping 
Reviews) checklist to report our results.12

Study identification
Relevant studies and documents were identified 
balancing feasibility with breadth and comprehensive-
ness of searches. We searched PubMed, Embase and 
the Cochrane Library (search date: 7–8 April 2020) for 
all reports describing a study design for clinical trials 
applied to PM. Online supplemental file 1 reports the 
search strategies applied. We did not restrict the search 
to any publication type. Because many systematic and 
narrative reviews on trial designs applied to PM have 
already been published over the last years, we limited our 
search from 2005 to April 2020. We restricted inclusion to 
English, French, German Italian and Spanish languages. 
We searched for the grey literature on websites of existing 
projects about innovative clinical trials (eg, EU- PEARL) 
and by consulting partners of the PERMIT project.

eligibility criteria and deviation from the protocol
We included all reports describing a trial design applied 
to PM. The operational definition of PM used in the 
present study is reported in box 1. Because of the exten-
sive volume of literature related to trial designs in PM, we 
restricted the inclusion criteria to trial designs for phase 
II, III and IV. We excluded single- arm trials, which are 
not part of a master protocol, non- adaptive enrichment 
design and N- of- 1 trials. We also excluded publications 
such as prefaces to a special issue and speaker, sympo-
sium and panel abstracts, posters and letters to the editor 
due to the limited information usually provided. These 
exclusion criteria were not specified in the protocol, but 
they were agreed among the authors before starting the 
screening process. The research question ‘What are the 
pros and cons of the different approaches?’ (ie, objective 
3) is not reported in the present paper, and will be subject 
to a specific study.

Study selection
We exported the references retrieved from the searches 
into the Rayyan online tool.13 Duplicates were removed 
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box 1 Personalised medicine definition

What is Personalised medicine?
According to the European Council Conclusion on personalised medi-
cine for patients personalised medicine is ‘a medical model using char-
acterisation of individuals’ phenotypes and genotypes (eg, molecular 
profiling, medical imaging, lifestyle data) for tailoring the right thera-
peutic strategy for the right person at the right time, and/or to deter-
mine the predisposition to disease and/or to deliver timely and targeted 
prevention’.2

In the context of the PERMIT project, we applied the following com-
mon operational definition of personalised medicine research: a set 
of comprehensive methods, (methodological, statistical, validation or 
technologies) to be applied in the different phases of the development 
of a personalised approach to treatment, diagnosis, prognosis or risk 
prediction. Ideally, robust and reproducible methods should cover all 
the steps between the generation of the hypothesis (eg, a given stra-
tum of patients could better respond to a treatment), its validation and 
preclinical development and up to the definition of its value in a clinical 
setting.11

automatically using the reference manager EndNote 
V.X9 (Clarivate Analytics, Philadelphia, USA) and manu-
ally by one author (CS). Eligible reports applying a partic-
ular trial design were retrieved from the search strategies 
and screened by reviewers. Five reviewers independently 
screened the titles and abstracts: one reviewer (CS) 
screened all the records and four reviewers (II- I, LMS- G, 
LSM and PJ) screened 25% of references each. Due to 
the involvement of many reviewers, we conducted a pilot 
screening using 56 articles (2.5%), corresponding to the 
articles published from 1 January 2020 to search date (7–8 
April 2020), to verify whether all reviewers used the same 
inclusion and exclusion criteria. We retrieved full- text 
copies of potentially eligible reports for further assess-
ment. Six reviewers independently confirmed the eligi-
bility: one reviewer (CS) examined all full- text copies and 
five reviewers (IB, II- I, LMS- G, MMPS and SLM) assessed 
20% of references each. Disagreements were solved by 
consensus or by involving a third expert reviewer (RP).

Charting the data
We designed a data extraction form using Google Forms 
(online supplemental file 1). General study character-
istics extracted were as follows: first author name, title 
of article, contact detail of corresponding author, year 
of publication and type of publication. In addition, for 
each trial design referred to in the paper, we collected 
information on its definition, methodology, statistical 
considerations, advantages, disadvantages, utility, gaps 
and examples of actual trials, which adopted the design. 
A list of trial designs, which were retrieved from two previ-
ously conducted systematic reviews,14 15 was included in 
the data extraction form to harmonise the names used 
to report the same trial design. This initial list of trial 
designs was used as starting point to classify the identified 
trial designs and then modified and expanded on based 
on the results obtained in the present scoping review. 

When the trial design name reported in the paper did 
not match any of the trial design names included in the 
list, reviewers recorded the trial name verbatim.

Two reviewers (CS and FBB) piloted and refined the 
data extraction form using three reviews (4%). Since 
many narrative reviews were already published about trial 
designs applied to PM, the data extraction was conducted 
in two phases. First, two reviewers (CS and FBB) inde-
pendently extracted data from the identified systematic 
and narrative reviews. Second, three reviewers (CS, FBB 
and MC) working independently extracted data for all the 
remaining selected records, which were neither a system-
atic nor narrative review, only if they provided new infor-
mation, which was not extracted in the previous phase. 
One reviewer (FBB) extracted data from all records and 
two reviewers (CS and MC) extracted 60% and 40% of 
articles, respectively. Differences in terminology were 
discussed between reviewers to ensure that the same trial 
designs were included in the same category. Disagree-
ments were solved by consensus or by involving a third 
expert reviewer (RP).

It was not within the remit of this scoping review to 
assess the methodological quality of individual studies 
included in the analysis.

Collating, summarising and reporting results
We summarised the extracted data in tables and figures. 
Information on the definition, methodology, statistical 
considerations, advantages, disadvantages, utility and gaps 
of trial designs was extracted verbatim. Data on the exam-
ples of clinical trials adopting the different approaches 
were summarised using frequencies and percentages.

A researcher (CS) listed all study designs and identi-
fied the central feature(s) for each of them, which were 
grouped into feature domains. The initial list was reviewed 
by a senior statistician with expertise in designing clinical 
trials (RP). A final list was created and agreed on with 
members of the PERMIT steering committee and coau-
thors of the present study. The list of features was there-
fore based on the identified study designs and also the 
expertise of members of the PERMIT project.

new classification of trial designs in Pm
Based on the identified trial designs and features, we 
proposed a new classification of trial designs for PM. 
Other attempts in classifying trial designs applied to PM 
have been proposed in the literature. However, they were 
limited to classifying the designs into categories3 4 8 or 
identifying the design based on a specific feature (eg, 
adaptive or non- adaptive trials).14 15 This new classifica-
tion goes a step further, proposing a new approach in 
classifying the trial designs considering two variables, 
which are core designs and design features, into a double- 
entry table.

Consultation exercise
The members of the PERMIT consortium, associated 
partners and the PERMIT project Scientific Advisory 
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Figure 1 Study selection flow diagram. PERMIT, 
PERsonalised MedIcine Trials.

Board discussed the preliminary findings of the scoping 
review in a 2- hour online workshop. A first version of the 
classification of the trial designs in PM was presented and 
discussed.

Patient and public involvement
The European Patients Forum is a member of PERMIT 
project. Although not directly involved in the conduc-
tion of the scoping review, they received the draft review 
protocol for collecting comments and feedback.

reSultS
Study selection and general characteristics of reports
We retrieved 2350 citations from the electronic search 
and after removing the duplicates, 2301 remained. We 
excluded 1841 records based on titles and abstracts. After 
full- text assessment, 323 publications were excluded, and 
163 met the inclusion criteria (see flow chart in figure 1 
and online supplemental file 1; the data extraction 
including information on the general study character-
istics and definition, methodology, statistical consider-
ations and examples of each study design referred to 
in each included paper, is available on the online plat-
form Zenodo16). From these 163 publications, we identi-
fied 5 systematic reviews, 66 narrative reviews, 8 original 
research articles, 26 methodological studies, 4 study 
protocols, 37 conference abstracts, 4 commentaries, 2 
discussion papers, 3 reports, 1 book chapter, 1 editorial, 
1 guidance document and 5 links about trial registration 
(eg,  ClinicalTrials. gov).

trial designs and core designs in Pm
We identified 21 trial designs, 10 subtypes and 30 varia-
tions of trial designs applied to PM (online supplemental 

file 1). Information on the definition, methodology and 
statistical considerations of identified trial designs are 
reported on the online supplemental file 1.

We classified the trial designs into four core categories 
named as Master protocols, Randomise- all, Biomarker- strategy 
and Enrichment. Building on the definitions provided by 
Tajik et al3 and Park et al,8 we defined the four core cate-
gories as:

 ► Master protocols: trial design, which includes multiple 
parallel substudies under a common infrastructure.

 ► Randomise- all: trial design where patients meeting 
the eligibility criteria, irrespective of their biomarker 
status, are randomised to either an experimental or 
control treatment. This category also includes those 
hybrid designs, which first use a Randomise- all design, 
and then only a specific biomarker defined subgroup 
is randomised to either an experimental or control 
treatment.

 ► Biomarker- strategy: trial design where eligible patients 
are randomised to either a marker- based treatment 
strategy or non- marker- based treatment strategy.

 ► Enrichment: trial design where eligibility is determined 
according to the biomarker status and patients are 
then randomised to either an experimental or control 
treatment. A specific biomarker defined subgroup 
(usually biomarker positives) is believed to benefit 
more from a treatment compared with the other 
subgroup (usually biomarker negatives).

An example of a study design for each core category, 
including its definition and methodology used, is shown 
in table 1. Overall, we identified 5 trial designs, 6 subtypes 
and 7 variations for Master protocols, and 10 trial designs, 2 
subtypes and 22 variations for Randomise- all, 5 trial designs 
for Biomarker- strategy and 1 trial design, 2 subtypes and 1 
variation for Enrichment.

From the identified designs, we found 34 main features 
of trial designs in PM, which were clustered into 11 
features domains (table 2). The feature domains include 
the key design features that characterise a trial design for 
PM such as framework, model, control group, randomisa-
tion, biomarker assessment and adaptive aspects, and that 
should be carefully considered when designing a trial. A 
new classification of the trials designs for PM has been 
proposed and is reported in table 3. The classification 
is presented in a double- entry table, which includes the 
main trial features on the y- axis and core categories of the 
trial designs on the x- axis.

general characteristics of clinical trials in Pm
We found 131 clinical trials, which used the identified 
designs (online supplemental file 1). Table 4 presents the 
general characteristics of the identified trials.

Most trials used a basket (35/131, 26.7%), umbrella 
(30/131, 22.9%), platform (18/131, 13.7%) or marker 
stratified (15/131, 11.5%) design. The great majority of 
the trials were in the field of oncology (113/131, 86.3%). 
At the time of writing (March 2021), the recruitment 
status was ongoing for 48.1% (63/131) of the trials. A trial 
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Table 1 Examples of core categories

Core category Study design example Study design definition Study design methodology

Master protocols Platform ‘A platform trial is a single 
histology randomized phase 
II clinical trial involving 
multiple biomarkers and 
multiple drugs. Rather than 
assuming that we know 
which drug is appropriate 
for which biomarker stratum, 
randomization among drugs 
is used in the platform trial.’43

‘Initially the treatments are randomized with 
equal weights to the patients of a stratum. 
As data accumulates, the randomization 
weights change to favour assignment of 
drugs with higher within- stratum response 
rates. The endpoint used must be observed 
early enough to enable adaption of 
randomization weights.’ 43

Randomise- all Biomarker- positive and 
overall strategies with fall- 
back analysis

‘It evaluates both the 
treatment effect in the overall 
study population and in the 
biomarker- positive subgroup 
sequentially.’14

‘In the fall- back design, we first test the 
overall population using the reduced 
significance level  α1  and if the test is 
significant, we consider that the novel 
treatment is effective in the overall 
population; however, if the result is not 
significant then we test the treatment effect 
in the biomarker- positive subgroup using 
the level of significance  α2 = α− α1 ,where 
 α  is the overall significance level (Type I 
error rate). The significance levels α  can 
be considered as one- sided or two- sided 
significance levels.’14

Biomarker strategy Biomarker- strategy 
design with treatment 
randomisation in the 
control arm

‘The biomarker- strategy 
design with treatment 
randomization in the control 
treatment is able to inform 
us about whether the 
biomarker- based strategy 
is better than not only the 
standard treatment but also 
better than the experimental 
treatment in the overall 
population.’ 14

‘Patients are first randomly assigned to 
either the biomarker- based strategy arm or 
to the non- biomarker- based strategy arm. 
Next, patients who are allocated to the 
non- biomarker- based strategy are again 
randomized either to the experimental 
treatment arm or to the standard treatment 
arm irrespective of their biomarker status. 
Patients who are allocated to the biomarker- 
based strategy and who are biomarker- 
positive are given the experimental 
treatment and patients who are biomarker- 
negative are given the control treatment.’ 14

Enrichment Adaptive threshold 
sample- enrichment design

‘It is a two- stage design 
in a Phase III setting(…) to 
adaptively modify accrual 
in order to broaden the 
targeted patient population.’ 
15

‘At the interim analysis stage, the treatment 
effect of a sample of patients ( n1 ) from the 
biomarker- positive subset is estimated. If 
an improvement is seen in the experimental 
treatment arm which is greater than a pre- 
specified threshold value (ie, the estimated 
treatment difference between the novel 
treatment arm and the control treatment 
arm for this subpopulation is greater than 
a threshold value c divided by the square 
root of the aforementioned sample size  n1
 ) the trial continues with accrual of patients 
from the entire biomarker- positive subgroup 
and additional patients are also accrued 
from the biomarker- negative subpopulation; 
otherwise the trial is stopped for futility. 
At the end of the trial, the treatment 
effect is estimated for all subpopulations. 
Researchers should choose the sample 
size  n1  so that a persuasive result can be 
reached when the first stage of the trial is 
completed.’ 15
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Table 2 Main features of trial designs applied to personalised medicine

Feature domains Features

Inference framework Bayesian

Frequentist

Model* Disease progression*

Longitudinal*

Hierarchical

Control group Common/shared†

Contemporaneous‡

Historical§

Randomisation With treatment randomisation in both biomarker- positive and biomarker- negative subgroups

Without treatment randomisation in the biomarker- negative subgroup¶

Only for patients with discordant clinical and genomic risk evaluation**

Randomisation in the non- biomarker based 
strategy arm

With treatment randomisation

Without treatment randomisation††

Reverse biomarker strategy‡‡

Subgroup specific Sequential subgroup specific§§

Parallel subgroup specific¶¶

Biomarker positive and overall strategies*** With sequential assessment

With parallel assessment

With fall- back analysis†††

Marker sequential test‡‡‡

Biomarker assessment With biomarker assessment in the entire population

Without biomarker assessment in the control arm

Personalised medicine (PM) specific adaptive 
aspects§§§

Adaptive enrichment

Adaptive signature

Threshold determination¶¶¶

Generic adaptive aspects Adding a new arm

Early stopping****

Interim analysis††††

Outcome- based adaptive randomisation

Sample size reassessment

Seamless

Treatment tailoring aspects Pharmacodynamic biomarker assessment after run- in phase period‡‡‡‡

Dynamic treatment regime§§§§

PK/PDmodelling¶¶¶¶

*Model used for analysis. A disease progression model takes into account the patient disease state and other patient baseline characteristics for charactering patient clinical 
outcome(s).44 Longitudinal model permits including in the analysis the partial information of patients who have not yet reached their final outcome at an interim analysis.44

†A common/shared control group can be used in a trial design in which multiple treatments are being tested, instead of each treatment having its own control arm.
‡If patients in the common/shared control group receive a ‘Standard of care’ that may change over time or the profile of the patients enrolled on the trial may change over time, a trial 
design can use a contemporaneous control group meaning that the comparison of treatment’s effects may be restricted to those patients who were enrolled/randomised in the same 
period as those patients who were allocated to the treatment.
§If a comparison group is not available in the existing trial or substudy or at the same time but in a different setting, a trial design can use a historical control consisted of a group of 
individuals treated in the past.
¶Patients in the biomarker- negative subgroup receive the control treatment.
**Only patients with discordant results (ie, either high clinical risk an low genomic risk or low clinical risk and high genomic risk) are randomly assigned to either the control or 
intervention arm.
††Patients, which are randomly assigned to the non- biomarker- based strategy arm, receive the control treatment.
‡‡Patients which are randomly assigned to reverse- based strategy receive the control treatment if they are biomarker- positive and the experimental treatment if they are biomarker- 
negative.
§§Study designs testing the treatment effect first in the biomarker- positive subpopulation and if the result is positive in the biomarker- negative subgroup.
¶¶Study designs testing the treatment effect in both biomarker- positive and biomarker negative subgroups simultaneously.
***Study designs testing the treatment effect in the entire study population and in the biomarker- positive subgroup separately.
†††Study designs testing the treatment effect in the overall population and in the biomarker- positive subgroup sequentially.
‡‡‡Study designs testing the treatment effect not only in the biomarker- positive and biomarker- negative subgroups but also in the entire population sequentially.
§§§PM- specific adaptive aspects could be used to stratify the patients to the treatment. Generic adaptive aspects could be considered when planning a PM trial, but they could be 
also found in fields outside PM.
¶¶¶A threshold is used to divide the population into ‘biomarker positive’ and ‘biomarker negative’.
****A trial arm or clinical trial is stopped early due to pre- specified rules related to treatment efficacy and safety risk.
††††Interim analyses are pre- planned analyses, which use accumulating data in order to make an early decision or adaptation.
‡‡‡‡All patients receive the new treatment for a run- in period and then are classified as either biomarker positive or negative using a pharmacodynamics biomarker.45

§§§§A dynamic treatment regime consists of a sequence of individually tailored therapies during the course of a treatment.
¶¶¶¶Models to suggest optimal dosage regimes of drugs for individual patients.46

PK/PD, Pharmacokinetic/pharmacodynamic.
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Table 3 Trial designs classification

Core designs Biomarker strategy Enrichment Master protocols Randomise- all

Design features

  Framework

   Bayesian

   Frequentist

  Model

   Disease progression

   Longitudinal

   Hierarchical

  Control group

   Common/shared

   Contemporaneous

   Historical

  Randomisation

   With treatment randomisation in both biomarker- positive and 
biomarker- negative subgroups

   Without treatment randomisation in the biomarker- negative subgroup

   Only for patients with discordant clinical and genomic risk evaluation

  Randomisation in the non- biomarker based strategy arm

   With treatment randomisation

   Without treatment randomisation

   Reverse biomarker strategy

  Subgroup specific

   Sequential subgroup specific

   Parallel subgroup specific

  Biomarker positive and overall strategies

   With sequential assessment

   With parallel assessment

   With fall- back analysis

   Marker sequential test

  Biomarker assessment

   With biomarker assessment in the entire population

   Without biomarker assessment in the control arm

  Personalised medicine specific adaptive aspects

   Adaptive enrichment

   Adaptive signature

   Threshold determination

  Generic adaptive aspects

   Adding a new arm

   Early stopping

   Interim analysis

   Outcome- based adaptive randomisation

   Sample size reassessment

   Seamless

  Treatment tailoring aspects

   Pharmacodynamic biomarker assessment after run- in phase period

   Dynamic treatment regime

   PK/PD modelling

PK/PD, Pharmacokinetic/pharmacodynamic.
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(0.8%) was not registered and seven (5.3%) presented 
an unknown status (meaning that the trial status has not 
been verified within the past 2 years on the  ClinicalTrials. 
gov website). Out of 131, 75 (57.3%) trials were phase II 
studies. For four trial designs, we did not find any exam-
ples of current applications.

trial designs for assessing personalised versus non-
personalised strategy
We identified 16 trials (16/131, 12.2%) evaluating a PM 
versus a non- PM strategy, which used nine different study 
designs (online supplemental file 1).

Three trials used a biomarker design with a biomarker 
assessment in the control group.14 17 18 This study design 
consists of first testing the marker status of the entire 
study population and then randomises the patients 
either to a biomarker- based strategy arm or a non- 
biomarker strategy arm.14 In the GILT docetaxel trial 
(NCT00174629), patients with advanced non- small- cell 
lung cancer (NSCLC) were randomly assigned to either 
the control arm receiving a standard therapy of docetaxel 
plus cisplatin or the genotypic arm in which patients with 
low ERCC1 levels received docetaxel plus cisplatin and 
those with high levels received docetaxel plus gemcit-
abine. In the LIFT trial (NCT02498977), liver transplant 
recipients were randomised to either non- biomarker- 
based immunosuppression (IS) weaning or a biomarker- 
based IS weaning. ERCC1 gene expression was assessed 
in patients with NSCLC, which were then randomised to 
either to platinum therapy or non- platinum therapy in 
the ERCC1 trial (NCT00801736).

Four trials used a biomarker strategy design without 
biomarker assessment in the control arm.14 19–21 This 
design only evaluates the biomarker status in patients 
who are assigned to the biomarker- based strategy.14 
Patients were randomised to either the NT- pro- BNP- 
guided therapy or usual care in the GUIDE- IT trial 
(NCT01685840) and either an algorithm driven indi-
vidualised haemodynamic goal- directed therapy or 
standard care in the iPEGASUS trial (NCT03021525). 
Patients with mild head injury were randomly assigned 
to computed tomography or observation in the hospital 
in the OCTOPUS trial (ISRCTN81464462) and children 
with a doctor’s diagnosis of asthma were randomised to 
a PM genotype- guided treatment arm or to usual care, 
non- genotype- guided, control arm in the PUFFIN trial 
(NCT03654508).

A modified strategy design, which differs from the 
previous strategy designs in including multiple targeted 
molecular profiles,22 was used in two trials.22–25 Patients 
with refractory cancer in the SHIVA trial (NCT01771458) 
were randomised to receive a molecularly targeted therapy 
based on metastasis molecular profiling or a conventional 
chemotherapy. In the NCI- MPACT trial (NCT01827384), 
patients with an actionable mutation of interest (aMOI) 
were assigned to a targeted therapy based on mutation 
status or a therapy, chosen from the four regimes, not 
targeting the aMOI. We found that these two trials were 
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also labelled as basket trials26–28 as well as platform trial in 
the case of the SHIVA trial.29

One trial used an adaptive strategy design for 
biomarkers with measurement error.25 This design is 
used when a second cheaper biomarker exists and may be 
concordant with a more expensive one, which is consid-
ered the gold standard. This design was used with some 
modifications in the OPTIMA trial (ISRCTN42400492). 
Oestrogen receptor- positive, human epidermal growth 
factor receptor 2 (HER- 2) negative breast cancer 
patients were randomised to be either in the control 
arm receiving the standard care (ie, chemotherapy and 
endocrine therapy) or in the treatment arm receiving the 
marker- guided therapy (ie, endocrine therapy). Patients 
in the treatment arm, which obtained a high- risk test, also 
received chemotherapy.

The Siyaphambili Study (NCT03500172) used a sequen-
tial multiple assignment randomised (SMART) design 
to compare an individualised intervention (ie, peer- led, 
individualised case management) or non- individualised 
intervention (ie, nurse- led mobile decentralised treat-
ment programmes) to standard care (ie, South African 
standard of care) or combination of both interventions 
in women living with HIV.30 The SMART design allows 
comparing adaptive treatment strategies, which consist 
of a series of tailored therapies during the course of a 
treatment.31

ProBio (NCT03903835) used an outcome- 
randomisation adaptive design to investigate whether 
a treatment based on molecular biomarker signature is 
more effective than standard care in men with metastatic 
castrate- resistant prostate cancer.

Finally, we found four trials, which evaluated a person-
alised versus a non- personalised strategy using a master 
protocol design.32–35 IMPACT II (NCT02152254) used 
a basket design and UPSTREAM (NCT03088059), 
SAFIR02_Breast (NCT02299999) and SAFIR02_Lung 
(NCT02117167) an umbrella design.

gaps in the current research on clinical trials applied to Pm
The results of this scoping review also allowed us to iden-
tify some gaps in the current research on clinical trials in 
PM. We identified three main gaps, which concern (1) 
the terminology used in labelling trial designs applied 
to PM, (2) the applications of complex innovative trial 
designs to fields outside of oncology and (3) the imple-
mentation of trials for evaluating PM strategy versus non- 
personalised strategy.

We found that trial designs are often labelled in 
different ways or mislabelled, despite this gap having 
been identified previously.3 4 14 15 An example is the Marker 
stratified design, which was named using 18 different 
labels (online supplemental file 1). We also found that 
a study design adopted in a clinical trial was defined 
differently across the literature. For instance, the I- SPY 
2 trial (NCT01042379) has been labelled as outcome- 
based adaptive randomisation,15 platform36 or umbrella 
design.37 The I- SPY 2 is an ongoing platform trial, which 

studies multiple therapies in the context of breast cancer 
in a perpetual manner with arms being added or dropped 
based on current knowledge and collected data. More-
over, the study design adopted in the I- SPY 2 trial includes 
Bayesian adaptation algorithms in order to make decisions 
on estimated posterior probabilities, which are calculated 
at frequent interim- analysis points and response- adaptive 
randomisation.9 According to the new proposed classifi-
cation, I- SPY 2 trial would be classified as Master protocol 
because it includes multiple substudies under the same 
framework, with common/shared control group, early 
stopping, interim analysis and outcome- based adaptive 
randomisation as main design features.

Moreover, another gap in the current research on PM 
is the lack of application of novel complex study designs 
to fields outside of oncology. We found that 94% (81/86) 
of the clinical trials which used a master protocol design 
were in the field of oncology.

Finally, a strong need exists for clinical trials evaluating 
the effectiveness of a PM strategy versus non- personalised 
strategy. This constitutes the third gap that we identified 
by mapping the evidence on clinical trials applied to PM. 
We found only 16 trials using nine different trial designs, 
which compared the two strategies.

diSCuSSion
The present study provides a broad overview and proposes 
a new classification of the trial designs applied to PM.

The scoping review approach was considered to be the 
most suitable to respond to the extensive scope of the 
field. Compared with systematic reviews that aim to answer 
specific questions, scoping reviews are used to present a 
broad overview of the evidence pertaining to a topic and 
they are useful to examine areas that are emerging, to 
clarify key concepts and identify gaps.38 39

To our knowledge, this is the first study, which systemat-
ically reviews all trial designs, including complex innova-
tive designs (ie, basket, umbrella and platform), applied 
to PM. Other systematic reviews have been performed 
on specific trial designs such as biomarker- guided adap-
tive trial designs,15 biomarker- guided non- adaptive trials 
designs14 and master protocols8 or without considering 
master protocols in the search strategy.3

We identified 21 trial designs, 10 subtypes, and 30 
variations of trial designs applied to PM, which have 
been classified into four core categories: Master proto-
cols, Randomise- all, Biomarker strategy and Enrichment. 
Randomise- all encompasses the largest number of trial 
designs (ie, 10 trial designs, 2 subtypes and 22 variations) 
and Master protocols includes those study designs which are 
more frequently used in clinical trials (86/131, 65.6%). 
A variation of the enrichment design called multistage 
adaptive biomarker- directed targeted (MAT) design,40 which 
combines some features of both targeted and adaptive 
designs, was included in the present review because 
does not present the standard characteristics of a clas-
sical enrichment design but not in our classification. 
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In the MAT design, biomarker- positive patients are first 
randomised to either treatment or standard of care and 
interim analyses are then conducted to monitor if the 
primary study objectives can be achieved.

From the different approaches applied to PM, we 
identified 34 central features, which were combined 
with the four core categories in a double- entry table. 
The proposed table constitutes a novel manner to clas-
sify trial designs applied to PM, considering its corre-
sponding core category and main features (eg, PM 
specific or generic adaptive aspects). The classification 
only includes features, which are strictly related to trial 
designs. Methods for stratification and validation of clus-
ters in a clinical trial (eg, data- driven subgroup identifica-
tion) were considered not eligible and therefore were not 
included. In particular, those methods were identified 
and described in another recent scoping review (2021).41 
Due to the variety and diversity of trial designs currently 
available, this classification provides a clearer and more 
accessible picture of the different trial designs available in 
PM, helping the readers to navigate this complex field. In 
addition, it could be particularly helpful for researchers 
as a first step for understanding the different method-
ological approaches available for their trials.

Also, it permits to consider all the relevant features asso-
ciated with a trial design reducing confusion in reporting 
and labelling. We believe that this classification is more 
accurate and appropriate for describing a trial design 
applied to PM in its complexity. Moreover, it could help 
researchers and clinicians in using a harmonised termi-
nology for labelling a trial.

Based on the results obtained, we identified three main 
gaps in the current research on clinical trials applied to 
PM. We found that more research is needed to evaluate 
the efficiency of PM approach versus non- personalised 
standard of care. A few clinical trials (16/131, 12.2%), 
using nine different study designs, were found evaluating 
these different strategies. In addition, these trials would 
be particularly relevant for health technologies assess-
ment (HTA) bodies to evaluate the incremental benefit 
of PM over that of non- personalised approaches, from 
both a clinical and economical perspective, in those situ-
ations in which a non- personalised strategy is considered 
standard practice. We also need more research to apply 
trial designs to fields outside of oncology. This last result 
was consistent with what was found in a recent systematic 
review of master protocols.8 The review showed that the 
great majority of basket, umbrella and platform studies 
(76/83, 91.6%) were conducted in the field of oncology. 
In particular, no umbrella trials were found outside of 
oncology. Finally, in line with two previous systematic 
reviews,3 4 we found that a harmonised terminology was 
required because it would permit increase clarity among 
the variety of trial designs applied to PM.

Furthermore, current applications of the identified 
trial designs, together with the input of some experts in 
the field, helped us to identify four typologies of PM. For 
targeted or precision medicine, a targeted treatment, which 

is specific for one disease, is identified and used to treat 
patients with heterogeneous diagnoses but similar disease 
mechanisms (eg, basket trials). Stratified medicine includes 
trials in which patients are stratified in different clus-
ters based on the collection of data characterised by the 
genotype or phenotype of the individuals (eg, adaptive 
signature trials). The treatment is tailored to each patient 
in the individualised medicine (eg, trials using pharmaco-
kinetic models). Finally, in individualised medicine with a 
dynamic regime, the treatment tailored to each patient is 
adjusted over time based on the patient’s response (eg, 
SMART trials).

The new classification and the four typologies of PM 
clinical trials provide the basis for the future recommen-
dations on the use of trial designs applied to PM and 
on trials assessing personalised versus non- PM strategy. 
These recommendations are strongly needed to conduct 
new studies within the context of PM and, consequently, 
have new direct high- quality evidence in the evaluation of 
co- dependent PM technologies.42

The present study has strengths but also limitations. 
This is the first scoping review, which presents an overview 
of all trial designs applied to PM. We followed a systematic 
approach to map the evidence and described the process 
using the PRISMA- ScR guideline. However, we restricted 
the search strategy to the last 15 years proving a compre-
hensive overview rather than an exhaustive list of trial 
designs used in PM. In addition, by excluding single- arm 
trials, which are not part of a master protocol, non- 
adaptive enrichment design and N- of- 1 trials, we might 
misrepresent certain study designs used for PM. More-
over, although we conducted a pilot screening for veri-
fying the use of the same inclusion and exclusion criteria 
among reviewers, we cannot exclude that we did not iden-
tify some relevant publications. The information on the 
definition, methodology, statistical considerations, advan-
tages, disadvantages, utility and gaps of trial designs was 
extracted verbatim from the included records. However, 
the selection of this information could be affected by the 
perception of the three reviewers who conducted the data 
extraction. Also, even if we built on existing reviews14 15 
and carefully developed a comprehensive classification, 
all attempts at categorisation are reductive in nature, 
and different classification schemes could be proposed. 
We believe that all classifications are based on decisions, 
some of which are inevitably arbitrary. Nonetheless, our 
proposal allows separating between core design features 
that characterise the main objective of the trial and the 
patient flow, important aspects of the trial, and more 
accessory design features. It may form the basis of the eval-
uation of which design, and which features would be best 
suited for a given situation. For instance, HTA represen-
tatives could use our classification as a first step to better 
understand the design choice taken by the researchers 
and successively evaluate it.

The information extracted on the pros and cons of 
each approach (ie, objective 3) will be subject of further 
analysis and will be publish in a separate study due to 
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considerable volume of information collected. We will 
also explore the pros and cons of each approach in more 
detail, together with experts from academia and regula-
tory agencies, when preparing the recommendations on 
the use of trial designs applied to PM.

ConCluSionS
The findings of this scoping review show that several 
existing trial designs are applied to PM, which can be 
grouped into four core categories. A new classification has 
been proposed that allows describing trial designs taking 
into account their corresponding core category and main 
features. It can be used by readers to explore and better 
understand the complex field of PM clinical trials.
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Supplementary file I. Search strategies 
 

Pubmed 7/4/2020 
No. Query Results 
#37 Search: #27 OR #30 Filters: English, French, German, Italian, Spanish Sort by: 

Publication Date 
1221 

#32 Search: #27 OR #30 Filters: from 2005 - 2020 Sort by: Publication Date 1232 
#31 Search: #27 OR #30 Sort by: Publication Date 1277 
#30 Search: #28 AND #29 Sort by: Publication Date 375 
#29 Search: ("2019/09/01"[Date - Entry] : "3000"[Date - Entry]) Sort by: Publication Date 752605 
#28 Search: #2 AND #25 AND (“clinical trial“ [tiab] OR “clinical trials“ [tiab]) Sort by: Publication 

Date 
5359 

#27 Search: #1 AND #2 AND #25 Sort by: Publication Date 918 
#25 Search: design*[tiab] OR methods[ti] OR method[tiab] OR Research design[Majr] Sort by: 

Publication Date 
3787147 

#2 Search: “stratified medicine”[tiab] OR biomarker*[tiab] OR “precision medicine”[tiab] OR 
“personalized medicine”[tiab] OR “personalised medicine”[tiab] OR “individualized 
Medicine“[tiab] OR “individualised Medicine“[tiab] OR “individualized therapy“[tiab] OR 
“individualised therapy“[tiab] OR "Biomarkers"[Majr] OR "Precision Medicine"[Majr] 

486778 
 

#1 Search: “umbrella study“[tiab] OR “umbrella studies”[tiab] OR “umbrella trial“[tiab] OR 
“umbrella trials*“[tiab] OR “adaptive study“[tiab] OR “adaptive studies“[tiab] OR “adaptive 
trial“[tiab] OR “adaptive trials“[tiab] OR “ basket trial“[tiab] OR “basket trials“[tiab] OR 
“basket studies“[tiab] OR “basket study“[tiab] OR “multi arm“[tiab] OR “multi arms“[tiab] OR 
“master protocol“[tiab] OR “master protocols“[tiab]OR “platform study“[tiab] OR “platform 
studies“[tiab] OR “platform trial“[tiab] OR “platform trials“[tiab] OR"Clinical Trials as 
Topic"[Majr] 

 
55630 

 

 

 
Embase 7/4/202 
No. Query Results 
#14  #11 AND #12 AND ([english]/lim OR [french]/lim OR [german]/lim OR [italian]/lim OR 

[spanish]/lim) 
927 

#13  #11 AND #12 929 
#12  [embase]/lim NOT [medline]/lim 9610086 
#11  #7 OR #10 1221 
#10  #4 AND #5 AND #8 AND [2020-2020]/py 202 
#9  #4 AND #5 AND #8 7669 
#8  'clinical trial*':ti,ab 514125 
#7  #3 AND #4 AND #5 AND [2005-2020]/py 1026 
#6  #3 AND #4 AND #5 1033 
#5  design*:ti,ab OR methods:ti OR method:ti,ab 4793126 
#4  'biological marker'/exp/mj OR 'personalized medicine'/exp/mj OR 'stratified 

medicine':ti,ab OR biomarker*:ti,ab OR 'precision medicine':ti,ab OR 'personalized 
medicine':ti,ab OR 'personalised medicine':ti,ab OR 'individualized medicine':ti,ab OR 
'individualised medicine':ti,ab OR 'individualized therapy':ti,ab OR 'individualised 
therapy':ti,ab 

431819 

#3  #1 OR #2 52941 
#2  'clinical trial'/exp/mj 50652 
#1  'basket trial*':ti,ab OR 'basket stud*':ti,ab OR 'multi arm*':ti,ab OR 'master 

protocol*':ti,ab OR 'platform stud*':ti,ab OR 'platform trial*':ti,ab OR 'umbrella trial*':ti,ab 
OR 'adaptive stud*':ti,ab OR 'adaptive trial*':ti,ab OR 'umbrella stud*':ti,ab 

2402 

 

 

Cochrane Library 8/4/2020 
No. Query Results 
#1 'basket trial*':ti,ab OR 'basket stud*':ti,ab OR 'multi arm*':ti,ab OR 'master protocol*':ti,ab 

OR 'platform stud*':ti,ab OR 'platform trial*':ti,ab OR 'umbrella trial*':ti,ab OR 'adaptive 
stud*':ti,ab OR 'adaptive trial*':ti,ab OR 'umbrella stud*':ti,ab 

22497 
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#2 'stratified medicine':ti,ab OR biomarker*:ti,ab OR 'precision medicine':ti,ab OR 
'personalized medicine':ti,ab OR 'personalised medicine':ti,ab OR 'individualized 
medicine':ti,ab OR 'individualised medicine':ti,ab OR 'individualized therapy':ti,ab OR 
'individualised therapy':ti,ab  

29297 

#3 design*:ti,ab OR methods:ti OR method:ti,ab  355698 
#4 #1 and #2 and #3 with Publication Year from 2005 to 2020, in Trials 560 
#5 "accession number" near pubmed 662135 
#6 "accession number" near embase 536983 
#7 #5 or #6  998271 
#8 #4 not #7 193 
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Supplementary file II. Data extraction form 

 

No 
First author:  
Title of article:  
Contact details of author:  
Publication year:  
Type of paper: o Original research article reporting a clinical trial  

o Study protocol 
o Methodological study 
o Methodological review 
o Systematic review 
o Conference abstract 
o Commentary 
o Letter to the editor 
o Clinicaltrial.gov link 
o Guidance document  

o Please specify the regulatory or health 
technologies assessment agency, which 
issued the report 

o Other (please specify): ____________________ 
Study design type:  

o Umbrella design 
 

o Basket design  
 
o Bayesian basket design 
 
o Basket of baskets design 
 
o Marker stratified design (part of randomize-all design. 

Marker stratified design includes 1) Marker sequential test 
design, 2) Biomarker-positive and overall strategies with 
fall-back analysis, 3) Biomarker-positive and overall 
strategies with sequential assessment, 4) Biomarker-
positive and overall strategies with parallel assessment) 

 
o Hybrid design (part of randomize-all design) 
 
o Biomarker-strategy design with biomarker assessment in 

the control arm (part of biomarker-based strategy design) 
 
o Biomarker-strategy design without biomarker assessment 

in the control arm (part of biomarker-based strategy 
design) 

 
o Biomarker-strategy design with treatment randomization 

in the control arm (part of biomarker-based strategy 
design) 

 
o Reverse marker-based strategy design (part of biomarker-

based strategy design) 
 
o Two-stage adaptive seamless design  

 
o Multi-arm multi-stage design (MAMS) (also called 

Platform design. It is an extension of 2-stage adaptive 
seamless design) 

 
o Adaptive signature design (also called Two-stage 
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adaptive signature design, adaptive two-stage design, 
Biomarker-adaptive signature design) 

 
o Outcome-based adaptive randomization design (also 

called Adaptive randomization Bayesian adaptive, 
Bayesian adaptive randomization, Combined dynamic 
multi-arm, Outcome-Adaptive randomization, Outcome-
based Bayesian adaptive randomization) 

 
o Adaptive threshold sample-enrichment design (also called 

Threshold sample-enrichment approach, two-stage 
sample enrichment, two-stage sample-enrichment design 
strategy) 

 
o Adaptive patient enrichment design (also called adaptive 

accrual, adaptive accrual based on interim analysis, 
adaptive enrichment, adaptive modification of target 
population, adaptive population enrichment, two-stage 
adaptive design, two stage adaptive accrual) 

 
o Adaptive parallel Simon two-stage design (also called 

pick-the-winner, biomarker-adaptive parallel two stage, 
adaptive parallel, two-parallel Simon, two-stage design) 

 
o Stratified adaptive design 
 
o Tandem two stage design (also called Tandem two-step 

phase II trial, tandem-two step trial (phase II), Tandem 
two-step phase 2 trial design, Tandem two-step) 

 
o Other (please specify): ____________________ 
 

Definition of the trial design referred to in the 
paper (if reported): 
 

Please copy and paste the exact text. 
E.g., The design begins with a comparison between the 
experimental treatment and the standard treatment in the 
entire study population at a pre-specified level of significance. 
In case that the overall result is positive, it is considered that 
the treatment is beneficial and the trial is closed. If the 
comparison in the overall population is not promising, then the 
entire population is divided in order to develop and validate a 
biomarker, using a split sample strategy. More precisely, a 
portion of patients is used to detect a biomarker signature that 
best distinguishes subjects for which the novel treatment is 
better than the standard treatment. Hence, this approach (i) 
identifies patients who are more susceptible to a specific 
treatment during the initial stage of the study (at the interim 
analysis); (ii) it assesses the global treatment effect of the 
entire randomized study population through a powered test, 
and (iii) finally, it assesses the treatment effect for the 
biomarker-positive subgroup identified during the initial stages 
of the study but only with patients randomized in the 
remainder of the trial, the so-called ‘validation test’. 
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Methodology of 
the trial design 
referred to in the 
paper (if 
reported): 

Analysis Please copy and paste the exact text. 
E.g., The analysis is undertaken as follows: At the interim 
analysis stage, if the overall treatment effect is not significant 
at a reduced level a1 (< 0.05), the full set of P patients in the 
clinical trial is partitioned into a training set Tr and a validation 
set V. A pre-specified algorithmic analysis plan is applied to 
the training set to generate a classifier Cl(x;Tr) where x is a 
biomarker vector. 
 

Other (please specify): 
____________________ 
 

Please copy and paste the exact text. 
 

Statistical considerations of the trial design 
referred to in the paper (if reported): 
 
 

Please copy and paste the exact text. 
E.g., Although the adaptive signature design allows for 
approval of the novel treatment in a quick and efficient way, 
the main statistical challenges to be taken into account 
include the potential increase in the number of patients and 
the limited power to assess the treatment effect in the 
biomarker-defined subgroup. However, this approach avoids 
introduction of bias since the adaptations do not involve 
modifications in allocation ratio and eligibility criteria. Further, 
it prevents the inflation Type I error rate as the design does 
not use the study population which was employed to develop 
the predictive signature for the assessment of the treatment 
effect. 
 

Utility of the trial design referred to in the 
paper (if reported): 
 
 
 

Please list the reasons why it is recommended to use the 
study design by coping and pasting the exact text. Each point 
corresponds to a reason. 
E.g., 1) In cases where we want to know whether the 
biomarker is not only prognostic but also predictive, this 
design is preferable. 

o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 

 
Advantages of the trial design referred to in 
the paper (if reported): 
 
 

Please list the advantages by coping and pasting the exact 
text. Each point corresponds to strength of the study design. 
E.g., 1) Identification of optimal group of patients which benefit 
the most from a specific treatment; 2) Identification and 
validation of candidate biomarker in a single trial, etc. 

o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 

 
Disadvantages of the trial design referred to 
in the paper (if reported): 
 
 

Please list the disadvantages by coping and pasting the exact 
text. Each point corresponds to a limitation of the study 
design.  

o ____________________ 
o ____________________ 
o ____________________ 
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o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 

 
Gaps in the study design methodology to be 
addressed in future research (if reported): 
 
 

Please list the gaps by coping and pasting the exact text. 
Each point corresponds to a gap of the study design. 

o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 
o ____________________ 

 
Example of actual trial(s), which have 
adopted the design mentioned. 

Please report the exact name of the trial (e.g., NCI-MATCH 
trial) 
 

Current status of the trial(s): o Ongoing trial  
o Completed trial 
 

Trial registration number: 
 

Please report the number  

Clinical field: 
 

o Cancer 
 (please specify):____________________ 

o No cancer  
 (please specify):____________________ 

 
Type of intervention: o Pharmaceutical 

o Non pharmaceutical  
 

Clinical trial phase  
 

o Phase II 
o Phase III 

 
Eligibility criteria: 
 

o ______ 
o ______ 

 
Patient subgroups: o ______ 

o ______ 
 

Intervention(s): o ______ 
o ______ 
 

Control group: o ______ 
o ______ 
 

Primary outcome measure(s): o ______ 
o ______ 
 

External validity: 
 

o ______ 
o ______ 
 

Did the study assess a personalised vs. non-
personalised strategy? 
 

o Yes 
o No 

Other considerations related to the study 
design: 
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Supplementary file III. Included studies 

	

1 Aanur P, Gutierrez M, Kelly RJ, Ajani JA, Ku GY, Denlinger CS, et al. FRACTION 
(Fast Real-time Assessment of Combination Therapies in Immuno-Oncology)-
gastric cancer (GC): A randomized, open-label, adaptive, phase 2 study of 
nivolumab in combination with other immuno-oncology (IO) agents in patients with 
advanced GC. J Clin Oncol. 2017;35:TPS4137 

Conference 
abstract 

2 Abrams J, Conley B, Mooney M, Zwiebel J, Chen A, Welch JJ, et al. National 
Cancer Institute’s Precision Medicine Initiatives for the New National Clinical Trials 
Network. Am Soc Clin Oncol Educ Book. 2014 May;(34):71–6.  

Narrative review 

3 Ahmad T, O’Connor CM. Therapeutic Implications of Biomarkers in Chronic Heart 
Failure. Clin Pharmacol Ther. 2013 Oct;94(4):468–79.  

Narrative review 

4 Alexander BM, Ba S, Berger MS, Berry DA, Cavenee WK, Chang SM, et al. 
Adaptive Global Innovative Learning Environment for Glioblastoma: GBM AGILE. 
Clin Cancer Res. 2018 Feb 15;24(4):737–43.  

Narrative review 

5 Alexander BM, Lorenzo T. Bayesian baskets: A novel approach to biomarker-based 
clinical trial design. J Clin Oncol. 2016;34: e14057 

Conference 
abstract 

6 Alexander BM, Trippa L, Gaffey S, Arrillaga-Romany IC, Lee EQ, Rinne ML, et al. 
Individualized Screening Trial of Innovative Glioblastoma Therapy (INSIGhT): A 
Bayesian Adaptive Platform Trial to Develop Precision Medicines for Patients With 
Glioblastoma. JCO Precis Oncol. 2019 Dec;(3):1–13.  

Original research 
article reporting 
a clinical trial 

7 Antoniou M, Jorgensen AL, Kolamunnage-Dona R. Biomarker-Guided Adaptive Trial 
Designs in Phase II and Phase III: A Methodological Review. PLOS ONE. 2016 Feb 
24;11(2):e0149803. 

Systematic 
review 

8 Antoniou M, Kolamunnage-Dona R, Jorgensen A. Biomarker-Guided Non-Adaptive 
Trial Designs in Phase II and Phase III: A Methodological Review. J Pers Med. 2017 
Jan 25;7(1):1.  

Systematic 
review 

9 Antoniou M, Kolamunnage-Dona R, Wason J, Bathia R, Billingham C, Bliss JM, et 
al. Biomarker-guided trials: Challenges in practice. Contemp Clin Trials Commun. 
2019 Dec;16:100493.  

Discussion paper  

10 Bang Y-J, Kaufman B, Geva R, Stemmer SM, Hong S-H, Lee J-S, et al. An open-
label, phase II basket study of olaparib and durvalumab (MEDIOLA): Results in 
patients with relapsed gastric cancer. J Clin Oncol. 2019;37:140 

Conference 
abstract 

11 Barroilhet L, Matulonis U. The NCI-MATCH trial and precision medicine in 
gynecologic cancers. Gynecol Oncol. 2018 Mar;148(3):585–90.  

Narrative review 

12 Barry WT, Perou CM, Marcom PK, Carey LA, Ibrahim JG. The Use of Bayesian 
Hierarchical Models for Adaptive Randomization in Biomarker-Driven Phase II 
Studies. J Biopharm Stat. 2015 Jan 2;25(1):66–88.  

Methodological 
study 

13 Bateman RJ, Benzinger TL, Berry S, Clifford DB, Duggan C, Fagan AM, et al. The 
DIAN-TU Next Generation Alzheimer’s prevention trial: Adaptive design and disease 
progression model. Alzheimers Dement. 2017 Jan;13(1):8–19.  

Original research 
article reporting 
a clinical trial 
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14 Beckman R, Antonijevic Z, Kalamegham R, Chen C. Adaptive Design for a 
Confirmatory Basket Trial in Multiple Tumor Types Based on a Putative Predictive 
Biomarker. Clin Pharmacol Ther. 2016 Dec;100(6):617–25.  

Methodological 
study 

15 Bell S, Copel J, Smith A. The pros and cons of an “umbrella” trial design for a rare 
disease from a trial management and data management perspective. Trials 2017; 
18(Suppl 1): 200 

Conference 
abstract 

16 Berry DA. The Brave New World of clinical cancer research: Adaptive biomarker-
driven trials integrating clinical practice with clinical research. Mol Oncol. 2015 
May;9(5):951–9.  
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Narrative review 
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Methodological 
study 
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Narrative review 
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Narrative review 
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Narrative review 
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Narrative review 
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precision medicine trial. J Clin Oncol 2018. 36: TPS12127 

Conference 
abstract 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2021-052926:e052926. 12 2022;BMJ Open, et al. Superchi C



140 Soldatos, Kaduthanam, Jackson. Precision Oncology—The Quest for Evidence. J 
Pers Med. 2019 Sep 5;9(3):43.  
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149 Tsimberidou AM, Fountzilas E, Nikanjam M, Kurzrock R. Review of precision cancer 
medicine: Evolution of the treatment paradigm. Cancer Treat Rev. 2020 
Jun;86:102019.  

Narrative review 

150 Uozumi R, Hamada C. Interim decision-making strategies in adaptive designs for 
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Supplementary file IV. Trial designs applied to personalised medicine  

Trial designs
1
 Sub-type of trial designs Variations and other names

2
 Core designs Feature domains

3
 

Marker stratified design (1-9) 

1) Marker-stratified design 
2) Biomarker-stratified design 
3) Stratified-Randomised design 

4) Stratification design  
5) Stratified design 
6) Stratified Analysis design 

7) Marker by treatment – interaction design  
8) Marker-by-treatment interaction design 
9) Treatment by marker interaction design 

10) Treatment-by-marker interaction design  
11) Marker x treatment interaction design 
12) Treatment-marker interaction design 

13) Biomarker-by-treatment interaction design 
14) Non-targeted RCT (stratified by marker) design 
15) Genomic Signature stratified designs 

16) Signature-Stratified design 
17) Randomisation or analysis stratified by biomarker status 

design 

18) Marker-interaction design 

 

 

  Randomise-all 

 

• Biomarker 

assessment 

• Biomarker-

positive and 
overall 

strategies   

• Randomisation  

• Subgroup 
specific 

Subgroup specific 

design 

Sequential-subgroup specific design (1) 

1) Sequential design 

2) Sequential testing  

3) Fixed-sequence 2 design 

4) Hierarchical fixed sequence testing procedure 

Randomise-all 

 

Parallel-subgroup specific design (1) 

1) Phase III biomarker-stratified design 

Randomise-all 

Biomarker-positive and 

overall strategies  

Trials allowing to study the 

treatment effect both in 

biomarker positives and 

the overall population 

Biomarker-positive and overall strategies with 

parallel assessment (1) 

1) Overall/biomarker-positive design with parallel 

assessment 
2) Prospective subset design 
3) Hybrid design

4
 

Randomise-all 

Biomarker-positive and overall strategies with 

sequential assessment (1,10) 

1) Overall/biomarker-positive design with sequential 
assessment 

2) Sequential design 
3) Fixed-sequence 2 design  
4) Hierarchical fixed sequence testing procedure 

Randomise-all 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2021-052926:e052926. 12 2022;BMJ Open, et al. Superchi C



Biomarker-positive and overall strategies with fall-

back analysis (1) 

1) Biomarker-stratified design with fall-back analysis 

2) Fall-back design 
3) Prospective subset design 
4) Sequential design 

5) Other analysis plan design 
6) Fallback design 

Randomise-all 

Marker sequential test design (1,11) 

1) MaST design 
2) Hybrid design

4
 

Randomise-all 

 Auxiliary variable–enriched biomarker-stratified 

design (AEBSD)
5 
(12) 

Randomise-

all
5
 

Hybrid design (1,5,13) 

1) Mixture design 
2) Combination of trial designs 
3) Hybrid biomarker design 

  Randomise-all • Biomarker 

assessment  

• Randomisation  

Biomarker strategy design with biomarker assessment in 

the control arm (1, 3-4, 13) 

1) Marker strategy design 
2) Biomarker-strategy design 

3) Strategy design 
4) Marker-based strategy design 
5) Marker-based design 

6) Random disclosure design 
7) Customized strategy design 
8) Parallel controlled pharmacogenetic study design 

9) Marker-based strategy design I 
10) Biomarker-guided design 
11) Biomarker-based assignment of specific drug therapy 

design 
12) Marker-based strategy I design 
13) Biomarker-strategy design with a standard control  

14) Marker strategy design for prognostic biomarkers 

  Biomarker-

strategy  

• Biomarker 
assessment  

• Randomisation 
in the non-

biomarker based 
strategy arm 
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Biomarker strategy design without biomarker assessment 

in the control arm  (1,4-6,8,13,14) 

1) Biomarker-strategy design with standard control 

2) Direct-predictive biomarker-based 
3) RCT of testing 
4) Test-treatment 

5) Parallel controlled pharmacogenetic diagnostic study 
6) Marker strategy 
7) Marker-based with no randomisation in the non-marker-

based arm 
8) Classical 
9) Marker-based strategy  

10) Marker strategy design for prognostic biomarkers 

  Biomarker-

strategy  

• Biomarker 

assessment  

• Randomisation 

in the non-
biomarker based 
strategy arm 

Biomarker strategy design with treatment randomisation in 

the control arm (1,6,8,13) 

1) Biomarker-strategy design with a randomised control 

2) Modified marker-based strategy design (for predictive 
biomarkers)  

3) Biomarker-strategy design with randomised control 
4) Marker-based design with randomisation in the non-

marker-based arm 
5) Marker-based strategy design II 
6) Marker-strategy design 

7) Augmented strategy design  
8) Trial design allowing the evaluation of both the treatment 

and the marker effect 

  Biomarker-

strategy  

• Biomarker 

assessment  

• Randomisation 

in the non-
biomarker based 
strategy arm 

Reverse marker based strategy (1,8,15)  

 

  Biomarker-

strategy  

• Biomarker 
assessment 

• Randomisation 
in the non-

biomarker based 
strategy arm 

Modified biomarker strategy design (3,13,14)  

1) Modified marker based strategy design 
 

  Biomarker-

strategy 

• Biomarker 

assessment 

• Randomisation 

Sequential Multiple Assignment Randomised Trial (SMART) 

design (16,17) 

  Randomise-all • Control group 

• Treatment 
tailoring aspects 

Adaptive biomarker design (14) 

1) Biomarker adaptive design 

  Randomise-all • Generic 
adaptive aspects 

• Biomarker 
assessment  

• PM specific 
adaptive aspects 
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Adaptive strategy for biomarker with measurement error (4)  

 

 Randomise-all • Generic 

adaptive aspects 

• Biomarker 

assessment  

Adaptive signature design (9,14,18,19) 

1) Two-stage adaptive signature design 
2) Adaptive two-stage design 

3) Biomarker adaptive signature design 

  Randomise-all 

 

• Generic 

adaptive aspects 

• PM specific 

adaptive aspects 

• Biomarker 

assessment  

• Inference 

framework 

 Adaptive threshold design (14,18,20,21)  

1) Biomarker adaptive threshold design 

Randomise-all 

 

Molecular signature design (18) Randomise-all 

Cross-validated adaptive signature design (13,18,19)  Randomise-all 

Generalized adaptive signature design  (14,18) Randomise-all 

Adaptive signature design with subgroup plots (18) Randomise-all 

 

Outcome-based adaptive randomisation design (3,4,18,22-

25) 

1) Adaptive randomisation Bayesian adaptive 

2) Bayesian adaptive randomisation 
3) Combined dynamic multi-arm 
4) Outcome-adaptive randomisation 

5) Outcome-based Bayesian adaptive randomisation 
 

  

 

 

 

 

 

 

Randomise-all  • Generic 

adaptive aspects 

• Biomarker 

assessment 

• Inference 

framework  

• Model 

 Bayesian covariate adjusted response-adaptive 

randomisation (18) 

Randomise-all 

Adaptive enrichment design   Enrichment 

 

• Generic 

adaptive aspects  

• PM specific 
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Adaptive threshold 

sample-enrichment 

design (4,13,14,18,26)  

1) Threshold sample-
enrichment approach 

2) Two-stage sample 

enrichment  
3) Two stage sample-

enrichment design 

strategy 
4) Two-stages adaptive 

threshold enrichment 

design 

 Enrichment 

 

adaptive aspects  

• Biomarker 
assessment 

• Inference 
framework 

Adaptive patient 

enrichment design (3-

5,13,18,19,27-29) 

1) Adaptive accrual  
2) Adaptive accrual 

based on interim 

analysis design 
3) Adaptive enrichment  
4) Adaptive modification 

of target population 
5) Adaptive population 

enrichment  

6) Two-stage adaptive 
design 

7) Two stage adaptive 

accrual 
 

Modified Bayesian version of the two-stage design 

(4,18)  

1) Two-Stage Bayesian design  

2) Bayesian adaptive enrichment design 

Enrichment 

 Adaptive design for population selection using 

correlated time to event endpoints (30) 

Randomise-

all
6
 

 

Bayesian adaptive patient enrolment restriction 

(BAPER) approach (31) 

Randomise-

all
6
 

Bayesian hierarchical model for response-adaptive 

randomised design (32) 

 

Randomise-

all
6
 

Biomarker stratified with a subgroup-focused 

sequential design (33) 

Randomise-

all
6
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Stratified adaptive design (18,33,34) 

Adaptive stratified design 

Randomise-

all
6
 

 

Adaptive parallel Simon two-stage design (18,35) 

1) Biomarker-adaptive parallel two-stage 
2) Adaptive parallel  

3) Two-parallel Simon 
4) Two-stage design 

  Randomise-all  • Generic 

adaptive aspects 

• Biomarker 

assessment  

 Parashar design (34) Randomise-all 

Multi-arm multi-stage design (18,36-38) 

1) Adaptive biomarker-driven design 
2) Adaptive analysis 

3) Adaptive multi-stage designs 
4) Multi-stage 
 

  Randomise-all  

 

• Generic 

adaptive aspects  

• Biomarker 

assessment  

• PM specific 

adaptive aspects 

• Inference 

framework 
 

 Two-stage adaptive seamless design (4,5,18,22,39) 

1) Seamless Phase II/III designs 
2) Adaptive Seamless  
3) Phase II/III Adaptive design 

4) Two-stage Adaptive Seamless design  
5) Adaptive Seamless Phase II/III design 

 

Randomise-all  

 

Group sequential design (18) 

 

Randomise-all 

Bayesian subgroup based adaptive design (SUBA) 

(40,41) 

Randomise-all 

Tandem two stage design (18) 

1) Tandem two-step phase II trial 

2) Tandem-two step trial (phase II) 
3) Tandem two-step phase 2 trial design 
4) Tandem two-step 

  Randomise-all  • Generic 
adaptive aspects 

• Biomarker 
assessment 

Platform design (22,37,38,47,49,42-54) 

 

  Master 

protocols 

• Generic 
adaptive aspects 

• Control group 

• Inference 

framework 

Open adaptive platform  

(55) 

 

Randomised, embedded multifactorial adaptive 

platform (REMAP) (22) 

 

Master 

protocols 
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Bayesian Adaptive Platform Trial (56) Master 

protocols 

Closed platform (55)  Master 

protocols 

Basket design 

(3,4,27,43,44,47,48,49,50,52,57,58,59,60,61,62,63,64,65,66,67,

68, 69,70,71,72,73,74,75,76) 

 

  

  Master 

protocols 

 

• Biomarker 
assessment 

• Inference 
framework   

• Model  

• Randomisation 

 
Randomised basket 

design (60,77) 

 Master 

protocols 

 

Non randomised basket 

design 

 Master 

protocols 

 Bayesian basket design (60,78-80) Master 

protocols 

Sequential basket trial design with Bayesian 

monitoring rules (81) 

Master 

protocols 

Bayesian latent subgroup trial (BLAST) design for 

basket trial (82) 

Master 

protocols 

Bayesian hierarchical adaptive design (83) Master 

protocols 

Basket of basket design (52,65) 

 

  Master 

protocols 

• Biomarker 
assessment 

• Inference 
framework   

• Model  

• Randomisation 

 

Umbrella design (3,4,14,27,42, 

43,44,47,48,49,50,51,52,57,60,61,62,65,66,67,70,72,74,75,80,8

4,85,86,87,88)  

 

 

  Master 

protocols 

 

• Biomarker 

assessment 

• Inference 

framework   

• Model  

• Randomisation 
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1
 The names reported listed under the design name header are alternate names for the same trial design. 

2
 The trial designs reported in the Variations and other names column were identified in the literature and classified as variations by the research team based on previous classifications (1,18). 

3 The feature domains are referred to the trial designs. The feature domains include the key design features that characterise a trial design for personalised medicine, and that should be 
carefully considered when designing a trial. They are reported together with the corresponding detailed features in Table 2 (in the main article). 	

4 “Marker sequential test design” and “Biomarker-positive and overall strategies with parallel assessment” are also named as “Hybrid design” in the literature, although they present a different 
trial design compared to what we meant as “Hybrid design”		

5
 We classified Auxiliary variable–enriched biomarker-stratified design (AEBSD) as Randomise-all because both patients with positive and negative auxiliary biomarkers are randomised to the 

control and treatment arm. However, this design enriches the randomized cohort based on an inexpensive auxiliary variable, thereby avoiding testing the true biomarker on all screened 
patients and reducing treatment waiting time (92). 

6
 These designs first use a Randomise-all design and based on the results of the interim analysis could enrich the population.  

	

	

	

	

	

	

	

	

	

Randomised umbrella 

design (89) 

 

 Master 

protocols 

 

Non randomised 

umbrella design 

 Master 

protocols 

 Bayesian adaptive umbrella design (90) Master 

protocols 

Umbrella-basket hybrid (91) 

 

  Master 

protocols 

• Biomarker 

assessment 

• Inference 

framework   

• Model  

• Randomisation 
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Supplementary file V. Definition, methodology, and statistical considerations of identified trial designs 
The information on the definition, methodology and statistical considerations was extracted verbatim. 
 

Trial designs Sub-type of 

trial designs 

Variations Definition Methodology Statistical considerations 

Marker 

stratified 
design 
 

  The marker-by-treatment interaction 

design detects the interaction 
between biomarker and treatment 
effect by using biomarker status as 

stratum (or strata) with the 
presumption that the entire 
population can be separated by 

marker-defined subgroup(s). 
(Lin2015) 

All patients are randomly assigned to 

treatments, but the results are analyzed 
according to biomarker status. (Ahmad2013) 

Marker-stratified designs can be conducted using 

two different testing plans; the so-called 1) marker-
by-treatment interaction with separate tests and 2) 
marker-by-treatment interaction with interaction test. 

Both of these approaches involve conducting two 
independent clinical trials. 
 

1) The marker-by-treatment interaction design using 
separate tests is a testing plan which determines 
whether the novel treatment is superior to the 

control treatment separately within each biomarker-
defined subgroup. Consequently, the hypothesis to 
be tested, the calculation of the number of patients 

required for the trial, the estimation of the statistical 
power of the design and the randomization 
procedure of patients to different treatments are 

independent among the different subgroups. The 
sample size of the trial should be calculated in such 
a way so as to yield adequate statistical power 

when testing whether the experimental treatment is 
superior to the control treatment separately in the 
two biomarker-defined subgroups. Hence, this 

approach is not widely used due to the required 
large sample size as essentially two separate trials 
are being conducted. Another limitation of this 

approach is that when multiple biomarker-defined 
subsets and treatments are to be investigated, it is 
difficult to implement in practice. 

 
2) The marker-by-treatment interaction using 
interaction test uses a test for interaction between 

the biomarker status and treatment assignment. A 
marker stratified design which uses this testing plan 
is also referred to in the literature as an "interaction 

design" or "genomic signature stratified design". 
First, a formal statistical test for interaction between 
biomarker status and treatment assignment is 

undertaken. If this interaction is not significant, then 
the study is continued by testing the different 
treatments overall at a two-sided significance level 

of 0.05, otherwise, the treatments are compared 
within each biomarker-defined subpopulation at a 
two-sided 0.05 significance level (i.e., the same as 

in the marker-by-treatment interaction design using 
separate tests). The sample size for this second 
testing plan is calculated with reference to the 
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treatment effect in the entire study population. 

Therefore, it might not provide sufficient power for 
detecting the treatment effect in each biomarker 
defined-subset individually. More precisely, if the 

sample size is calculated for the overall analysis 
and the proportion of the biomarker-defined 
subpopulation which responds to the novel 

treatment is very small, the statistical power for the 
subgroup analysis may be inadequate. In addition, 
when several biomarker-defined subpopulations 

and treatments are to be investigated, this strategy 
is not easy to be implemented. (Antoniou2017) 

Individuals are stratified into biomarker-positive 

and biomarker-negative subgroups according to 
the results of the biomarker assessment and 
then they are randomized either to the 

experimental or to the control treatment group. 
The biomarker status in the Marker-Stratified 
design acts as a stratification factor where 

stratification is used to ensure balance across 
treatment groups with regard to biomarkers. 
Only individuals with valid biomarker results 

enter the trial. Consequently, we have four 
treatment groups, i.e., biomarker-positive 
patients assigned to either the experimental 

treatment arm or the control treatment arm and 
biomarker-negative patients assigned to either 
the experimental treatment arm or the control 

treatment arm. (Antoniou2017) 

It refers to marker-by-treatment interaction with 

separate tests 
 
The hypothesis to be tested, the sample size 

calculation and power estimation, and the 
randomization procedure are independent among 
subgroups. (Galanis2011) 

[…] a trial randomizing patients to 
experimental versus control 

treatments within marker-defined 
subgroups (Renfro2016_Clinical trial 
designs incorporating) 

 It refers to marker-by-treatment interaction 
with separate tests 

 
[…] all patients with a valid marker result are 
assigned to a marker-based subgroup, and 

within each subgroup, patients are randomized 
between two or more treatment arms. 
(Galanis2011) 

It refers to marker-by-treatment interaction with 
interaction test 

 
[…] the sample size is calculated to provide 
adequate power to test for a different treatment 

effect in the two marker groups (Galanis2011) 

In this design, patients are randomized in 
different treatment groups. Although their 
biomarker status is prospectively determined, it 

does not impact on treatment decision. […] A 
variation on the marker by treatment interaction 
design allows for its use in trials in which each 

arm does not need to be individually powered to 
evaluate the primary hypothesis, but instead the 
trial as a whole is powered to assess for 

interaction between treatment effect and 
biomarker subgroup. (Johnson2013) 

The sample size is, however, calculated to provide 
adequate power to test for a different treatment 
effect in the different marker groups (Johnson2013) 
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The subjects are then randomized to treatment 

arms within marker defined groups. Statistical 
modeling including interaction effect or statistical 
test for dependency between two factors, such 

as interaction term of treatment by biomarker for 

continuous end point or 𝑋! for categorical end 
point, may then be implemented. (Lin2015) 

[…] several null hypotheses are tested to examine 

the efficacy of the experimental treatment. This 
leads to Type I error rate inflation and a multiplicity 
adjustment must  be applied to control the 

familywise error rate (FWER) in the strong sense. 
(Ondra2016) 

This design includes four arms, where patients 

are screened for biomarker status and 
randomization, stratified for the biomarker 
status, is performed. Biomarker-positive as well 

as biomarker-negative patients are randomized 
to the treatment T and control C […]. 
(Ondra2016) 

• Requires excellent assay performance 

• Requires fast assay turn-around time  

(From Table 1. Renfro2016_Clinical trial designs 
incorporating) 

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. 

(Renfro2017_Precision oncology) 

In this case the RCT comparing the new 
treatment to control includes both test-positive 

and test-negative patients, but a prospective 
primary analysis plan stipulating how the test will 
be used in the analysis of treatment effect is 

defined in the protocol. (Simon2010_Clinical 
trials for predictive) 

Subgroup 
specific 
design 

 

Sequential-
subgroup 
specific design 

 

 The sequential testing procedure uses the 
assumption that it is unlikely that the 
new treatment will be effective in the biomarker-

negative patients unless it is effective in the 
biomarker-positive patients. First treatment 
effect is tested in the biomarker-positive 
subpopulation using the overall two-sided 

significance level 𝛼  = 0.05 (Type I error); if this 
test is significant then treatment effect is tested 
in the biomarker-negative subgroup using the 

same level of significance 𝛼. (Antoniou2017) 

[…] requires a smaller number of positive patients 
as compared to the second type of subgroup-
specific design, the so-called parallel subgroup-

specific design (Antoniou2017) 

Parallel-
subgroup 
specific design 

 

[…] evaluates treatment effects 

separately in the positive biomarker-
defined 

subgroup and in the negative 
biomarker-defined subgroup 
simultaneously. (Antoniou2017) 

In order to control the overall type I error rate of 
the design at the overall 
level of significance (Type I error) it is required to 

allocate this overall 
between the test for the biomarker-positive 

subgroup and the test for the biomarker-negative 

subgroup using the Bonferroni correction 
method for multiple testing.This trial design is 
powered in such a way so as to detect the 

treatment effect in each biomarker-defined 

subgroup separately. A higher portion of the type 
I error rate can be given for the test within the 

biomarker-positive subgroup in order to 
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maximize the power of the trial to identify the 

treatment effect in this subpopulation. However, 
even if there is a slight increase in the type I 
error probability spent on the test of one of the 

biomarker-define subgroups, the power would 
probably not change much. (Antoniou2017) 

Biomarker-

positive and 
overall 
strategies  

  

Biomarker-

positive and 
overall 
strategies with 

parallel 
assessment 

 

In the parallel version, we test both 

the overall population and 
biomarker-positive subgroup 
simultaneously. (Antoniou2017) 

 

In this approach the treatment effect is tested in 

both the entire study population and in the 
biomarker-positive patients while controlling the 
type I error by allocating the overall significance 

level between the two tests. The significance 
level a can be considered as one-sided or two-
sided. (Antoniou2017) 

 
 

 

Biomarker-

positive and 
overall 
strategies with 

sequential 
assessment 

 

 In this sequential version of the biomarker-

positive and overall strategies, we first test the 
biomarker-positive subgroup using the 
significance level a; if the test is significant, then 

we test the treatment effect in the overall 
population using the same a level. The 
significance levels a can be considered as one-

sided or two-sided significance levels. 
(Antoniou2017) 

As this design comprises two sequential stages, it 

follows that the sample size calculation should also 
be staged. At the first stage, the standard formula 
for a traditional randomized trial can be used for the 

biomarker-positive subgroup using the significance 
level a to estimate the treatment effect in that 
subset. More precisely, the formula used in the 

enrichment design for the required total number of 
events or the required number of patients can be 
used at the first stage of this design. At the second 

stage, the sample size must be adjusted in order to 
yield appropriate power for the entire population. 
(Antoniou2017) 

Biomarker-
positive and 
overall 

strategies with 
fall-back 
analysis 

 
 

It evaluates both the treatment effect 
in the overall study population and in 
the biomarker-positive subgroup 

sequentially. (Antoniou2017) 

In the fall-back design, we first test the overall 
population using the reduced significancance 

level 𝑎! and if the test is significant, we consider 

that the novel treatment is effective in the overall 
population; however, if the result is not 
significant then we test the treatment effect in 

the biomarker-positive subgroup using the level 

of significance 𝛼! = 𝛼 −  𝑎
!,where a is the 

overall significance level (Type I error rate). The 
significance levels a can be considered as one-

sided or two-sided significance levels. 
(Antoniou2017) 

The sample size should be set in such a way so as 
to yield adequate power for the overall test at the 

reduced significance level 𝑎!and for the potential 

biomarker positive subgroup analysis at significance 

level 𝛼 −  𝑎
!, (Antoniou2017) 
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Marker 

sequential test 
design 
 

[…] allows sequential testing of the 

treatment effect in the biomarker 
subgroups and overall population 
while controlling the relevant type I 

error rates. (Freidlin2014) 
 

This design sequentially tests the treatment 

effect in the subgroups and the overall 
population. First, the biomarker-positive 

subgroup is tested at a reduced level 𝑎 
!. If it is 

significant, then the biomarker negative 

subgroup is tested at the level 𝛼. If the 
biomarker-positive subgroup test is not 
significant, then the overall population is tested 

at the 𝛼! = 𝛼 −  𝑎
!

 level. For any choice of a1 (in 

[0, 𝛼]), the design controls the probability of 
rejecting H0+ or H0- under the global null at 
level a. (Freidlin2014) 

 

[…] it evaluates not only the 

biomarker-positive and biomarker-
negative subgroups but also the 
entire population sequentially to limit 

the assessment of treatment effect 
in the overall population when it 
seems that the biomarker-positive 

subgroup does not benefit from the 
novel treatment. (Antoniou2017) 

In this design which owns an adaptive nature, 

first the biomarker-positive subgroup is tested at 

a reduced level 𝑎! in [0, 𝛼] and if the results is 
significant, then the biomarker-negative 
subgroup is tested at the global significance 

level a. Otherwise, if the result is not significant, 
then the overall population is tested at level 

𝛼
!
= 𝛼 −  𝑎

!
  in order to make a treatment 

recommendation for the biomarker-negative 
patients. (Antoniou2017) 

 Auxiliary 
variable–

enriched 
biomarker-
stratified 

design 
(AEBSD) 

[…] we focus on a new auxiliary 
variable-enriched biomarker-

stratified design (AEBSD) where the 
M+ subpopulation is enriched 
through an inexpensive auxiliary 

variable that is moderately or highly 
correlated to the true biomarker. 
This design retains the assessment 

of the treatment effects for the 
desired subpopulation and the 
overall population while maintaining 

the “enriched” feature of trial design 
for efficiency. (Wang2018) 

  

Hybrid design 

 

  In this approach, only the biomarker-

positive patients are randomly 
assigned to either the experimental 
treatment group or to the control 

treatment group whereas the 
biomarker-negative patients receive 
the control treatment. 

(Antoniou2017) 

Similar to the enrichment design, hybrid designs 

are powered to identify treatment 
effect only in the biomarker-defined subgroup, 
which is randomly assigned to the experimental 

or control treatment groups. Consequently, the 
same formula used for the required number of 
patients or events for the enrichment designs 

can be used for hybrid designs. (Antoniou2017) 
 

 

The most straightforward hybrid 
design is an extension from 

enrichment design: subjects who do 
not have predicted responsive 
biomarker will stay in the study and 

receive standard care. (Lin2015) 
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[…]  an enrichment flow is combined 

in parallel with a single-arm trial of 
standard therapy in biomarker-
negative patients (Tajik2013) 

Biomarker 

strategy 
design with 
biomarker 

assessment in 
the control arm 

 

  Biomarker status is assessed in all 

patients enrolled in the trial, who are 
then randomly allocated to either the 
biomarker-strategy arm or to 

standard treatment. (Tajik2013)  
 

First, the study population enrolled in the trial is 

tested for its marker status. Next, patients 
irrespective of their biomarker status are 
randomized either to the biomarker-based 

strategy arm (also referred to as personalized 
arm) or to the non-biomarker-based strategy 
arm. In the biomarker-based strategy arm, 

biomarker-positive patients receive the 
experimental treatment, whereas, biomarker-
negative patients receive the control treatment. 

Patients who are randomized to the non-
biomarker-based strategy arm receive the 
control treatment irrespective of their biomarker 

status. (Antoniou2017) 
 

• Requires strong predictive marker evidence 

• Requires excellent assay performance 

• Requires fast assay turn-around time  

• Enrolls and treats all eligible patients∑ 

(From Table 1. Renfro2016_Clinical trial designs 

incorporating) 

A design that focuses specifically on 
the role of a biomarker in the 
treatment decision-making process 

[…]. (Renfro2016_Clinical trial 
designs incorporating) 

In this design, patients are randomized at the 
time of screening to a treatment strategy (often 
standard of care) that ignores the biomarker 

versus a strategy taking biomarker status into 
account, through direct assignment to targeted 
therapies matched to the biomarker status of 

each eligible patient. Primary outcome analyses 
are then made between treatment strategies 
rather than specific treatments, with the 

hypothesis that better outcomes will be observed 
among those patients treated according to 
(versus independent of) their biomarker status. 
At the same time, questions regarding the best 

treatment for patient subgroups may remain 
unanswered as treatment randomization within 
marker subgroups may not occur. 

(Renfro2016_Clinical trial designs incorporating) 

 

In this design, patients are screened for 

biomarkers and then randomized to a treatment 
strategy that takes biomarker status into account 
(often a targeted therapy) versus a treatment 

that ignores the biomarker (often a stardard 
care.) (Renfro2016_Precision oncology) 
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Biomarker 

strategy 
design without 
biomarker 

assessment in 
the control arm 

 

  In settings where it is not feasible or 

ethical to evaluate the biomarker in 
all patients, biomarker status is only 
acquired in patients allocated to the 

biomarker-strategy arm. (Tajik2013) 

In this approach, patients are again randomized 

between testing strategies (i.e.,biomarker-based 
strategy and non-biomarker-based strategy) but 
it differs in terms of the timing of biomarker 

evaluation. More precisely, first, patients are 
randomized to either the biomarker-based 
strategy or to the non-biomarker-based strategy. 

Next, this design evaluates the biomarkers only 
in patients who are assigned to the biomarker-
based strategy. Patients who are found to be 

biomarker-positive will receive the experimental 
treatment and patients who are biomarker-
negative will receive the control treatment. On 

the other hand, the population which is 
randomized to the non-biomarker-based strategy 
will receive the control treatment. 

(Antoniou2017) 
 

The same mathematical formula for sample size 

calculation assuming a continuous clinical outcome 
proposed by Young et al. (2010) and the formula 
assuming binary outcome proposed by Eng, 2014 

for the biomarker-strategy design with biomarker 
assessment in the control arm could be applied. 
Further, in terms of survival outcome, the same 

formula provided for the required number of events 
in the first version of biomarker-strategy designs 
(i.e., biomarker-strategy design with biomarker 

assessment in the control arm) could be 
considered. (Antoniou2017) 
 

In the marker-based strategy design, each 

patient with known marker status is randomly 
assigned to two strategy groups: the marker-
based strategy group, and 

the non marker-based strategy group. All 
patients assigned to the marker-based strategy 
group are assigned to different treatments 

(standard or experimental) based on their 
biomarker status, while patients assigned to the 
non marker-based strategy group all receive the 

standard treatment. (Galanis2011) 

 

Biomarker strategy design recruits eligible 
subjects regardless of their biomarker 

status, just like all-comer design. The subjects 
will then be randomized to control arm (to 
receive placebo or standard care) or 

experimental arm. For the subjects in 
the experimental arm, their biomarker status will 
be tested before they are assigned to 

intervention treatment group or control group 
depending on their biomarker status. (Lin2015) 

Patients are randomized to either the control 
(without screening) or the biomarker-guided 
treatment strategy arm. Within the latter arm, the 

biomarker status is determined and all biomarker 
positive patients receive the experimental 
treatment T whereas the biomarker-negative 

patients receive the control C. (Ondra2016) 
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The control arm determines treatment using 

practice standards based on staging and 
existing prognostic factors. The new biomarker 
is not measured for patients that are randomized 

to the control arm. Patients randomized to the 
experimental arm have the candidate biomarker 
measured and this is used in conjunction with 

staging and other prognostic factors to 
determine treatment. This design is very flexible, 
but often very inefficient in the sense that the 

same objectives can be obtained with fewer 
patients using other designs. 
(Simon2010_Clinical trial designs for evaluating) 

Biomarker 

strategy 
design with 
treatment 

randomisation 
in the control 
arm 

 
 

  The biomarker-strategy design with 

treatment randomization in the 
control treatment is able to inform us 
about whether the biomarker-based 

strategy is better than not only the 
standard treatment but also better 
than the experimental treatment in 

the overall population. 
(Antoniou2017) 

Patients are first randomly assigned to either the 

biomarker-based strategy arm or to the non-
biomarker-based strategy arm. Next, patients 
who are allocated to the non-biomarker-based 

strategy are again randomized either to the 
experimental treatment arm or to the standard 
treatment arm irrespective of their biomarker 

status. Patients who are allocated to the 
biomarker-based strategy and who are 
biomarker-positive are given the experimental 

treatment and patients who are biomarker-
negative are given the control treatment. 
(Antoniou2017) 

This design may require a larger sample size 

because some of the biomarker-negative patients in 
the randomization arm also receive the control 
treatment and some of the biomarker-positive 

patients the experimental treatment. This leads to a 
diluted treatment effect and may result in lower 
statistical power. (Ondra2016) 

 

[…] patients randomized to the non-

biomarker strategy arm are again 
randomized between the 
experimental treatment and control. 

This design tests the impact of the 
biomarker-guided strategy against a 
random allocation procedure which 

does not take the biomarker into 
account. (Ondra2016) 

[…] all patients in the non marker-based strategy 

group will have a second randomization and are 
assigned to one of the two treatments being 
used in the marker-based group. (Galanis2011) 

[…] modification of the biomarker-

strategy design, wherein a second 
randomization between experimental 
versus control therapy replaces the 

control arm. (Tajik2013) 

Reverse 
marker based 

strategy 

  […] version of biomarker-strategy 
designs where the non-biomarker-

based strategy arm which is 
included in the three aforementioned 
subtypes of biomarker-strategy 

designs is replaced by the reverse 
marker-strategy arm. 
(Antoniou2017) 

In this design patients are randomized either to 
the biomarker-based strategy arm or the reverse 

biomarker-based strategy arm. As in the 
previous three biomarker-strategy subtype 
designs, patients who are allocated to the 

biomarker-strategy arm receive the experimental 
treatment if they are biomarker-positive whereas 
biomarker-negative patients receive the control 

treatment. By contrast, patients who are 
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randomly assigned to the reverse biomarker-

based strategy arm receive control treatment if 
they are biomarker-positive, whereas biomarker-
negative patients receive experimental 

treatment. (Antoniou2017) 

[…] it employs a two-arm 
randomization scheme, provides a 

direct estimate of the marker-
strategy response rate, and 
evaluates the interaction between 

the marker and possible treatments. 
(Eng2014) 
 

Patients are randomly assigned to one of the 
two treatment strategies. In the first arm 

biomarker-positive patients receive the 
experimental treatment whereas biomarker-
negative patients are allocated to receive the 

control. By contrast, in the second arm 
biomarker-positive patients receive the control 
and biomarker-negative patients receive the 

treatment. (Ondra2016) 

Modified 
biomarker 

strategy 
design 
 

 

  […]  is similar to a marker strategy 
design, except that it includes 

multiple targeted molecular profiles, 
thereby accommodating a more 
heterogeneous patient population. 

(Renfro2017_Precision oncology) 

In this framework, the final analysis compares 
the marker-based strategy arm versus the non 

marker- based strategy arm (i.e. conventional, 
physician-directed) across all profiles. 
(Renfro2017_Precision oncology) 

 

[…] measuring the test in all patients 

and only randomizing patients for 
whom the treatment assignment is 
influenced by marker result 

(Simon2010_Clinical trial designs for 
evaluating) 

Before randomization, the practice standard-

determined treatment and the marker-based 
treatment are identified. Only patients for whom 
the two treatments differ are randomized. 

(Simon2010_Clinical trial designs for evaluating) 

[…] only patients for whom the 

treatment assignment is influenced 
by biomarker results are randomized 
(Tajik2013) 

Sequential 
Multiple 
Assignment 

Randomised 
Trial (SMART) 
design 

  The SMART design is used to 
sequence interventions based on a 
person’s response. As such, the 

SMART design involves comparing 
sequences of interventions in terms 
of the effectiveness of the 

intervention, as well as the 
adjustment of intervention 
components and duration. SMART 

designs provide a systematic 
approach for testing decision rules 
involved in sequencing interventions 

(Doorenbos2019) 

[…] the planning process can be broken 
into four main components or key steps: (a) 
Formulate the research question(s) to be 

answered, (b) identify and decide the 
intervention sequences, (c) define the response 
to the interventions, and (d) identify tailoring 

variables. (Doorenbos2019) 
 

 

The SMART design allows for the 
assessment and comparison of 

adaptive treatment strategies (ATSs, 
also known as dynamic treatment 
regimes), which consist of a 

sequence of individually tailored 
therapies during the course of 
treatment. (Kidwell2013) 
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Adaptive 

biomarker 
design 
 

 

   Let S(k) denote the log-likelihood measure of 

treatment effect for patients who are positive for 
biomarker Bk and let k* denote the biomarker for 
which S(k) is maximum. The statistical 

significance of S(k*) is determined by permuting 
the treatment group labels of the patients and 
then re-evaluating the treatment effects within 

the positive subsets of the K binary classifiers. 
Using bootstrap resampling, one can evaluate 
the proportion of the times that each patient is 

included in the positive subset of the selected 
biomarker and obtain a confidence interval for 
the treatment effect in the selected subset. 

(Simon2010_Clinical trial designs for evaluating) 

 

Adaptive 
strategy for 

biomarker with 
measurement 
error 

   The trial is comprised of two stages: in the first 
stage, patients are randomized to treatment 

driven by the gold-standard biomarker versus 
standard of care chemotherapy, while the 
secondary marker value is also recorded. In the 

second stage, the trial may switch toward use of 
the cheaper secondary marker if the two 
markers are highly concordant for predicting 

strategy benefit at an interim analysis between 
the stages. At the trial’s conclusion, the primary 
objective is comparison of treatment strategies 

with or without use of the primary or secondary 
biomarker. (Renfro2016_Clinical trial designs 
incorporating) 

 

Adaptive 
signature 
design 

 

  It is a two-stage Phase III non-
Bayesian trial design for settings 
where an assay or signature that 

identifies sensitive patients (i.e, 
biomarker-positive patients) is not 
known at the outset. (Antoniou2016) 

The design begins with a comparison between 
the experimental treatment and the standard 
treatment in the entire study population at a pre-

specified level of significance. In case that the 
overall result is positive, it is considered that the 
treatment is beneficial and the trial is closed. If 

the comparison in the overall population is not 
promising, then the entire population is divided 
in order to develop and validate a biomarker, 

using a split sample strategy. More precisely, a 
portion of patients is used to detect a biomarker 
signature that best distinguishes subjects for 

which the novel treatment is better than the 
standard treatment. (Antoniou2016) 

Although the adaptive signature design allows for 
approval of the novel treatment in a quick and 
efficient way, the main statistical challenges to be 

taken into account include the potential increase in 
the number of patients and the limited power to 
assess the treatment effect in the biomarker-defined 

subgroup. However, this approach avoids 
introduction of bias since the adaptations do not 
involve modifications in allocation ratio and eligibility 

criteria. Further, it prevents the inflation Type I error 
rate as the design does not use the study 
population which was employed to develop the 

predictive signature for the assessment of the 
treatment effect. (Antoniou2016) 

Develops a predictive signature in a 

training set of the trial and evaluates 
the treatment effect for signature 
and patients in the test set. 

(Simon2010_Clinical trial designs for 
evaluating) 
 

If the overall treatment effect is not significant at 

a reduced level a1, the patients in the clinical 

trial are partitioned into a training set and a 

validation set. A classifier is developed in the 

training set. The classifier identifies the patients 

who appear to benefit from the new treatment T 

compared to the control C. Freidlin and Simon 

provided methods for developing this classifier 

based on whole genome transcript expression 

Statistical tests should be conducted appropriately 

in this design to account for multiplicity. 
(Zhang2017_Advancing cancer drug) 
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data, but the analysis approach can be used 

much more broadly. For example, the training 

set can be used just to select among a set of 

candidate single gene/protein classifiers or to 

optimize a pre-defined classifier with regard to a 

new platform for measurement. In any case, the 

classifier defined on the training set is used to 

classify the patients in the validation set as 

either sensitive, that is, predicted likely to benefit 

from the new treatment T relative to C or not 

sensitive. One then compares outcomes for the 

sensitive patients in the validation set who 

received T versus the sensitive patients in the 

validation set who received C. Let L denote the 

log-rank statistic (if outcomes are time-to-event) 

for this comparison of T versus C of sensitive 

patients in the validation set. If the statistical 

significance L is less than 0.05-a1 (e.g., 0.02), 

then treatment T is considered superior to C for 

the subset of the patients predicted to be 

sensitive using the classifier developed in the 

training set. Freidlin et al. [22] recently 

demonstrated that the power of this approach 

can be substantially increased by embedding the 

classifier development and validation process in 

a K-fold cross-validation. (Simon2010_Clinical 

trials for predictive) 

The adaptive signature design 
(Freidlin et al., 2010) is a design 
proposed to select the subgroup 

using a large number of potential 
biomarkers by dividing patients into 
two groups: a training group and a 

validation group. 
(Zhang2017_Advancing cancer 
drug) 

At the conclusion of the trial, the new treatment 
is compared with the control overall, using a 
threshold of significance of a1, which is 

somewhat less than the total. A finding of 
statistical significance at that level is taken as 
support of a claim that the treatment is broadly 

effective. At that point, no biomarkers have been 
tested on the patients, although patients must 
have tumor specimens collected to be eligible for 

the clinical trial. If the overall treatment effect is 
not significant at the a1 level, a second stage of 
analysis takes place. The patients are divided 

into a training set and a testing set. The data for 
patients in the training set is used to define a 
single subset of patients who are expected to be 

most likely to benefit from the new treatment 
compared with the control. Freidlin and Simon 
used a machine learning algorithm based on 

screening thousands of genes for those with 
expression values that interact with the 
treatment effect, but the design can be used with 

other algorithms and even with candidate 
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classifiers that do not involve gene expression. 

When that subset has been explicitly defined, 
the new treatment is compared with the control 
for patients in the test set who display the 

characteristics defined by that subset. The 
comparison of the new treatment with the control 
in the subset is restricted to patients in the test 

set in order to preserve the principle of 
separating the data used to develop a classifier 
from the data used to test treatment effects in 

subsets defined by that classifier. The 
comparison of treatment with control for the 
subset uses a threshold of significance of a-a1 in 

order to ensure that the overall chance of a 
false-positive conclusion is no greater than a. 
These thresholds can be sharpened using the 

methods of Song and Chi [39]. 
(Simon2010_Clinical trial designs for evaluating) 

It combines a definitive test for treatment effect 

in entire patient population with identification and 

validation of a biomarker signature for the 

subgroup sensitive patient population. There are 

three elements in this design: (a) trial powered to 

detect the overall treatment effect at the end of 

the trial; (b) identification of the subgroup of 

patients who are likely to benefit to the targeted 

therapy at the first stage of the trial; (c) statistical 

hypothesis test to detect the treatment difference 

in sensitive patient population based only the 

subgroup of patients randomized in the latter 

half of the trial. These elements are pre-

specified prospectively. (Zhang2017_Advancing 

cancer drug) 

 Adaptive 

threshold 
design  
 

 

[…] the Adaptive Threshold design 

was suggested for settings in which 
a putative biomarker is measured on 
a continuous or graded scale with its 

threshold for detecting individuals 
who would benefit from the novel 
treatment not predefined at the initial 

stage of a Phase III trial. 
(Antoniou2016) 
 

The difference between the main design 

(Adaptive Signature design) and this variant 
corresponds to the biomarker-positive subset. 
More precisely, in the main design, if there is no 

claim of treatment effectiveness in the entire 
population, then a portion of individuals is used 
to develop a predictive biomarker signature and 

the remaining portion is used to compare the 
treatment effect. However, in this variant if there 
is no claim of treatment effectiveness in the 

entire population, the design identifies and 
validates a cut-off point for a prospectively 
selected biomarker. Adaptations here are 

referred to the subgroup and there are no 
modifications regarding the required number of 
patients or randomization ratio. In this design, 

human samples are collected to measure a pre-

Two analysis plans compose this approach, the so-

called ‘analysis plan A’ and ‘analysis plan B’.  The 
first plan is identical to the strategy proposed for the 
Adaptive Signature design. The second plan uses a 

more effective method to accommodate the 
multiplicity issue when combining the statistical 
tests for the entire population and the biomarker-

defined subgroup by incorporating the correlation 
structure of the two test statistics. (Antoniou2016) 
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specified biomarker from the entire population at 

the beginning of the study but the value of 
biomarker is not used as an eligibility criteria. 
(Antoniou2016) 

[…] tumor specimens are collected 
from all patients at trial entry, but the 
value of the predictive index is not 

used as an eligibility criteria 
(Simon2010_Clinical trial designs for 
evaluating) 

Analysis plan A begins with comparing the 
outcomes for all patients receiving the new 
treatment with those for all control patients. If 

this difference in outcomes is significant at a 

prespecified significance level (𝛼!), the new 
treatment is considered effective for the eligible 
population as a whole. Otherwise, a second 

stage test is performed using the significance 

threshold of 𝛼! = 0.05-𝛼!. The second-stage test 
involves finding the cut-point b* for which the 

difference in outcome of the treatment versus 
control (i.e., the treatment effect) is maximized 
when the comparison is restricted to patients 

with predictive index scores above that cut-point. 
The statistical significance of that maximized 
treatment effect is determined by generating the 

null distribution of the maximized treatment 
effect under random permutations of the 
treatment labels. If the maximized treatment 

effect is significant at level 𝛼! of this null 
distribution, the test treatment is considered 
effective for the subset of patients with a 
biomarker value above the cut-point at which the 

maximum treatment effect occurred. 
(Simon2010_Clinical trial designs for evaluating) 

• […] a new adaptive enrichment 

design (AED) 

• […] does not adaptively adjust 

the total sample size after stage 

1 or the sample size in stage 2 

(Diao2018) 

For example, with the adaptive threshold design 

we assumed that a predictive biomarker score 
was prospectively defined in a randomized 
clinical trial comparing a new treatment T to a 

control C. The score is not used for restricting 
eligibility and no cut-point for the score is 
prospectively indicated. A fallback analysis 

begins as described above by comparing T to C 
for all randomized patients using a significance 

threshold 𝛼!, say 0.03, less than the traditional 
0.05. If the treatment effect is not significant at 

that level, then one finds the cut-point s* for the 
biomarker score which leads to the largest 
treatment effect in comparing T to C restricted to 

patients with score greater than s*. 
(Simon2010_Clinical trials for predictive) 
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The biomarker-adaptive threshold 

design (BATD) allows researchers to 
simultaneously study the efficacy of 
treatment in the overall group and to 

investigate the relationship between 
a hypothesized predictive biomarker 
and the treatment effect on the 

primary outcome.(Riddell2016) 

The stage-1 analysis can be based on historical 

or pilot studies. The enrichment in stage 2 is 
expected to increase power for hypothesis 
testing using either data from stage 2 alone or 

combined data from both stages. The Cox 
regression model for survival endpoints is 
employed for the AED. However, the proposed 

methods can be easily generalized to any other 
applications where a regression model is mainly 
used for inference. Different criteria for 

determination of the biomarker cutpoint based 
on stage-1 data are proposed. (Diao2018) 

Molecular 

signature 
design 

It is a Phase III design which collects 

tissue samples from the entire 
population at the start of the trial and 
analyse them when the study is near 

completion. (Antoniou2016) 

After the collection of tissue samples from the 

entire population, all patients are randomized to 
either the experimental treatment or the 
standard treatment. The methodology is similar 

to the Adaptive Signature design. 
(Antoniou2016) 

This approach makes the comparison of the novel 

drug with the standard of care, but on a primary 
outcome measure which here is the overall survival 
using the significance level of 0.04. In case that the 

results show the effectiveness of an experimental 
treatment over the control arm, we claim the 
effectiveness of treatment in the overall population. 

Otherwise, an analysis is conducted for the 
identification and validation of the biomarker 
classifier (i.e., a combination of biomarkers), which 

gives the best primary outcome measure. A portion 
of subjects is used for the detection of a biomarker 
classifier and the remainder of patients for its 

validation. It is considered as a promising strategy 
without statistical considerations mentioned. 
(Antoniou2016) 

Cross-
validated 
adaptive 

signature 
design 

Similar to the Adaptive signature 
approach it is a Phase III frequentist 
trial design based on a fall back 

strategy in order to identify 
candidate biomarkers in the training 
set of the study and evaluate them in 

the validation set. (Antoniou2016) 

The difference between Adaptive signature 
design and Cross-validated Adaptive Signature 
design is in terms of the methodology analysis. 

The former is composed of a split-sample 
approach, using approximately half of patients to 
develop the biomarker signature and the 

remainder of patients to validate it, whereas, the 
latter uses the K-fold cross validation procedure, 
i.e., there are K cross-validated training sets 

which are used to classify subjects in the 
corresponding K cross-validated validation sets. 
After the classification of all patients, we 

compare the experimental treatment versus the 
control treatment in the biomarker-positive 
patients (i.e., subgroup of classifier positive 

patients). The Cross-validated Adaptive 
Signature design may yield larger power but it 
faces the same challenges with its main design 

and also includes the multiplicity problem. 
(Antoniou2016) 
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[…] develop a predictive 

combination of biomarkers in a 
training set of the trial and 
consequently evaluate it in a test set 

(Tajik2013) 

Similar to the adaptive signature design, the 

initial null hypothesis is to test the benefit of the 
targeted therapy against the control is conducted 
in the overall population, which is conducted at a 

slightly lower significance level 𝛼! than the 

overall alpha 𝛼. The sensitive subset is 
determined by developing the classifier using the 
full population. It is done by the following steps: 
(1) Test the initial null hypothesis of no treatment 

benefit in the overall population at 𝛼!, which is a 
slightly lower significance level than the overall 

𝛼. If this hypothesis is rejected, then the targeted 
therapy is declared superior to the control 

treatment for the overall population and analysis 
is completed. If the first hypothesis is not 
rejected, then the following steps for signature 

development and validation need to be 
performed. 
(2) Split study population into “k” subsamples. 

(3) One of the “k” subsamples is omitted to form 
a training subsample. Similar to the adaptive 
signature design, develop a model to predict the 

treatment difference between targeted therapy 
and control as a function of baseline covariates 
using training subsample. Apply the developed 

model to each subject not in this training 
subsample so as to classify patients as sensitive 
or nonsensitive. 

(4) Repeat the same process leaving out a 
different sample from the “k” subsamples to form 
training subsample. After “k” iterations, every 

patient in the trial will be classified as sensitive 
or nonsensitive. 
(5) Compare the treatment difference within the 

subgroup of patients classified as sensitive using 
a test statistic (T). Generate the null distribution 
of T by permuting the two treatments and 

repeating the entire “k” iterations of the cross-

validation process. Perform the test at 𝛼 -𝛼!. If 
the test is rejected, then the superiority is 
claimed for the targeted therapy in the sensitive 

subgroup. (Zhang2018_Advancing cancer) 

[…] extension of the adaptive 
signature design, which allows use 
of entire study population for 

signature development and 
validation. (Zhang2018_Advancing 
cancer) 

Generalized 
adaptive 

signature 
design 

It uses the training set of the trial to 
select among candidate biomarkers 

and to optimize cut-points; the 
selected biomarker is evaluated in 
the test set (Simon2010_Clinical trial 

designs for evaluating. In Table 1) 
 

Firstly, candidate biomarkers are selected and 
the cut-off points are optimized using a training 

set and secondly, the chosen biomarkers are 
assessed in the validation set. (Antoniou2016) 
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Adaptive 

signature 
design with 
subgroup plots 

  

Adaptive Signature design with 

Subgroup Plots is an extension of 
Adaptive Signature design which 
has been proposed in order to add 

flexibility. (Antoniou2016) 

It uses tail-oriented or sliding window subgroup 

plots in order to identify a subset of patients 
which is most likely to respond to a particular 
experimental treatment after taking into account 

several cut-off points of the benefit score 
obtained by the subgroup plots. In this way it 
provides broader confidence intervals of the 

estimated treatment benefit. (Antoniou2016) 

 

Outcome-
based adaptive 

randomisation 
design 

 

  It aims to test simultaneously both 
biomarkers and treatments while 

providing 
more patients with effective 
therapies according to their 

biomarker profiles. (Antoniou2016) 

The process starts with the biomarker profile 
assessment of all eligible patients and then 

according to the profile of each individual, the 
study population will be assigned to the different 
biomarker groups. The trial begins with equal 

randomization so that each treatment by 
biomarker subgroup is composed of at least one 
individual with a known disease control status. 

Next, the trial continues with adaptive 
randomization of patients; this is achieved by 
using the Bayesian probit model to calculate the 

posterior disease control rate. After the posterior 
rate is found, we define the randomization rate 
as the posterior mean of the disease control rate 

of each treatment in each biomarker-defined 
subgroup. The adaptive randomization process 
continuous until the last individual is enrolled 

and can stop early only in case that all 
treatments are dropped due to inefficacy. 
(Antoniou2016) 

A requirement of the Bayesian adaptive trial design 
is timely measuring and reporting of the study 

outcomes such that the randomization probability 
and the posterior probability for futility monitoring 
can be calculated accurately on the basis of the 

most recent data. (Liu2015) 

[…]  an initial learning period within each 
treatment arm was used to subsequently 
randomize patients with increasing probability to 

the treatment showing the most benefit (in terms 
of 8-week disease control rate) within his or her 
marker group. (Renfro2016_Clinical trial designs 

incorporating) 

Like the umbrella trial, a Bayesian marker-
adaptive design may include multiple therapies 

and molecular subgroups. However, the efficacy 
of the drug is assessed in an ongoing manner 
through out 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 midtrial. The success of 
such a design requires a rapid and reliable 
endpoint and real-time access to all clinical and 

biologic data. (Renfro2017_Precision oncology) 

• Requires strong predictive marker evidence 

• Requires excellent assay performance 

• Requires fast assay turn-around time 

(Renfro2016_Clinical trial designs 

incorporating) 

 

[…] Bayesian trials specifically 

designed to investigate differential 
biomarker-driven treatment effects 
(Renfro2016_Clinical trial designs 

incorporating) 

Over the course of the trial, accumulating data 

are used to adjust the randomization 
probabilities to preferentially assign future 
patients to better-performing treatment arms. 

Typically, the first block of patients are 

• Strong scientific rationale, and preliminary 

evidence for the molecular marker-drug pairing 

• Reliable assay, with rapid turn-around times 

• Short term, reliable endpoint to make the 
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 randomized to each arm in equal proportion and 

randomization probabilities for subsequent 
blocks are calculated based on information 
accumulated prior to starting the block. 

(Talisa2018) 

adaptation meaningful 

• Sufficient infrastructure set up and real time 

data availability  

(Renfro2017_Precision oncology) 

These proposals generally start with a small 

sample burn-in period followed by assigning the 
next dose based on accumulating short term 
responses or outcomes or the immediately 

previous cohort response until the pre-specified 
maximum number of patients randomized is 
reached. In addition, the learning stage may 

employ longitudinal models linking the 
intermediate efficacy biomarker with clinical 
outcome, dose’s response models, and/or 

clinical outcome dropout models. (Wang2011) 

[…] one must define the decision rules for 

adaptation upfront of study initiation, monitor the 
randomisation weights to avoid instable estimates, 
account for time dependency of the outcome (if 

necessary) and has to rely on a short-time outcome. 
 (Kesselmeier2019) 

Bayesian 
covariate 

adjusted 
response-
adaptive 

randomisation  

This strategy which combines a 
Bayesian, an adaptive and 

biomarker classification approach 
aims to match patients with the most 
efficacious treatments by utilizing 

patient’s biomarker information 
becoming available during the 
conduct of the clinical trial. 

(Antoniou2016) 

The general procedure of this approach is 
composed of four steps according to Eickhoff et 

al. (2010): (i) randomly assign the first n^*>=J^* 
(K+1) patients to the different treatment arms 
where J the number of different treatment 

groups and K the number of biomarkers. At least 
one response should be observed in each of the 
different treatment groups before moving to the 

Bayesian response adaptive randomization; (ii) 
after each new individual has been enrolled in 
the study, predictive biomarker-defined groups 

are determined by utilizing a partial least 
squares logistic regression strategy (PLSLR) 
which can predict whether the patient can 

benefit from the treatment. The biomarker status 
is determined before the randomization; (iii) after 
the establishment of the biomarker status and 

biomarker-defined groups of each new 
individual, the individual is then randomly 
assigned into one of the treatment arms using a 

BCARA randomization; (iv) according to the 
results of the BCARA randomization the trial 
either stops or continues based on decision 

rules proposed by Eickhoff et al. (2010) [53]. The 
Bayesian covariate adjusted response-adaptive 
trial design has the ability to identify the 

biomarker-defined groups likely to respond to a 
treatment but it does not control the Type I error 
and in order to ensure that the identified result is 

true, a Phase III study should be conducted. 
(Antoniou2016) 

 

Adaptive 
enrichment  

Adaptive 
threshold 

sample-

 It is a two-stage design in a Phase III 
setting to adaptively modify accrual 

in order to broaden the targeted 

At the interim analysis stage, the treatment 
effect of a sample of patients (n1) from the 

biomarker-positive subset is estimated. If an 
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enrichment 

design 
 

patient population (Antoniou2016) improvement is seen in the experimental 

treatment arm which is greater than a pre-
specified threshold value (i.e. the estimated 
treatment difference between the novel 

treatment arm and the control treatment arm for 
this subpopulation is greater than a threshold 
value c divided by the square root of the 

aforementioned sample size n1) the trial 
continues with accrual of patients from the entire 
biomarker-positive subgroup and additional 

patients are also accrued from the biomarker-
negative subpopulation; otherwise the trial is 
stopped for futility. At the end of the trial, the 

treatment effect is estimated for all 
subpopulations. Researchers should choose the 
sample size n1 so that a persuasive result can 

be reached when the first stage of the trial is 
completed. (Antoniou2016) 

After an interim analysis separating two stages 

of patient enrollment, such a trial may stop for 
futility or efficacy, continue on as a randomized 
trial, or switch toward direct assignment of 

patients to the experimental treatment based on 
initially promising, but not definitive, results. 
(Renfro2016_Clinical trial designs incorporating) 

[…] starts with accruing only biomarker-positive 
patients during the initial stage of the trial. At the 
end of the first stage, an interim analysis is 

conducted comparing the outcome of the 
experimental versus control treatment in 
biomarker-positives. If the results are not 

promising for the new treatment, accrual stops 
and no treatment benefit is claimed. Otherwise, 
accrual continues with recruiting unselected 

population. This design is a combination of an 
enrichment and a traditional flow, conditional on 
the result of the interim analysis. (Tajik2013) 

The design consists of two stages, where in 
stage 1, patients are recruited in the full 
population. Stage 1 outcome data are then used 

to perform interim analysis to decide whether the 
trial continues to stage 2 with the full population 
or a subpopulation. The subpopulation is defined 

based on one of the candidate threshold values 
of a numerical predictive biomarker. The final 
confirmatory analysis uses data from both 

stages. (Kimani2018) 

Adaptive 

patient 
enrichment 
design 

 

 Adaptive enrichment designs offer 

the potential to enrich for patients 
with a particular molecular feature 
that is predictive of benefit for the 

test treatment based on 

A pre-planned total sample size with futility 

stopping is considered for this two-stage 
adaptive design. The trial assesses the 
treatment effect both in the entire population and 

in the biomarker-positive population. 

One forewarning to apply the adaptive enrichment 

design is that the end point for interim analysis 
should be properly chosen, in that the end point 
should be measurable and that sufficient data are 

attainable to give investigators reliable guidance to 
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accumulating evidence from the trial. 

(Mandrekar2015) 

(Antoniou2016) move forward into the next stage. (Lin2015) 

In this design, all of the eligible subjects are 
recruited in the first stage, followed by an interim 
analysis to determine the study design between 

enrichment design and all-comer design. The 
sample size, end points, randomization ratio or 
enrichment hypothesis may also be adjusted 

using interim data before moving forward to 
Stage 2. Bayesian methods are proposed for the 
adjustment of randomization scheme using 

interim data. (Lin2015) 

• Requires strong predictive marker evidence 

• Requires excellent assay performance 

• Requires fast assay turn-around time 

• Requires moderate to high marker prevalence  

(Renfro2016_Clinical trial designs incorporating) 

Patients are screened with the diagnostic test 
and those who are considered "test-positive" are 

eligible for the clinical trial. Eligible patients are 
randomized to receive either the test drug or an 
appropriate control regimen. In some cases, the 

randomization may be between the test drug 
and standard chemotherapy, or between 
standard chemotherapy alone versus standard 

chemotherapy plus the test drug. When there is 
no standard chemotherapy, the randomization 
may be between the test drug and best 

supportive care. (Mandrekar2015) 

Statistically, a challenge of using adaptive accrual 
design relates to type I error control. There are 

several sources that could contribute to potential 
type I error inflation, including the potential 
enrichment of the accrual population with sample 

size modification as well as the adaptive selection 
of the hypotheses that to be tested at the final 
stage. Appropriate statistical correction needs to be 

applied to ensure type I error rate is controlled for 
adaptive accrual design. (Zhang2018_Advancing 
cancer) 

The adaptive enrichment 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. In 

that case, the primary hypothesis tested at the 
trial's conclusions is the treatment effect in the 
marker-positive subgroup. Otherwise, if futility is 

not reached in the marker-negative group at an 
interim analysis, the trial continues unselected 
and performs both overall and subgroup-specific 

tests of treatment benefit at the final analysis 
time point with trial-wise type I error control. 
(Renfro2016_Clinical trial designs incorporating) 

[…] biomarker-based clinical trial 
designs with allowed mid-trial 

adaptation based on the results of 
interim analyses. 
(Renfro2016_Clinical trial designs 

incorporating) 

At the interim analysis after stage 1, a decision 
is made about enrollment in stage 2, based on 

the stage 1 data. The 3 choices are to enroll the 
combined population, only subpopulation 1, or to 
stop all enrollment. Adaptive enrichment designs 

with >2 stages involve such choices at the 
interim analysis after each stage. 
(Rosenblum2017) 
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[…] 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 
(Renfro2017_Precision oncology) 

[…] the trial begins with a biomarker-stratified 

first stage in which it accrues both biomarker-
positive and -negative patients. If the results of 
an interim analysis comparing the outcome of 

the experimental versus control treatment in 
biomarker negatives are not promising, accrual 
to biomarker-negative subgroup is terminated 

and the second stage continues as an 
enrichment trial in biomarker-positive patients 
until the planned total sample size is reached. 

(Tajik2013) 

Designs with prespecified rules for 

modifying the enrollment criteria 
based on data accrued in an 
ongoing trial  […] (Rosenblum2017) 

An interim look will be prospectively planned in a 

two-stage adaptive accrual design, and the 
adaptations will primarily be in two aspects 
based on the interim results: 1) The patient 

population to enroll at the second stage of the 
trial (overall or only g+); 2) The test population(s) 
at the final analysis (full population or marker+ 

population or both full and marker+ as co-
primary population). (Zhang2018_Advancing 
cancer) 

Adaptive designs can also be 

considered in order to bring the 
effective treatment to the right 
subset of patients sooner. 

(Zhang2018_Advancing cancer) 

[…] two-stage adaptive enrichment 
design (AED) that retains some of 

the flexibility of the Simon design 
and yields a subgroup for treatment 
indication together with a specific 

test of treatment efficacy for the 
chosen subgroup. Like the Simon 
design, the proposed design does 

not require predefined subgroups; it 
allows a subgroup to be selected at 
an interim analysis on the basis of a 

prespecified collection of baseline 
covariates. We do require that the 
algorithm for subgroup selection be 

prespecified. The selected subgroup 
will be used for patient enrollment in 
the second stage and eventually for 

treatment indication. The treatment 
effect in the selected subgroup can 
be estimated using a weighted 

average of separate estimates from 
the 2 stages. It is straightforward to 
obtain a treatment effect estimate 

from the second-stage data. 
However, treatment effect estimation 
in the first stage is subject to a 

resubstitution bias due to the fact 
that the same set of data is used to 
select a subgroup and estimate the 

treatment effect in the selected 
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subgroup. We consider the use of 

cross-validation and bootstrap 
methods to correct for the 
resubstitution bias. 

(Zhang2018_Treatment evaluation) 

Modified 
Bayesian 

version of the 
two-stage 
design  

 
 

It is a Phase III Bayesian two-stage 
design proposed by Karuri and 

Simon (2012) for the evaluation of 
both treatment and biomarker. 
(Antoniou2016) 

  

A Bayesian version of the adaptive 
enrichment design that allows for 

formal specification of prior 
confidence in a biomarker's 
predictive ability […] 

(Renfro2016_Clinical trial designs 
incorporating) 

 Bayesian 

hierarchical 
model for 
response 

adaptive 
randomised 
design 

 the model incorporates a continuous monitoring 

for futility and a final analysis of efficacy that are 
conditioned on the integral biomarkers 
(Barry2015) 

 

 Bayesian 
adaptive 
patient 

enrolment 
restriction 
(BAPER) 

approach 

Consider a two-arm randomized 
phase 2 clinical trial in which an 
experimental treatment is compared 

with a control treatment based on a 
primary endpoint of time-to-event 
data (e.g., PFS), and there exists a 

single continuous biomarker that is 
prospectively hypothesized to be 
predictive. It is assumed that the 

continuous biomarkers for all 
patients are available before 
randomization and that a higher 

value of the biomarker indicates 
greater improvement of efficacy if 
the biomarker is truly predictive. 

(Ohwada2016) 

The objective of the trial is to identify a sensitive 
patient population and make a final decision 
for a subsequent phase 3 trial (i.e., no-go, go 

with entire population, or go with subpopulation) 
based on a pre-defined target efficacy level 
(e.g., HRD0.6), which may be provided by 

physicians or a clinical study team taking its 
clinical relevance into consideration. Two or 
three interim analyses are planned to narrow 

down the patient population to be enrolled in the 
next cohort of the trial, as well as to decide early 
termination due to futility or efficacy. 

 
We apply a four-parameter change-point model 
to the relationship between the single continuous 

biomarker and HR and calculate the posterior 
distribution of the cutoff parameter of the 
biomarker, thus identifying the subpopulation 

that truly exhibits the target HR or a more 
efficacious HR. Using the posterior distribution, 
we identify the patients who are unlikely to reach 

the target HR and stop enrollment of such 
patients at the interim analysis. In addition to our 
proposed restriction on patient enrollment, we 

also incorporate criteria for futility and efficacy 
stopping at the interim analysis; finally, we make 
the following decision for the next step: no-go 
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(futility), go for the next study with the entire 

population, or go for the next study with the 
sensitive subpopulation.  (Ohwada2016) 

 Adaptive 
design for 

population 
selection using 
correlated time 

to event 
endpoints 

We extend the previous methods 
(Brannath et al., 2009; Jenkins et al., 

2011) in two aspects. First, the 
interim analysis is conducted by 
incorporating information on 

progression-free survival (PFS) as 
well as overall survival (OS). 
Second, we consider a scenario in 

which OS is calculated based on 
PPS, if the progression is observed 
before death. (Uozumi2017) 

  

 Biomarker 
stratified with a 
subgroup-

focused 
sequential 
design 

 […]  allows both sequential 
assessment across marker-defined 
subgroups and adaptive subgroup 

selection, while retaining an 
assessment using the entire patient 
cohort at the final analysis stage, 

possibly using established marker-
based multiple testing procedures 
(Matsui2018) 

We assume a reliable marker hypothesis where 
the treatment is more effective in the marker-
positive than in the marker-negative patients. 

One-sided statistical tests are used. […] The 
proposed design approach is summarized in Fig. 
1. This can be viewed as concurrent subgroup-

focused trials with a futility stopping rule in the 
marker-negative subgroup and a superiority 
stopping rule in the marker-positive subgroup. In 

case I, both boundaries are crossed, and the 
trial is stopped with a conclusion of efficacy in 
the marker-positive subgroup. In case II, only the 

superiority boundary is crossed, and there is 
sequential testing in the marker-negative 
subgroup. In cases III and IV, the marker-

positive subgroup or the overall population is 
adaptively selected for the final analysis 
depending on whether the futility boundary is 

crossed in the marker negatives. In case IV, the 
subgroup data are combined for the final 
analysis. Thus, the possible complexities in 

performing an overall test at the final analysis in 
case of early stopping in some subgroup is 
avoided by restricting the implementation of the 

analysis using all patient data to only the case 
with no early stopping in both subgroups. 
Extension to multiple interim looks is possible, 

but we suppose a single interim analysis within 
subgroups for ease of presentation and practical 
application. 

 
The marker-positive cohort is designed as if it 
were an enrichment trial. This is sized for large, 

but slightly conservative effects for the new 
treatment. The marker-negative cohort is 
designed as if it were a second trial in the 

sequential enrichment approach. This is 

The interim analysis for superiority in the marker-
positive patients, deemed most likely to benefit 
fromthe treatment, is to detect substantially large 

treatment effects and to quickly deliver the 
treatment to such patients. Although futility stopping 
rules can also be introduced in this subgroup, we 

propose no specification of such rules and no 
adjustment on the final analysis. In any case, futility 
stopping for marker positives would lead to the 

termination of the trial under the marker hypothesis. 
On the other hand, for marker-negative patients, a 
futility stopping rule would be warranted from an 

ethical perspective due to presumably limited 
treatment efficacy in marker negatives 
under the marker hypothesis. We propose a 

monitoring plan that accounts for the two possible 
errors: (i) futility stopping even when treatment has, 
in truth, a minimum effect size of clinical importance 

and (ii) continuing the trial for the marker negatives 
even when there is no treatment efficacy. In 
addition, we could introduce a superiority stopping 

rule, but we do not consider this option because 
large treatment effects are generally implausible for 
marker negatives under the marker hypothesis. 

When there is not sufficient evidence for early 
stopping in both subgroups (case IV in Fig. 1), an 
overall test is a simple but most effective choice in 

detecting an average treatment effect in the overall 
population at the final analysis. Alternatively, 
when the marker hypothesis is deemed strong, 

hierarchical tests may be used, such as a fixed-
sequence procedure that first tests treatment 
efficacy in the marker positives, followed by testing 

in the marker negatives if the first test is significant. 
Otherwise, a split-alpha procedure that 
allocates the alpha to be spent between a test in the 

markerpositive subgroup and one in the overall 
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because the chance to evaluate this cohort 

solely when the treatment effect is significant in 
marker-positive patients is also embedded in our 
approach, not sequentially, but concurrently. 

(Matsui2018) 

population may be a reasonable choice. The 

significance levels of all statistical tests are 
determined to preserve a study-wise alpha level of 
0.025 based on the joint null distribution of the test 

statistics for the marker-positive and marker-
negative subgroups and the overall population 
across different analysis stages, that is, the global 

null hypothesis. We do not consider an alpha 
control under another possible null hypothesis, 
where the treatment is efficacious in marker 

positives, but not in marker negatives. (Matsui2018) 

 Stratified 
adaptive 

design 

It is alternative approach to dealing 
with stratification in a phase II setting 

and aims to demonstrate whether an 
experimental treatment (a control 
arm is not included, thus it's about a 

single arm approach) is beneficial for 
at least one biomarker-defined 
subgroup rather than the entire 

study population. (Antoniou2016) 

The first stage is consisted of an interim analysis 
where the response rate is estimated in the 

biomarker positive and biomarker negative 
subgroups separately. The trial then enters a 
second stage and depending on the results of 

the interim assessment, accrual continues either 
from the entire patient population if there is 
treatment efficacy of both biomarker-defined 

subgroups, or from one of the distinct biomarker 
subpopulations only in which treatment efficacy 
has been observed. (Antoniou2016) 

It is alternative approach to dealing with 
stratification in a phase II setting and aims to 

demonstrate whether an experimental treatment (a 
control arm is not included, thus it's about a single 
arm approach) is beneficial for at least one 

biomarker-defined subgroup rather than the entire 
study population. (Antoniou2016) 

Tournoux et al. proposed a stratified 
adaptive Fleming two-stage design 
not requiring any assumption 

prioritizing the two pre-defined 
subgroups. (Cabarrou2018) 

It is assumed that the ratio between the number 
of patients in the biomarker negative and 
biomarker-positive subgroups is constant and is 

defined by 𝜔=N+ / N-. This design provides 
stopping rules for both activity and futility at the 
end of the first or second stage. Heterogeneity 
between the two subgroups is also tested at 

each stage at level which can be set between 0 
and 1. (Cabarrou2018) 

 

Adaptive 
parallel Simon 
two-stage 

design 
 
 

  The design aims to test a novel 
treatment which possibly has a 
different treatment effect in the 

biomarker-positive versus the 
biomarker-negative subgroups. 
(Antoniou2016) 

The design begins with two parallel phase II 
studies. During the first stage, two separate 
studies are performed in the biomarker-positive 

and biomarker-negative subgroups. Next, 
depending on the interim results of the first 
stage, the trial either stops or continues into a 

second stage with the enrollment from either the 
entire patient population (unselected patients) or 
from the biomarker-positive subpopulation only 

(selected patients). If a preliminary efficacy is 
observed during the first stage of the study for 
the experimental treatment in both the 

biomarker-positive and biomarker-negative 
subset, then additional patients from the general 
patient population will be enrolled in the second 

stage; if the interim result during the first stage of 
the trial shows that the efficacy is limited to the 
biomarker-positive subjects, then the recruitment 

of additional biomarker-positive patients only 
continues during the second stage. 
(Antoniou2016) 

The approach assumes that there is a sound 
scientific rationale as to why the biomarker may 
potentially affect response rate. Further, it is also 

assumed that there is reasonable knowledge of the 
prevalence of the marker and that identification of 
subjects as marker positive or negative is well 

established (Jones2007) 
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If preliminary efficacy based upon the first stage 

suggests that the drug is active in both marker 
positive and marker negative patients then 
subsequent enrollment will be unrestricted and 

an additional 𝑁!" subjects are to be enrolled 
during the second stage. At the end of the 

second stage a total of 𝑁! and 𝑁!, marker 
positive and marker negative subjects, 
respectively, will have been enrolled, and of 

these subjects there will be a total of 𝑋!
! and 

𝑋!
!

 responders. In this setting 𝑁! and 𝑁!are 
unknown a priori but based upon the known 
marker prevalence a reasonable value can be 

postulated. If based on the outcome of the first 
stage there is preliminary evidence that efficacy 
is restricted to the marker positive subgroup then 

enrollment of 𝑁!
!

 additional marker positive 
subjects continues during the second stage for a 

total enrollment of 𝑁! = 𝑁!
!
+  𝑁!

!marker positive 
subjects. (Jones2007) 

Parashar 
design 

An extension of the Jones design 
was proposed by Parashar et al. by 
adding go-decision rules in either the 

unselected population or the 
biomarker-positive subgroup at 
interim analysis. (Cabarrou2018) 

As for the Jones design, it is necessary to 
anticipate some type of hierarchy between the 
two subgroups before beginning the study, and it 

is assumed that the response rate will be higher 
in the biomarker-positive than in the biomarker-
negative subgroup. The study begins with the 

inclusion of 𝑁!
! and 𝑁!

! patients, respectively, in 

biomarker-negative and biomarker-positive 
subgroups.  (Cabarrou2018) 
 

 

Multi-arm 
multi-stage 
design 

 

  It has the ability to simultaneously 
compare multiple experimental 
treatments 

with the standard treatment in order 
to achieve more reliable results in 
less time as compared with separate 

Phase II trials to assess each novel 
treatment individually. 
(Antoniou2016) 

The first stage of the trial (the Phase II stage) 
involves randomization within one of two arms 
which simultaneously compare two experimental 

treatments with the standard of care (control) 
using an intermediate outcome measure (e.g. 
progression free survival). The arm within which 

a patient is included depends on their biomarker 
status, for example patients positive for 
biomarker 1 may be randomized in arm 1 to 
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Where there is more than one 

clinically important question to be 
addressed (which is commonly the 
case), a multi-arm trial approach can 

simultaneously and systematically 
test each of these approaches 
against the current standard of care 

(the control arm). (Kaplan2015) 

either standard of care or experimental 

treatment 1 whilst patients positive for biomarker 
2 may be randomized in arm 2 to either standard 
of care or experimental treatment 2. At the end 

of this first stage, an interim analysis is 
undertaken in each arm, comparing the 
experimental treatment with standard of care. 

Depending on the outcome of the interim 
analysis, accrual of patients either continues 
within an arm to the second stage of the trial or 

the accrual of additional patients stops within 
that arm. (Antoniou2016) 

Two-stage 
adaptive 

seamless 
design 

 

It uses the MAMS approach 
combining two separate studies into 

one single study and uses interim 
monitoring as well as multi-arm 
design features. (Antoniou2016) 

the general procedure of this Phase II/III strategy 
is presented by Brannath et al. (2009) as 

follows: When half of individuals are recruited in 
the study, an interim analysis is performed in 
order to decide whether to accept or not a 

biomarker-defined subpopulation identified in a 
separate exploratory study. At this interim stage, 
a decision is also made about whether to 

continue accruing patients from the 
aforementioned biomarker-defined subset or 
from the entire study population. If the first case 

occurs, the treatment effect is assessed only in 
this biomarker subpopulation and if the second 
case happens, the treatment effect is tested in 

the entire population and biomarker-defined 
subgroup at the same time. In case that there is 
no identified biomarker-defined subpopulation 

from the separate exploratory study, the trial 
continues in the overall population using a 
classical group sequential design. An extension 

of the above approach by Brannath et al. (2009) 
is proposed by Jenkins et al. (2011) which can 
result in the rapid approval of novel treatments 

to the most appropriate individuals who are likely 
to benefit from the new drug. During the Phase II 
trial an interim analysis is conducted using a 

short-term intermediate outcome measure (i.e., 
survival endpoint) in order to select the 
population (either the entire population or the 

biomarker-positive patients) which will be used 
in the Phase III study with a long–term endpoint. 
Mehta et al. (2014) proposed an alternative 

seamless approach for subgroup selection in 
time-to-event-data for situations where there is 
no a priory assumption that a biomarker is 

predictive of treatment efficacy; consequently 
their design tests whether there is treatment 
effect in both biomarker-negative and biomarker-

positive subpopulation separately instead of 

According to Scher et al. (2011), formulas for 
sample size calculation/allocation are proposed in 

situations where the study endpoints are 
continuous, discrete, and contain time-to-event data 
supposing the availability of a well-established 

relationship between the study endpoints at 
different stages, and that the study objectives at 
different stages are the same. Ang et al. (2010) 

have stated that even in case that the trial stops 
early, a Phase III infrastructure should be 
developed. Such strategies have been proposed by 

Ellenberg and Eisenberger (1985) and Inoue et al. 
(2002) for evaluating the possibility to stop early or 
to continue to the confirmatory phase III repeatedly 

during the explanatory phase. (Antoniou2016) 
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testing the null hypothesis of no treatment effect 

in the entire study population and in biomarker-
positive subset. (Antoniou2016) 

[…] combine the learning stage of 
Phase II and confirmatory stage of 

Phase III (Lin2015) 

In the beginning of Phase II, subjects are 
randomized into the treatment arms of A, B, 

combined therapy of A and B, or control. An 
interim analysis is then performed to determine 
which active arm should be dropped. In the 

confirmatory stage of Phase III study, the 
treatment groups with only one active arm and 
control arm will be investigated. (Lin2015) 

Seamless designs consolidate 
multiple phases into a single 
protocol that is designed, approved, 

and executed as a single trial. 
(Talisa2018) 

After an interim analysis between the phases, 
which uses the shorter-term endpoint, the trial 
can either continue to phase III in the co-primary 

overall and subgroup populations, continue in 
the subgroup only, continue in the full population 
without consideration of the subgroup, or stop 

for futility. (Renfro2016_Clinical trial designs 
incorporating) 

Initially, patients are randomized between 

multiple new therapies and a control. At the end 
of the Phase II stage, an intermediate (early) 
end point is employed to 

make a decision as to whether to continue the 
trial to the Phase III stage and, if so, to select the 
most promising experimental arms for evaluation 

of the definitive clinical outcome. 
(Freidlin2010_Biomarker-adaptive clinical trial 
designs) 

 

Bayesian 
subgroup 
based adaptive 

design (SUBA) 

[…] designs that simultaneously 
search for prognostic subgroups and 
allocate patients adaptively to the 

best subgroup-specific treatments 
throughout the course of the trial. 
(Xu2014) 

If one treatment is inferior to all other treatments, 
then that treatment should be dropped from the 
trial. If there is only one treatment left after 

dropping inferior treatments, then the trial should 
be stopped early due to the ethical and logistics 
reasons. The SUBA design starts a trial with a 

run-in phase during which patients are equally 
randomized to treatments. After the initial run-in, 
we continuously monitor the trial until either the 

trial is stopped early based on a stopping rule, or 
the trial is stopped after reaching a prespecified 
maximum sample size N. (Xu2014) 
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SUBA applies a Bayesian random 

partition model to search for a 
suitable partition (clustering) of 
the patient space based on selected 

variables. (Simon2018) 

SUBA can accommodate 3 independent 

variables, which are chosen a priori based on 
the specific project (described below). For each 
of the patients enrolled in phase 1, SUBA uses 

information on these 3 factors, their treatment 
assignment and their outcome. Based on the 
partition, SUBA calculates the posterior 

predictive probability that a future patient with 
specific variable values will respond to a 
particular treatment if the patient is assigned to 

the treatment. This treatmentspecific posterior 
predictive probability is then used to randomize 
the patient. If the posterior predictive probability 

is larger for one treatment, the patient will have a 
larger randomization probability to be assigned 
to that treatment. In other words, patients are 

assigned adaptively to treatments based on 
predictive response. The posterior predictive 
probability for each future patient is continuously 

updated when new outcomes are observed from 
previous patients. This allows the trial to 
continue the learning until the end, potentially 

providing better benefits for patients in the trial 
by giving them a larger chance to be randomized 
to more desirable treatments.  

(Simon2018) 

 

Group 
sequential 

design  

This strategy aims to find the most 
beneficial treatment for future 

patients based on their biomarker 
profiles, with a guaranteed 
probability of correct selection. 

(Antoniou2016) 

According to an interim data analysis, sequential 
decisions about whether to continue the study or 

not, are taken. It is considered a simple 
approach where selection of cut-off points is not 
required before the conduct of the first interim 

analysis. (Antoniou2016) 

 

Tandem two 

stage design 
 

  It is composed of 2 optimal trials in a 

Phase II settings. (Antoniou2016) 

In this design, a predefined biomarker is 

assumed. In the first stage of the trial, patients 
from the entire population enter the trial 
irrespective of their biomarker status. An interim 

analysis is then undertaken and if a sufficient 
number of events (defined in terms of clinical 
benefit rate or response rate) have been 

observed during the first stage, the study 
proceeds to a second stage whereby further 
patients are accrued from the unselected 

population to establish the benefit rate more 
precisely in unselected patients. However, if an 
insufficient number of events have been 

observed during the first stage, rather than 
stopping accrual for futility, a second trial 
commences whereby its first stage involves 

continued accrual of biomarker positive patients 
only. An interim analysis is then conducted and if 
a sufficient number of events have been 

The sample size for this approach is calculated with 

the same rules as a classic two-stage or Bayesian 
phase II design. (Antoniou2016) 
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occurred, this second trial continues into a 

second stage of biomarker positive patient 
accrual. Otherwise, if an insufficient number of 
events have occurred, the predefined biomarker 

is rejected. (Antoniou2016) 

Platform 

design 

  To study multiple-targeted therapies 

in the context of a single disease in 
a perpetual manner, with therapies 
allowed to enter or leave the 

platform on the basis of a decision 
algorithm (Heerspink2018_New 
clinical trial designs)  

First, a shared master protocol is used for 

common elements of the multiple individual trials 
within the platform with relatively subtle trial 
design differences due to unique individual drug 

characteristics reflected in study-specific 
appendices, enabling sharing of clinical trial 
documents and procedures among trials. This 

facilitates clinically consistent trial conduct and 
increased efficiency. Second, the platform 
approach commonly involves some form of 

adaptive design to assign patients to the most 
promising drugs on the basis of new data 
accrued during the trial. In addition, the platform 

trial is not static, but it is flexible, which means 
that new promising drugs can enter the platform, 
while other drugs can be  

dropped due to lack of efficacy or adverse 
events. Declaring superiority or futility can be 
assessed continuously on the basis of data as 

they are accrued during the trial and is another 
adaptive design element (Heerspink2018_Trial 
design innovations) 

 

[…] patients are assigned to a treatment arm 
based on concentration levels of a set of 

predictive markers for the available treatment 
options. Markers and renal function parameters 
are used for patient monitoring and identification 
of responders who remain in the assigned 

treatment arm, whereas nonresponses are 
shifted to the next-best suitable treatment based 
on marker profiles. (Perco2019) 

[…] in platform trials (or ˜standing 
trials") patients with a specific tumor 

type are randomized to a common 
control arm or one of the several 
experimental arms that enter and 

exit the trial after interim analyses 
aimed to evaluate the efficacy or 
futility of each targeted treatment 

through Bayesian method. 
(Leonetti2019) 

Platform trials are often Bayesian in nature, 
utilizing Bayesian decision rules based on 

posterior or posterior predictive probabilities to 
eliminate or graduate treatments within certain 
cohorts. (Renfro2018_Definitions and statistical 

properties) 
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[…] designs that evaluate multiple 

treatments simultaneously […] 
(Mazzarella2020) 

Initially the treatments are randomized with 

equal weights to the patients of 
a stratum. As data accumulates, the 
randomization weights change to favor 

assignment of drugs with higher within-stratum 
response rates. The endpoint used 
must be observed early enough to enable 

adaption of randomization weights. 
(Simon2017_Critical review) 

Platform trials, also referred to as 

multi-arm, multi-stage (MAMS) 
design trials, are trials that evaluate 
several interventions against a 

common control group and can be 
perpetual. This design has pre-
specified adaptation rules to allow 

dropping of Ineffective 
intervention(s) and flexibility of 
adding new intervention(s) during 

the trial. (Park2019) 

In a platform trial, the feedback loop involving 

collecting data, updating the Bayesian statistical 
model and updating RAR weights is modified to 
enable new arms to be added, and old arms to 

either be dropped or “graduate” to the next 
phase of testing (Talisa2018) 
 

 

Another type of master protocol 
described in the literature is the 

platform trial (or "standing trial"), a 
generic term for a randomized 
design with a common control arm 

and many different experimental 
arms that enter and exit the trial as 
futility or efficacy are demonstrated, 

often according to Bayesian decision 
rules. (Renfro2017_Statistical 
controversies) 

In both umbrella and platform trials, each arm is 
typically enriched with a biomarker 

and patients are enrolled and assigned to a 
cohort based on their biomarker status. Platform 
trials may be distinguished from umbrella studies 

in that they are thought to incorporate more 
adaptations as responses are observed, patients 
are algorithmically allocated to specific treatment 

arms according to the best match between 
treatment effect and their tumor type. 
Experimental drugs drop out for lack of efficacy 

or they can "graduate" for efficacy testing 
depending on the observed response. 
Randomization is adapted such that the number 

of patients needed to determine efficacy across 
biomarker groups is minimized (Cecchini2019) 
 

Lastly, a platform trial may be 
generally defined as a type of 
master protocol in which sub-trials 

continually enter and exit, where the 
latter may occur due to futility or due 
to graduation of a marker-treatment 

combination to further study. 
(Renfro2018_Definitions and 
statistical properties) 
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A platform trial is a single histology 

randomized phase II clinical trial 
involving multiple biomarkers and 
multiple drugs. Rather than 

assuming that we know which drug 
is appropriate for which biomarker 
stratum, randomization among drugs 

is used in the platform trial. 
(Simon2017_Critical review) 

[…] the adaptive platform trial is 

capable of being a platform for 
testing experimental treatments in a 
perpetual manner via a common 

master protocol, by dropping 
treatments lacking efficiency and 
adding new treatments going into 

the future. (Talisa2018) 

Other trial designs include platform 
trials, which use a single analytic 

technique, such as NGS (next 
generation sequencing), to identify 
genomic or other biomarkers in 

tumors with multiple histologies; 
(Tsimberiou2020) 

A parallel group design with a 
shared control evaluates two or 
more investigational treatment arms 
relative to a control arm in the same 

tumour type in a single clinical trial. 
(Verweij2019) 

Platform trials randomize patients to 
different cohorts and take umbrella 
studies a step further by following 

algorithms to adapt and add new 
therapies or drop existing therapies 
from an ongoing study. 

(Cecchini2019) 

[…] multi-arm because many 
treatment approaches can be tested 

simultaneously; multi-stage because 
prespecified interim analyses can be 
used to stop recruitment 

early to arms showing insufficient 
evidence of activity. (Gilson2017) 
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A platform trial is defined as a trial 

using a single master protocol and 
research infrastructure to 
simultaneously evaluate multiple 

interventions and/or disease 
subpopulations in multiple 
substudies. Platform trials gain 

efficiencies from shared control 
groups, adaptive borrowing of 
information from similar groups of 

patients, and shared infrastructure 
and governance. (Semler2020) 

[…] study multiple targeted therapies 

in the context of a single disease in 
a perpetual manner, with therapies 
allowed to enter or leave the 

platform on the basis of a decision 
algorithm. (Alexander2019) 

Open 
adaptive 
platform 

 The trial is “open” with respect to 
adding new treatments to replace 
ineffective treatments during the 
trial. (Saville2016) 

  

 Randomised, 
embedded 

multifactorial 
adaptive 
platform 

(REMAP) 

Randomized, embedded, 
multifactorial adaptive platform 

(REMAP) trials utilize all of the 
features of a perpetual adaptive 
platform trials like I-SPY 2 or GBM-

AGILE, the key distinction being that 
a REMAP trial is executed directly 
within clinical practice through the 

electronic medical record. 
(Talisa2018) 
 

  

 Bayesian 
Adaptive 
Platform Trial 

 

 As the trial progresses, randomization 
probabilities adapt on the basis of accumulating 
results using Bayesian estimation of the 

biomarker-specific probability of treatment 
impact on progression-free survival. Treatment 
arms may drop because of low probability of 

treatment impact on overall survival, and new 
arms may be added. (Alexander2019) 

[…] uses biomarker subgroup-specific 
randomization probabilities to allow data generated 
during the trial to drive the biomarker specificity of 

arm assignments. 
(Alexander2019) 

Closed 

platform 

 The trial is a ‘‘closed’’ platform 

trial, meaning no additional 
treatments are added beyond those 
included at the start of the trial. 

(Saville2016) 
 

  

Basket design 

 

  Evaluates the effect of a particular 

targeted therapy on a particular 
genetic or molecular aberration 
across cancer organ types. Variant 

Molecular profiling-based targeted therapies are 

prescribed to treat patients with advanced 
metastatic solid tumours that are usually 
incurable or not controlled by standard 

[…] basket trials should be stratified by 

histology, taking into consideration the reported 
frequencies of the genomic event. (Garralda2019) 
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of indication finder but the therapy is 

not evaluated for its off-target 
effects. (Berry2015) 

treatments. NCI-MPACT randomly assigns 

patients with a mutation in a specific genetic 
pathway to either a targeted therapy for that 
pathway or a treatment not known to be pathway 

specific. (Gómez-López2017) 
In this framework, patients with 

different tumor histologies but who 
harbor the same molecular 
aberration receive a matched 

targeted in the context of expansion 
cohorts of a Phase 1 trial or as a 
separate Phase 2 trial, with efficacy 

as the primary endpoint. 
(Dienstmann2015) 

This is an innovative, histology 

agnostic trial design, where patients 
with tumours of different histologies 
can be enroled in the study protocol 

on the basis of the presence of a 
commonly shared molecular 
aberration. (Fadoukhair2016) 

[…] the lower the prevalence of the biomarker, the 

larger the effect size needs to be for the trial to be 
meaningful (Janiaud2019) 

Basket trials include patients with 
different tumour types with a 

common molecular alteration who 
are treated with the same matched 
therapy (Garralda2019) 

Commonly, basket trials are early stage, single-
arm, phase II, proof-of-concept trials 

where in each basket or cohort is itself a single-
arm trial studying a preliminary target-response 
hypothesis. Such cohorts are generally small 

(say, 20-30 patients) and only powered to detect 
strong signals of activity meant to motivate 
further study in a randomized context, though 
toxicity is often a key secondary endpoint in sub-

studies where drug tolerability is not yet well 
understood. Each arm may further be 
constructed as a single-stage, two-stage, or 

multi-stage design, and futility-stopping rules 
may be incorporated. (Renfro2018_Definitions 
and statistical properties) 

From a statistical perspective, the efficiency of 
basket trials comes from pulling data across all 

tumor subgroups to estimate the treatment effect. 
However, this pooled approach only works well 
when response to the therapy is relatively 

homogeneous across all tumor subgroups. 
Heterogeneous responses across tumor subgroups 
may lead to potential bias and/or inflation of the 
false-positive rates. A new calibrated Bayesian 

hierarchical model has recently been proposed to 
better control the type I error rate in basket trials. 
(Le-Rademacher2018) 

To study a single-targeted therapy in 
the context of multiple disease or 

disease subtypes 
(Heerspink2018_New clinical trial 
designs) 

Patients are assigned a regimen that is expected 
to be active for tumors containing that alteration. 

Often this expectation is based on knowledge of 
the target of the drug and its role in the 
progression of the disease as well as previous 

approval of the drug, or a similar drug, for 
patients with the same genomic alteration in 
some specified histology. In this case, the 

basket trial is a phase II screening trial for off-
lable use of the drug in patients with the same 
genomic alterations for which it was approved. 

(Simon2017_Critical review) 
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The distinguishable feature of basket 

trials is their inclusion of multiple 
tumor types and cancer histologies, 
and the term histology independentâ 

is often used to characterize this 
feature. The different tumor types 
can express the same mutation or 

different ones and are targeted by 
either one unique therapy or 
biomarker-specific therapies. 

(Janiaud2019) 

Eligibility depends on the presence in the tumor 

of a specified type of genomic alteration. A few 
multidrug basket trials have involved 
randomization to a test drug that targets a 

mutation in the patient's tumor or to a control 
drug. The use of randomization in a multidrug 
basket trial permits the trial to test the general 

policy of trying to match the drug to the 
genomics of the tumor. (Simon2016_Genomic 
alteration) 

• Requires strong predictive marker evidence 

• Requires excellent assay performance 

• Requires fast assay turn-around time 

(Renfro2016_Clinical trial designs 

incorporating) 

Basket trial design is a novel 

biomarker-based design that 

includes patients with different 

histologic or tumor subgroups who 

carry the same molecular 

aberrations. Each of these 

histologic/tumor subgroups, called a 

“basket”, forms a substudy of the 

overall trial. The substudies within a 

basket trial can have the same type 

of design or different designs or a 

combination of both. The goal of a 

basket trial design is to efficiently 

identify effective treatment targeting 

a particular molecular aberration 

which is associated with multiple 

tumor types. (Le-Rademacher2018) 

For each drug studied in a basket design, all of 

the patients generally share a common mutation, 
but have different primary disease sites. The 
standard phase II designs used for most basket 

clinical trials ignore this heterogeneity and pool 
all patients containing the same actionable 
mutations for analysis. (Simon2018_New 

designs for basket clinical trials) 

From a statistical perspective, the efficiency of 

basket trials comes from pulling data across all 

tumor subgroups to estimate the treatment effect. 

However, this pooled approach only works well 

when response to the therapy is relatively 

homogeneous across all tumor subgroups. 

Heterogeneous responses across tumor subgroups 

may lead to potential bias and/or inflation of the 

false-positive rates. A new calibrated Bayesian 

hierarchical model has recently been proposed to 

better control the type I error rate in basket trials. 

(Le-Rademacher2018) 

Basket trials assess the 
effectiveness of a candidate drug 

based on the mechanism rather than 
the underlying cancer type. 
(Joshi2018) 

In this design, individual histologic subtypes 
(indications) are grouped together each with its 

own control group. A shared control group may 
be used for indications with a common standard 
of care. Single arm designs using a concurrent 

registry control may be considered. 
Concurrent registries control for disease stage 
migration (the process by which progressively 

improved sensitivity of diagnostic techniques 
translates over time into patients with less 
disease burden being assigned to a given 

disease stage) and for progressive 
improvements in outcome due to improved 
supportive care, but do not control for patient 

selection (the ability and tendency of physicians 
to select patients who will do well, inflating the 
results on non-randomized studies). The use of 

registry data should be pre-agreed with health 
authorities. 
Each indication cohort would be sized for 

• By adjusting the decision rules or sample size 

within each basket, investigators can limit the 

overall false-positive rate. 

• […] the use of statistical modeling can enable 

efficacy information to be shared among the 

baskets, improving efficiency and thereby 

theoretically allowing for enrollment of fewer 

patients.(Tao2018) 
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accelerated approval based on a predetermined 

surrogate endpoint (i.e. response rate, RR, or 
progression free survival, PFS) reasonably likely 
to predict clinical benefit (i.e. overall survival, 

OS). 
The false positive rate for the surrogate would 
be pre-agreed with health authorities. 

Effect sizes of benefit judged by hazard ratio (or 
by percentage improvement in median) are 
typically larger for surrogate endpoints 

compared to OS, and larger benefits can be 
detected with smaller sample sizes. Therefore, 
multiple indication cohorts can generally be 

pooled into a basket study of comparable size to 
a standard confirmatory study.  
Tumor indications failing to meet the surrogate 

hurdle for accelerated approval would be 
“pruned”(removed from the basket). To adjust for 
inflation of the false positive rate of the final 

pooled analysis by “random high bias” due to 
selective pruning (please see random high bias, 
pruning of indications, and the false positive rate 

below), a prospectively designed adjustment 
would lower the nominal false positive rate (false 
positive rate before adjustment for random high 

bias) for the remaining indications. This 
adjustment amounts to a statistical penalty for 
using information within the study for adaptation. 

Additional indications may be pruned based on 
external data such as maturing early stage data 
involving the definitive clinical benefit endpoint 

(Figure 3), or data from other agents in the 
class. Pruning based on external data does not 
inflate the false positive rate of the pooled 

analysis, and does not incur a statistical penalty. 
To maintain the power of the pooled analysis 
after pruning, a sample size adjustment for the 

remaining indications may be required.  
(Beckman2016) 

Basket trials usually test the effect of 

one drug in a single/multiple arms of 
cancer patients who share a specific 
biomarker or molecular aberration, 

regardless of histology or organ 
involvement. (Leonetti2019) 

 • In order for a confirmatory basket trial to meet 

acceptance from health authorities, it will be 

necessary for the false positive rate of the 

pooled analysis to be rigorously controlled. 

• […] we recommend that the trial include a 

testing platform such as sequencing which 

may identify other options for ineligible 

patients. (Beckman2016) 

Basket trial designs offer the 
possibility to include multiple 

molecularly defined subpopulations, 

Adjusted posterior probabilities were computed in 
accordance with the trial’s reported design strategy, 

for which hypothesis testing assumed identical null 
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often across histology or tumor 

types, but included in one cohesive 
design to evaluate the targeted 
therapy in question. 

(Mandrekar2015) 

response rates for all organ sites. This assumption, 

if violated, would preclude implementation of basket 
trials devised to pool patients harboring common 
molecular tumor types arising from disparate clinical 

subtypes. 
(Hobbs2018_Statistical challenges) 

[…] trials designed to evaluate single 

drugs across multiple populations 
(Mazzarella2020) 

In a basket trial, the opportunity for pooling is 

across histologies, and it may be appropriate if 
there is reasonably strong scientific rationale that 
the activity of the agent would be similar in the 

different histologies. (Yee2019) 

[…] evaluate whether a certain 
actionable mutations of interest 

(aMOI) or biomarker signature is 
predictive of response to a targeted 
drug regardless of the tumor of 

origin. (Moore2016) 

 

Basket trials are a histologically 

agnostic trial design which recruit 
patients whose tumours contain a 
specific genomic aberration of 

interest. (O’Brien2017) 

Basket trials refer to designs in 
which a targeted therapy is 

evaluated on multiple diseases that 
have common molecular alternations 
(Park2020) 

[…] marker-specific but tumor 
agnostic and conducted in parallel 
without analyses across protocols 

(Renfro2016_Clinical trial designs 
incorporating) 

A basket trial 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. 

(Renfro2017_Precision oncology)  

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

the presence of a particular 
biomarker or molecular alteration 
rather than a particular cancer type. 

Basket trials are predicted on the 
hypothesis that the molecular 
characterization of a particular tumor 
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predicts response to a matched (tar 

geted) treatment to a greater extent 
or independent of tumor histology. 
(Renfro2017_Statistical 

controversies) 

Basket trials (also referred as pan-
tumor or tissue-agnostic trials) are 

designed to evaluate the effect of a 
drug that targets a single mutation or 
a specific pathway in various tumor 

types. These trials are simple, 
including specific treatment arms for 
various tumors of origin and location 

“baskets” or complex, evaluating 
multiple drugs across selected 
genetic alterations in various tumor 

types (Said2019) 

Basket trials are focused on the 
underlying target and not the 

disease or clinical syndrome per se. 
(Shah2017) 

In contrast to umbrella and platform 
trials, Basket trials are not focused 
on patients with a single disease 

histology. Basket trials are focused 
instead on patients with a single 
genomic alteration or class of 
alterations. (Simon2017_Critical 

review) 

[…] patient eligibility is based on a 

defined genomic alteration rather 
than on primary site. Basket trials 
are phase 2 trials. They can be 

nonrandomized or randomized and 
include a single drug or multiple 
individual drugs 

(Simon2016_Genomic alteration) 

[…] patient eligibility is based on a 
defined genomic alteration rather 

than on primary site. 
(Simon2018_New designs for basket 
clinical trials) 

"Basket trials" test whether a drug is 
effective in patients with specific 
genetic alterations regardless of 

their disease of origin. 
(Soldatos2019) 

Unlike most clinical trials, which test 

a drug against a specific cancer 
type, the central organizing principle 
of a basket trial is themolecular 
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alteration. The term basket arises 

from each collection of patients that 
harbors a particular mutation. 
(Tao2018) 

A basket trial is a histology-
independent design where each 
sub-trial enrols multiple tumour types 

(the basket) with one common 
genetic mutation. (Verweij2019) 

[…] innovative, histology-

independent trial design, in which 
patients with cancer diagnoses of 
different histologies can be enrolled 

in the study protocol based on the 
presence of a specific molecular 
aberration. (Zardavas2015) 

Basket or a bucket trials address a 
single targeted agent or subgroup 

across 
multiple histologic indications, the 
premise being that the fundamental 

classification of cancer is molecular, 
not histologic, and that core 
molecular signatures will be 

common across multiple histologies. 
(Beckman2016) 

A basket trial is a trial for patients 

whose tumors have a specific 
molecular alteration and who are 
treated with an agent specifically 

targeted for that alteration. Basket 
trials are generally histology 
agnostic; that is, tumors of varying 

histologies are grouped together in a 
"basket" defined by a shared 
molecular alteration. (Yee2019) 

Randomised 
basket 
design 

 A few multi-drug basket trials have 
been conducted which involve 
randomization 

to either a test drug which targets a 
mutation in the patient’s tumor or to 
a control drug (Simon2018_New 

designs for basket clinical trials) 

With randomization the trial may test the general 
policy of trying to match the 
drug to the genomics of the tumor. The null 

hypothesis here relates to a matching 
policy for a given set of drugs and genomic 
alterations used in the study. This policy is also 

determined by the type of genomic 
characterization performed and 
by the “rules” for matching drug to tumor. 

Rejection of the null hypothesis provides a proof 
of principle that matching can be useful overall 
but that null hypothesis is specific for the 

genomic alterations and the drugs on which the 
study is based. (Simon2018_New designs for 
basket) 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2021-052926:e052926. 12 2022;BMJ Open, et al. Superchi C



[…] in a randomized controlled basket trial, each 

individual tumor indication has its own control 
group. A shared control group may be used for 
indications with a common standard of care as 

appropriate. (Chen2016) 
 

 

Non 

randomised 
basket 
design 

    

 Bayesian 
basket design 

[…] a different kind of Bayesian 
design for evaluating the response 
probabilities for the primary sites 

included in a basket trial of a drug. 
(Simon2018_New designs for 
basket)  

At any interim analysis one can compute the 
posterior probability of activity (i.e. 
pj=phi) for each of the stratum. If that posterior 

probability is too small, one may close accrual to 
that stratum. If that posterior probability is very 
large, one might wish to proceed with the next 

stage of development of the drug in that stratum. 
One might wish to cap the total accrual to the 
trial, accepting that drug evaluation for some 

strata of very low prevalence may remain 
uncertain. (Simon2018_New designs for basket) 

 

[…] flexible design that could 
accommodate varying hypotheses 
while making pre-trial choices 

explicit. (Alexander2016) 

We generated a procedure that utilizes prior 
knowledge of biomarker information by 
quantifying the belief in the strength of the 

biomarker-effect linkage and combined the 
procedure with a Bayesian adaptive 
randomization algorithm. (Alexander2016) 

In this design, a Bayesian approach is used to 
model the response probabilities for the various 
histologic strata, and two hypotheses are 

considered: (1) the response probabilities for a 
particular targeted agent are equal across the 
corresponding histologic strata, and (2) the 

activity of the drug is independent across these 
strata. (Ou2019) 

[…] a design to support multiarm 

biomarker-driven trials that is flexible 
by allowing several treatments with 
varying biomarker hypothesis 

strengths in the same framework. 
(Trippa2017) 

Bayesian basket (BB) design evaluates multiple 

overlapping biomarker subgroups and 
associated experimental therapies. It starts with 
explicit a priori estimates regarding the 

predictive utility of a biomarker for each 
experimental arm and then learns during the 
trial, thereby generating valuable information 

about the biomarker while providing the 
efficiencies of biomarker-selected clinical trials. 
(Trippa2017) 

 Sequential 
basket trial 
design with 

Bayesian 
monitoring 
rules 

 […] the sequential design strategy uses interim 
analyses based on the multisource 
exchangeability modeling (MEM) approach to 

identify exchangeable metabaskets and 
terminate enrollment to ineffective subtypes. 
(Hobbs2018_Bayesian basket trial) 
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 Bayesian latent 

subgroup trial 
(BLAST) 
design 

The BLAST design makes the 

interim go/no-go treatment decision 
in a group sequential fashion for 
each cancer type based on 

accumulating data. (Yuan2018) 

Conditional on the latent subgroup membership 

of the cancer type, we jointly model the binary 
treatment response and the longitudinal 
biomarker measurement that represents the 

biological activity of the targeted agent. 
(Yuan2018) 

 

 Bayesian 

hierarchical 
adaptive 
design 

Hierarchical modeling allows 

information about the treatment 
effect in one group to be “borrowed” 
when estimating the treatment effect 

in another group. (Berry2013) 

In effect, the estimate of treatment effect in each 

group is shrunk toward the overall mean. The 
amount of shrinkage depends on the results, 
including the relative precision of estimates in 

the various groups. 
In this design, the four patient groups are 
considered together in a single, integrated trial, 

and a Bayesian hierarchical model borrows 
information across the groups. (Berry2013) 

 

Basket of 

basket design 

  The BoB study is testing therapies in 

multiple disease settings/genetic 
contexts, encompassed by the 
development of companion 

diagnostics based on specific 
biomarkers in these genetic 
contexts, including circulating 

tumour DNA (ctDNA) analysis as a 
way to select patients for any of the 
tested drugs and thus increase the 

efficacy of treatments. 
(Garralda2019) 

The study consists of two parts: (a) I-Profiler will 

allow the molecular characterization of tumours 
from patients with metastatic or recurrent solid 
tumours using a new profiling tool and select the 

most suitable treatment for these patients; and 
(b) I-Basket is a multimodular basket trial, with 
different cohorts for genomically selected 

populations.(Garralda2019) 

 

First, the patient’s tumour (biopsy, plasma) is 

molecularly profiled by various multiplexed 
assays. Cancer patients with an appropriate 
molecular profile can then participate either in 
industry sponsored basket trials or in iBasket, a 

multi-modular investigator-initiated basket 
protocol. Modules can be added or dropped 
based on the results and may have different 

statistical designs (Bayesian, adaptive). Each 
module has individual arms with genomically 
selected patient populations. (Verweij2019) 

Umbrella 
design 

 

  Patients with exactly one of the 
targeted biomarkers are assigned to 

the associated sub-study evaluating 
an investigational therapy targeted 
against that aberration. For patients 

with more than one of the targeted 
biomarkers, assignment is 
randomized between the sub-studies 

they are eligible for using an 
algorithm that gives more weight to 
studies with lower prevalence 

biomarkers. Patients whose tumors 
alterations don't fall into any of the 
available matched drug-biomarker 

sub-studies are assigned to a non-
match sub-study. Therefore all 

The sample size for each sub-study is 
determined based on the biomarker prevalence, 

maintaining all other design parameters the 
same across sub-studies. (Ferrarotto2015) 

1. Consistency of biomarker assay across sites is 
important 

2. Planning requires wellcoordinated efforts among 
members of multidisciplinary team 
3. Often needs international partnerships to make it 

feasible (Le-Rademacher2018) 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2021-052926:e052926. 12 2022;BMJ Open, et al. Superchi C



screened patients who satisfy the 

clinical eligibility criteria have a study 
in which to enroll. (Ferrarotto2015) 

An umbrella trial is a master protocol 
for which the patient's eligibility is 
defined by the presence of a tumour 

type that is substratified according to 
specific molecular alterations 
matched to different anticancer 

therapies. (Garralda2019) 

Within a conventionally defined disease (eg, 
diabetic kidney disease [DKD]), various 
biomarker-based subgroups are defined and 

different drugs are tested in these subgroups. 
This approach supports individualizing 
treatments and personalized medicine. 

(Heerspink2018_New clinical trial designs) 

The randomization is adaptive, which means as 
certain subtypes respond better to a certain arm, 
the randomization probability for a patient with that 

subtype being randomized to that arm increases. In 
the same manner, if a certain subtype has no 
responses to a certain arm, the randomization 

probability of that arm for that subtype decreases 
and may even go to 0 if the arm is completely 
dropped for that subtype. (Moore2016) 

To study multiple targeted therapies 
in the context of a single disease. 
(Heerspink2018_New clinical trial 

designs) 

In an umbrella trial design, patients are first 
screened for and assigned to a specific 
biomarker subgroup. Patients in each subgroup 

are then assigned to one of the therapies 
specifically targeting the biomarker they harbor. 
Some umbrella trials allow inclusion of a 

subgroup of patients with no actionable 
biomarker. Each of these biomarker subgroups 
forms a substudy of the overall trial (Le-

Rademacher2018) 

Refers to both umbrella and basket design:  
 

• Careful evaluations of the pre-existing clinical 

evidence and underlying biologic assumptions 

are required to ensure that there is a biologic 

plausibility for the targeted interventions 

• Accuracy of biomarker tests is important; 

however, because all medical tests will have 

some degree of inaccuracy, it is important to 

account for inaccuracy (ie, false-positive rates) 

in the trial planning stage to avoid 

underpowering the trial 

• If there are multiple tumor types involved, the 

accuracy of biomarker tests should be similar 

between these tumors 

• The biospecimen collection process should be 

easy, and relatively uniform high biospecimen 

quality and biospecimen yield must be 

achievable, especially for basket trials that 

have multiple diseases 

• Prevalence of the biomarker(s) used should be 

anticipated with possible recruitment 

challenges 

• The sample size calculations for umbrella 
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trials, conversely, may be done for each of the 

subgroups because there are multiple targeted 

interventions being evaluated in umbrella trials 

• Targeted intervention strategies rely on 

predictive risk factors that determine whether 

the patient will respond to a given intervention 

• Use of randomization and a control group with 

adequate sample size can determine whether 

the risk factor is predictive or not 

• If randomization is not feasible, statistical 

adjustments can be made. However, there are 

issues with making statistical adjustments with 

smaller data sets 

• If there is adequate sample size, it is important 

to note that statistical adjustments can only 

account for measurable factors (Park2020) 

The umbrella design tests multiple 
targeted therapies in different 
biomarker-matched subgroups of 

patients, all of whom present the 
same tumor type or cancer 
histology. (Janiaud2019) 

Patients are screened for a specific set of 
biomarkers and assigned to a biomarker-driven 
substudy (targeted design) if it is determined that 

they have one of the target biomarkers. 
(Mandrekar2015) 

• Requires excellent assay performance 

• Requires fast assay turn-around time 

(Renfro2016_Clinical trial designs incorporating) 

Umbrella trials take patients with the 
same type of cancer, and assign 
them to treatment arms based on 

unique mutations (Joshi2018) 

• Risk factors are used to stratify patients into 

multiple subgroups (patient stratification);  

• Umbrella trials have multiple interventions, 

with intervention assignment being 

determined based on their risk factor;  

• Similar to basket trials, intervention 

assignment may or may not be determined 

using randomization;  

• Compared with basket trials, it may be 

easier to pick the choice in the control 

group for umbrella trials because there is 

one disease being studied;  

• The existing standard of care (or placebo, if 

there is no established care) for the disease 

being studied may be used as the control 

for all of the subgroups (Park2020) 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2021-052926:e052926. 12 2022;BMJ Open, et al. Superchi C



Umbrella trials select on the basis of 

a tumor type or histology […] 
(Lam2018_Accelerating therapeutic) 

In an umbrella trial, patients with tumors from the 

specified cancer type are centrally screened and 
assigned to one of several molecularly defined 
subtrials where they receive (or perhaps are 

randomized to) a matched targeted treatment. In 
such trials, the relevant markers are regarded as 
refinements of (rather than replacements of ) 

tumor type. (Renfro2017_Statistical 
controversies) 

In an umbrella trial, the opportunity for pooling is 

across substudies defined by different biomarkers. 
(Yee2019) 

[…] umbrella trials evaluate multiple 

targeted therapies in a single-tumor 
type. (Lam2018_Master protocols) 

• In umbrella trials, in which different 

experimental treatments in different biomarker 

subgroups within the same protocol are 

evaluated, an overarching statistical design 

that is common to all treatment arms can be 

deployed. 

• […] rates of recruitment to each cohort can 

vary dramatically requiring interim analyses at 

multiple time points. (Blagden2020) 

Umbrella trials enroll patients with a 

single type or class of tumor. After 
central screening, patients are 
assigned to one of the many sub-

trials on the basis of their molecular 
alteration, where they are treated (or 
can be treated, when randomized) 

with a matched targeted compound. 
(Leonetti2019) 

In the umbrella design a separate enrichment 

trial is conducted for each biomarker stratum. 
The enrichment design for a given stratum uses 
as the test regimen a drug expected to be active 

for the alteration defining that stratum. 
(Simon2017_Critical review) 

Thus, an umbrella trial consists of multiple 

substudies, each with independent subgroups of 
patients receiving different therapies and with the 
option of assuming different statistical parameters 

for independent designs. The substudies, however, 
exist under an overarching master protocol that 
uses a common infrastructure for screening and 

treatment assignment to reduce the cost and time 
associated with enrollment to unrelated and often 
sequential biomarker-informed studies. (Ou2019) Umbrella trials include a central 

infrastructure for screening and 
identification of patients, and focus 

on a single tumor type or histology 
with multiple subtrials, each testing a 
targeted therapy within a molecularly 

defined subset. (Mandrekar2015) 

As with a basket trial, the tumor molecular 
screening can be performed as part of the trial or 
in the community. Any subtrial can be a single-

arm trial designed to evaluate the efficacy of a 
targeted agent, or a randomized trial with a 
standard-treatment control arm (which could be 

observation). Unlike basket trials, patients 
without a target match in an umbrella trial can 
easily be put on a randomized subtrial of 2 

relevant treatments for the histology. However, 
because patients with the designated alterations 
have been excluded from the nonmatch subtrial, 
there may be some question as to what 

population the results will generalize. (Yee 2019) 

[…] trials designed to evaluate […] 

multiple drugs on a single population 
(Mazzarella2020) 

 

Use of adaptive randomization and a 

common platform design is 
revolutionizing how we screen new 
drugs. When this strategy is applied 
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to one tumor type with multiple 

different sub studies, we are 
describing an umbrella trial. 
(Moore2016) 

Umbrella trials, in contrast to basket 
trials, recruit patients with one 
histological diagnosis, but then 

allocate patients to specific arms 
within the trial based on the 
presence of specific molecular 

alterations in their tumours. 
(O’Brien2017) 

 

Umbrella trials, on the other hand, 

evaluate multiple targeted therapies 
for a single disease that is stratified 
into subgroups by molecular 

alternation. (Park2019_Systematic 
review) 

Umbrella trials, conversely, are 
prospective clinical trials that test 
multiple targeted interventions for a 

single disease based on predictive 
biomarkers or other predictive 
patient risk factors. (Park2020) 

In an umbrella trial, a common 
genomic screening platform and 
central screening infrastructure are 

used to assign patients to unique 
marker-enriched protocols. 
(Renfro2017_Precision oncology) 

 […] an umbrella trial generally 
restricts enrollment to a single type 
or class of cancers 

(Renfro2017_Statistical 
controversies) 

An umbrella trial is another type of 

master protocol where patients with 
a common disease type (e.g., 
advanced non-squamous cell lung 

cancer) are enrolled to parallel 
cohorts or sub-trials that are similarly 
marker-driven. In this 

instance, the umbrella “over” the 
various sub-trials is the larger 
disease population from which the 

marker-based cohorts were derived. 
Umbrella trials may include phase II 
or phase II/III trials, wherein the 

individual marker-specific sub-trials 
or cohorts may be either single-arm 
studies of paired targeted agents, or 
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randomized studies comparing 

targeted agents versus placebo or 
standard of care. 
(Renfro2018_Definitions and 

statistical) 

In an umbrella trial design, a variety 
of targeted treatments are tested in 

parallel. (Shah2017) 

In the umbrella design a separate 
enrichment trial is conducted for 

each biomarker stratum. The 
enrichment design for a given 
stratum uses as the test regimen a 

drug expected to be active for the 
alteration defining that stratum. 
(Simon2017_Critical review) 

[…] enroll many marker-defined 
cohorts in parallel under the 

"umbrella" of one disease area 
(Simon2010_Clinical trial designs) 

An umbrella trial is restricted to 

patients with a single primary site of 
cancer but uses different drugs to 
target patients with different genomic 

alterations. (Simon2016_Genomic 
alterations) 

Umbrella phase 3 designs consist of 

a combination of several enrichment 
designs conducted with a common 
genomic alteration testing 

infrastructure […]. 
(Simon2016_Genomic alterations) 

Umbrella designs involve several 

molecularly targeted test drugs and 
a single primary site population of 
patients. (Simon2018_New designs 

for basket) 

These protocols generally offer 
multiple therapeutic options matched 

to the patient's individual tumor 
genome. (Tao2018) 

Umbrella trials involve a single 
histology and different treatments 
based on the genomic alterations in 

patient subgroups. 
(Tsimberidou2020) 

An umbrella trial evaluates the 

efficacy of different targeted agents 
each against a different genetic 
mutations (sub-trials) within a single 

histology (“the umbrella”). 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2021-052926:e052926. 12 2022;BMJ Open, et al. Superchi C



 
 
References 
1. Ahmad T, O’Connor CM. Therapeutic Implications of Biomarkers in Chronic Heart Failure. Clin Pharmacol Ther. 2013 Oct;94(4):468–79.  

2. Alexander BM, Lorenzo T. Bayesian baskets: A novel approach to biomarker-based clinical trial design. J Clin Oncol. 2016;34: e14057 

3. Alexander BM, Trippa L, Gaffey S, Arrillaga-Romany IC, Lee EQ, Rinne ML, et al. Individualized Screening Trial of Innovative Glioblastoma Therapy (INSIGhT): A Bayesian Adaptive Platform Trial 

to Develop Precision Medicines for Patients With Glioblastoma. JCO Precis Oncol. 2019 Dec;(3):1–13.  

4. Antoniou M, Jorgensen AL, Kolamunnage-Dona R. Biomarker-Guided Adaptive Trial Designs in Phase II and Phase III: A Methodological Review. Soyer HP, editor. PLOS ONE. 2016 Feb 

24;11(2):e0149803.  

5. Antoniou M, Kolamunnage-Dona R, Jorgensen A. Biomarker-Guided Non-Adaptive Trial Designs in Phase II and Phase III: A Methodological Review. J Pers Med. 2017 Jan 25;7(1):1.  

6. Barry WT, Perou CM, Marcom PK, Carey LA, Ibrahim JG. The Use of Bayesian Hierarchical Models for Adaptive Randomization in Biomarker-Driven Phase II Studies. J Biopharm Stat. 2015 Jan 

2;25(1):66–88.  

(Verweij2019) 

An umbrella trial is designed to 

enroll patients with a specific 
histology, and any of multiple 
potential tumor molecular 

alterations, who are assigned to 
different subtrials based on those 
alterations. (Yee2019) 

Umbrella trials assign patients to 
one of potentially many treatment 
arms, based on a specific cancer 

type and genetic markers. 
(Soldatos2019) 
 

Patients are screened for a panel of 
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Supplementary file VI. Examples of clinical trials  

 

Type of trial 
designs 

Sub-type of 
trial 
designs 

Variations Example(s) Trial registration 
num. 

Recruitment status as of 
12 March 2021 

Clinical Field Phase Reference 

Marker 
stratified 

design 
 

  CALGB-30506 NCT00863512 Completed Lung cancer III (1) 

EORTC10994 P53 NCT00017095 Completed Breast cancer III (2) 

IBCSG trial IX nf
1 

nf
1
 Breast cancer nf

1
 (1) 

MARVEL NCT00738881 Completed Lung cancer III (1,3–6) 
 

MINDACT NCT00433589 Ongoing Breast cancer III (1) 

RTOG0825 NCT00884741 Completed Glioblastoma III (1,7) 

Subgroup 
specific 
design 

Sequential-
subgroup specific 
design 

PRIME NCT00364013 Completed Colorectal cancer III (1) 

Biomarker-
positive and 
overall 
strategies 
 

Biomarker-
positive and 
overall strategies 
with parallel 
assessment 

 

ARCHER NCT01360554 Completed Lung cancer III (1) 

MERiDIAN NCT01663727 Completed Breast cancer III (1) 

MONET1 NCT00460317 Completed Lung cancer III (1) 

S0819 NCT00946712 Completed Lung cancer III (1) 

SATURN NCT00556712 Completed Lung cancer III (1) 

ZODIAC NCT00312377 Completed Lung cancer III (1) 

Biomarker-
positive and 
overall strategies 
with sequential 
assessment 

N0147 NCT00079274 Completed Colorectal cancer III (1) 
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Marker sequential 
test design 

ECOG E1910 NCT02003222 Ongoing Leukemia III (1) 

Hybrid design   TAILORx NCT00310180 Completed Breast cancer III (1,8) 

Biomarker 
strategy 
design with 
biomarker 
assessment in 

the control 
arm 
 

  ERCC1 NCT00801736 Completed Lung cancer III (9) 

GILT docetaxel NCT00174629 Completed Lung cancer III (1) 

LIFT NCT02498977 Completed Transplantation, Liver IV (10) 

Biomarker 
strategy 

design without 
biomarker 
assessment in 
the control 
arm 
 

  GUIDE-IT NCT01685840 Completed Chronic Heart Failure n/a
2
 (11) 

iPEGASUS NCT03021525 Ongoing Hemodynamic 

Instability; Cardiac 
Output, High; 
Peroperative 
Complication 

n/a
2
 (12) 

OCTOPUS ISRCTN81464462 Completed Mild head injury n/a
2
 (1) 

PUFFIN NCT03654508 Ongoing Asthma n/a
2
 (13) 

Modified 
biomarker 
strategy 
design 

  MINDACT NCT00433589 Ongoing Breast cancer III (8,14) 

NCI-MPACT NCT01827384 Completed Advanced malignant 
solid neoplasm 

II (5) 

SHIVA NCT01771458 Unknown
3
 Reccurent/Metastatic 

Solid; Tumor Disease 
II (5,6,15) 
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Sequential 
Multiple 

Assignment 
Randomised 
Trial (SMART) 
design 

  Siyaphambili 
Study 

NCT03500172 Completed HIV n/a
2
 (16) 

Adaptive 
strategy for 
biomarker 

with 
measurement 
error 

  OPTIMA ISRCTN42400492 Ongoing Breast cancer n/a
2
 (6) 

Outcome-
based 
adaptive 

randomization 
design 
 

  BATTLE NCT00409968 Completed Lung cancer II (5,6,17–19) 

I-SPY 2 NCT01042379 Ongoing Breast cancer II (1,5,7,20–
22) 

ProBio NCT03903835 Ongoing Prostate cancer III (23–25) 

SEPSIS-ACT NCT02508649 Completed Septic shock II/III (26) 

Adaptive 

enrichment  

Adaptive 

patient 
enrichment 
design 
 

 MISTIE NCT01827046 Completed Intracerebral 

Hemorrhage 

III (27) 

MK-0462-082 AM7 NCT01001234 Completed Migraine III (28) 

THRIVE NCT00543725 Completed HIV III (29) 

Adaptive 

parallel Simon 
two-stage 
design 

  - NCT00958971 Completed Breast cancer II (28) 

Multi-arm 
multi-stage 
design 
 

  ATLANTIS ISRCTN25859465 Ongoing Bladder II (30) 

BIOMEDE NCT02233049 Unknown
3
 Diffuse Intrinsic Pontine 

Glioma 
II (31,32) 

PanACEA MAMS NCT01785186 Ongoing Tuberculosis II (33) 
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PLATFORM NCT02678182 Ongoing Gastric II (34) 

STAMPEDE NCT00268476 Ongoing Prostate cancer II/III (28,35,36) 

Two-stage 

adaptive 
seamless design 

SEPSIS-ACT NCT02508649 Completed Septic shock II/III (26) 

Group sequential 
design 

SHARP NCT00105443 Completed Liver cancer III (37) 

Tandem two 
stage design 

  - NCT00735917 Completed Pancreas cancer II (28) 

Platform 
design 
 

 
 
 

 
 
 

 
 
 

BATTLE NCT00409968 Completed Lung cancer II (38) 

DIAN-TU NCT01760005 Ongoing Alzheimer's Disease II/III (39,40) 

EPAD NCT02804789 Completed Alzheimer's Disease n/a
2
 (40) 

FOCUS4 ISRCTN90061546  Ongoing Colorectal cancer II/III (41) 

FRACTION-GC NCT2935634 Ongoing Gastric Cancer II (42,43) 

FRACTION-Lung NCT02750514 Ongoing Lung cancer II (42,44) 

FRACTION-RCC NCT2996110 Ongoing Renal Cell Carcinoma II (42) 

GBM AGILE NCT03970447 Ongoing Glioblastoma II/III (45) 

I-SPY 2 NCT01042379 Ongoing Breast cancer II (26) 

- NCT03739710 Ongoing Neoplasms II (46) 

ORCHARD NCT03944772 Ongoing Lung cancer II (47) 

PANGEA-IMBBP NCT02213289 Ongoing Adenocarcinoma II (48) 
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PLATforM NCT03484923 Ongoing Melanoma II (49) 

SHIVA NCT01771458 Unknown
3
 Reccurent/Metastatic 

Solid; Tumor Disease 
II (50) 

STAMPEDE NCT00268476 Ongoing Prostate cancer II/III (51,52) 

Bayesian adaptive 
platform trial 

INSIGhT NCT02977780 Ongoing Glioblastoma II (53) 

Randomized

embedded 
multifactorial 
adaptive 
platform 
(REMAP) 
 

 REMAP-CAP NCT02735707 Ongoing Community-acquired 

Pneumonia, Influenza, 
COVID-19 

IV (26) 

UPMC REMAP NCT03861767 Ongoing Aging III (54) 

Basket design 
 

 
 
 
 
 

 
 
 
 
 

ALCHEMIST NCT02194738 Ongoing Lung cancer III (51) 

BASKET 1 NCT00928525 Unknown
3
 Advanced Desmoid 

Tumor, Advanced 
Chondrosarcoma 

II (2) 

CAPTUR NCT03297606 Ongoing Lymphoma, Non-
Hodgkin Multiple 

Myeloma Advanced 
Solid Tumors 

II (55) 

CLUSTER NCT02059291 Completed Fever III (40) 

CREATE NCT01524926 Ongoing Locally Advanced 
and/or Metastatic 
Anaplastic Large Cell 
Lymphoma; Locally 
Advanced and/or 
Metastatic 
Inflammatory 
Myofibroblastic Tumor; 

Locally Advanced 

II (56) 
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and/or Metastatic 
Papillary Renal Cell 

Carcinoma Type; 
Locally Advanced 
and/or Metastatic 
Alveolar Soft Part 
Sarcoma; Locally 
Advanced and/or 
Metastatic Clear Cell 

CUSTOM NCT01306045 Ongoing Lung cancer II (57) 

DART SWOG 
1609 

NCT02834013 Ongoing Rare tumors II (58) 

DRUP NCT02925234 Ongoing Solid tumor, multiple 

myeloma or B cell non-
Hodgkin lymphoma 

II (59) 

IMPACT 2 NCT02152254 Ongoing Metastatic Malignant 

Neoplasm Recurrent 
Malignant Neoplasm 

n/a
2
 (20) 

IGNYTE-ESO NCT03967223 Ongoing Neoplasms II (60) 

K-BASKET NCT03491345 
NCT03017521 

Unknown
3
 Solid tumor II (2) 

Keynote 158 NCT02628067 Ongoing Anal Cancer;Colorectal 
Cancer;Lung 
Cancer;Pancreas 
cancer;Endometrial, 
small intestine, cervical, 
vulvar, salivary gland 

carcinoma , 
mesothelioma and  
other advanced solid 
tumor 

II (61,62) 
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MEDIOLA NCT02734004 Ongoing Ovarian Breast SCLC 
Gastric Cancers 

II (63–65) 

METADUR NCT02811497 Ongoing Colorectal carcinoma, 
ovarian and breast 
cancer 

II (2) 

MiMe-A NCT03339843 Ongoing Esophageal 
Adenocarcinoma, 

Esophagus SCC, 
Cholangiocarcinoma,  
Urothelial/Bladder 
Cancer, Nos 
Endometrial Cancer 

II (2) 

MOBILITY-001 NCT02399943 Ongoing Colorectal cancer II (2) 

MOBILITY-002 NCT02428270 Ongoing Pancreatic cancer, 

Adenocarcinoma 

II (2) 

MOBILITY-003 NCT02506517 Ongoing Solid tumors II (2) 

MyPathway NCT02091141 Ongoing Neoplasms Solid 
Tumors; Biliary Cancer; 
Salivary Cancer; 
Bladder Cancer 

II (66) 

MoST ACTRN12616000
908437 

Ongoing Solid tumor II (67,68) 

_ NCT03836352 Ongoing Ovarian Cancer 
Hepatocellular 
Carcinoma Non-small 
Cell Lung Cancer 
Bladder Cancer 
Microsatellite 
Instability-High 

II (69) 
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n/a NCT02675829 Ongoing Solid tumors II (70) 

NAVIGATE NCT02576431 Ongoing Solid Tumors Harboring 
NTRK Fusion 

II  

NCI CTRP NCT02478320 Ongoing Advanced cancers II (2) 

NCI-MATCH NCT02465060 Ongoing Advanced malignant 
solid neoplasm 

II (5,6,17,38,7
1–80) 

NCI-MPACT NCT01827384 Ongoing Advanced malignant 
solid neoplasm 

II (57,72,81,8
2) 

P10s Basket trial NCT03003195 Ongoing Neoplasms by Site 
Metastatic Cancer 

II (2) 

Paragon ACTRN12610000
796088 
(prospectively 
registered) 

Ongoing Ovarian cancer II (2) 

SHIVA NCT01771458 Unknown
3
 Reccurent/Metastatic 

Solid; Tumor Disease 
II (83) 
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SIGNATURE NCT01831726 
NCT01885195 

NCT01981187 
NCT02002689 
NCT02160041 
NCT02186821 
NCT02187783 
NCT01833169 

Completed Solid tumor, 
hematologic 

malignancies 

II (2) 

STARTRK-2 NCT02568267 Ongoing Solid tumor II (2) 

SUMMIT NCT01953926 Ongoing Solid Tumors Harboring 
Somatic HER2 or 
EGFR Exon 18 
Mutations 

II (2) 

TAPUR NCT02693535 Ongoing Lymphoma, Non-
Hodgkin Multiple 
Myeloma Advanced 
Solid Tumors 

II (20) 

TMB-H basket UMIN000033182 Ongoing Colorectal cancer, 
Gastric cancer, 
Esophageal cancer, 
Biliary tract cancer, 
Pancreatic cancer, and 
Other gastrointestinal 

cancer 

II (84) 

VE-BASKET NCT01524978 Completed Multiple Myeloma, 
Neoplasms 

II (2,66,85–
87) 

Basket of 
basket design 

  - NCT03767075 Ongoing Advanced Solid Tumor II (87–89) 

Umbrella 
design 
 

 
 

 
 

ADAPT NCT01779206 Ongoing Breast Cancer II/III (90–92) 

ALCHEMIST NCT02194738 
NCT02193282 
NCT02201992 
NCT02595944 

Ongoing Lung cancer III (2,5,17,38,4
1,73,77,93,
94) 
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BATTLE-1 NCT00411632 
NCT00411671 

NCT00410189 
NCT00410059 

Completed Lung cancer II (2,95) 

BATTLE-2 NCT01248247 Ongoing Lung cancer II (2) 

BFAST NCT03178552 Ongoing Lung cancer II/III (87) 

FOCUS4 ISRCTN90061546  Ongoing Colorectal cancer II/III (2,30) 

HUDSON NCT03334617 Ongoing Lung cancer II (2) 

I-SPY 2 NCT01042379 Ongoing Breast cancer II (2) 

Lung-MAP NCT02154490 

NCT02766335 
NCT02785913 
NCT02785939 
NCT02965378 
NCT02926638 
NCT03373760 
NCT03377556 
NCT02785952 

Ongoing Lung cancer II/III (2,5,6,17,73

,75–
79,81,93,96
–100) 

MiST NCT03654833 Ongoing Mesothelioma, 
Malignant 

II (101) 

MODUL NCT02291289 Ongoing Colorectal cancer II (102) 

MOSCATO NCT01566019 Ongoing Metastatic Solid 

Tumors (Any 
Localization) 

n/a
2
 (89) 

- NCT02276027 Completed Lung cancer II (103) 

NCI-MATCH NCT02465060 Ongoing Advanced malignant 
solid neoplasm 

II (93) 

Pediatric MATCH NCT03155620 Ongoing Advanced Malignant 
Solid Neoplasm 

II (2) 

plasmaMATCH NCT03182634 Ongoing Breast cancer II (104) 

PLATO ISRCTN88455282 Ongoing Anal cancer II/III (105,106) 
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Precision-Panc: 
PRIMUS 

NCT04161417 Ongoing Pancreas cancer n/a
2
 (107) 

PRIMUS 002 ISRCTN34129115 Ongoing Pancreas cancer II (108) 

SAFIR02_Lung NCT02117167 Completed Lung cancer II (56) 

SAFIR02_Breast NCT02299999 Completed Breast cancer II (56) 

SUKSES-S NCT02688894 Ongoing Small Cell Lung 

Cancers 

II (109,110) 

TRIUMPH NCT03292250 

NCT03356587 

Unknown
3
 Head and neck 

squamous cell 
carcinoma 

II (2) 

TRUMP NCT03574402 Ongoing Lung cancer II (2) 

UPSTREAM NCT03088059 Ongoing Head and Neck 
Squamous Cell 
Carcinoma 

II (111) 

VIKTORY NCT02299648 Ongoing Molecular profiling n/a
2
 (112) 

WINTHER NCT01856296 Completed Metastatic cancer n/a
2
 (113) 

WSG ADAPT NCT01781338 Ongoing Breast cancer II/III (2) 

Bayesian adaptive 
umbrella design 

National Lung 
Matrix Trial 

NCT02664935 Ongoing Lung cancer II (2,30,99) 

Randomized 
umbrella design 

AMBITION NCT03699449 Ongoing Ovarian cancer II (114) 

Umbrella-
basket hybrid 

  MASTER KEY UMIN000027552 Ongoing Cancer II (115) 

Umbrella-
basket hybrid 

  NCI-MATCH NCT02465060 Ongoing Advanced malignant 
solid neoplasm 

II (82) 

 

 

1 
Not found 

 
2 
Not applicable is used on the Clinicaltrilas.gov website to describe trials without FDA-defined phases including trials of devices or behavioural interventions. 

 
3 
Unknown is used to indicate a trial status that has not been verified within the past two years on the Clinical trials.gov website 
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Supplementary file VII. Trials evaluating personalised versus no personalised medicine 

  

Type of trial 
designs 

Example(s) Trial registration num. Recruitment status as of 12 March 2021 Clinical Field  Phase References 

Adaptive 

strategy 
designs for 
biomarkers 
with 
measurement 
error 

OPTIMA ISRCTN42400492 Ongoing Breast Cancer n/a
1
 (1) 

Basket design 
 

NCI-MPACT NCT01827384 Completed Advanced malignant solid neoplasm II (2–4) 

SHIVA NCT01771458 Unknown* Reccurent/Metastatic Solid; Tumor Disease II (5) 

IMPACT II NCT02152254 Completed Reccurent/Metastatic Solid; Tumor Disease II (6) 

Biomarker 
strategy 
design with 
biomarker 
assessment 
in the control 
arm 
 

ERCC1  NCT00801736 Completed Lung cancer III (7) 

GILT docetaxel NCT00174629 Completed Lung cancer III (8) 

LIFT NCT02498977 Completed Transplantation, Liver IV (9) 

Biomarker-

strategy 
design 
without 
biomarker 
assessment 
in the control 
arm 
 

GUIDE-IT NCT01685840 Completed Chronic Heart Failure n/a
1
 (10) 

iPEGASUS NCT03021525 Ongoing Hemodynamic Instability, Cardiac Output 
(High), Peroperative Complication 

n/a
1
 (11) 

OCTOPUS ISRCTN81464462 Completed Mild head injury n/a
1
 (8) 

PUFFIN  NCT03654508 Ongoing Asthma n/a
1
 (12) 

Modified 
biomarker 

SHIVA NCT01771458 Unknown* Reccurent/Metastatic Solid; Tumor Disease II (1,13–15) 
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strategy 
design 

 

NCI-MPACT NCT01827384 Completed Advanced malignant solid neoplasm II (15) 

Outcome-
based 
adaptive 
randomization 
design 

ProBio NCT03903835 Ongoing Prostate cancer III (16) 

Platform SHIVA NCT01771458 Unknown* Reccurent/Metastatic Solid; Tumor Disease II (17) 

Sequential 
Multiple 
Assignment 
Randomized 
Trial 
(SMART) 

Siyaphambili Study NCT03500172 Ongoing HIV n/a
1
 (18) 

Umbrella 
 

UPSTREAM NCT03088059 Ongoing Head and Neck Squamous Cell Carcinoma II (19) 

SAFIR02_Braest NCT02299999  Completed Breast Cancer II (20) 

SAFIR02_Lung  
NCT02117167 

Completed Lung cancer II (17) 

 
1
Not applicable is used on the Clinicaltrilas.gov website to describe trials without FDA-defined phases including trials of devices or behavioural interventions. 
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