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Abstract
Recent rapid biotechnological breakthroughs have led to the identification of complex and unique molecular features that drive malignancies. Precision medicine has exploited next-generation sequencing and matched targeted
therapy/immunotherapy deployment to successfully transform the outlook for several fatal cancers. Tumor and liquid
biopsy genomic profiling and transcriptomic, immunomic, and proteomic interrogation can now all be leveraged to
optimize therapy. Multiple new trial designs, including basket and umbrella trials, master platform trials, and N-of-1
patient-centric studies, are beginning to supplant standard phase I, II, and III protocols, allowing for accelerated drug
evaluation and approval and molecular-based individualized treatment. Furthermore, real-world data, as well as
exploitation of digital apps and structured observational registries, and the utilization of machine learning and/or
artificial intelligence, may further accelerate knowledge acquisition. Overall, clinical trials have evolved, shifting from
tumor type-centered to gene-directed and histology-agnostic trials, with innovative adaptive designs and personalized combination treatment strategies tailored to individual biomarker profiles. Some, but not all, novel trials now
demonstrate that matched therapy correlates with superior outcomes compared to non-matched therapy across
tumor types and in specific cancers. To further improve the precision medicine paradigm, the strategy of matching
drugs to patients based on molecular features should be implemented earlier in the disease course, and cancers
should have comprehensive multi-omic (genomics, transcriptomics, proteomics, immunomic) tumor profiling. To
overcome cancer complexity, moving from drug-centric to patient-centric individualized combination therapy is critical. This review focuses on the design, advantages, limitations, and challenges of a spectrum of clinical trial designs in
the era of precision oncology.
Keywords: Clinical trials, Precision oncology, Personalized medicine, Real-world data
Background
Traditionally, patients suffering from cancer are treated
on the basis of their tumor site of origin and histological
subtype. However, rapid advances in molecular technology have yielded clinical-grade tests, unimaginable just a
few years ago, that can interrogate each tumor’s omic and
immune profile and identify its unique alterations. This
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information can then be used to provide personalized
treatment to patients.
Traditional oncology practice relies on average-population-benefit decisions, often derived from randomized
clinical trials of unselected patients, which have been the
cornerstone of drug approvals for decades [1, 2]. Customarily, therapy decisions were based on the tumor organ of
origin, and this paradigm still often applies. In contrast,
precision/personalized oncology depends on data from
trials selecting patients on the basis of their genomic/
biologic/immune markers. Therefore, some clinical studies are now based on mutation status (e.g., whether the
tumor has an NTRK fusion or high tumor mutational
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burden [TMB]) rather than site of origin [3]. Relying on
genomics has yielded several tumor-agnostic approvals of
agents with remarkable efficacy [3–6].
Both tissue-of-origin studies and tumor-agnostic/
genomic-based studies are drug-centered, meaning that
the trial offers the same drug(s) to each patient and the
patient must fit the trial. Patients are chosen for the trial
based on their commonalities, that is, whether they have
the same tissue-of-origin diagnosis or, more recently,
whether they have the same genomic alteration regardless of tissue of origin. However, as omic technology has
improved and become more widely used, a challenging
reality has been demonstrated—individual tumors, especially when metastatic, are complex and differ from each
other [7, 8]. Due to this significant tumor heterogeneity,
optimal therapy requires customization to the individual.
Therefore, next-generation trials need to be patient-centered (i.e., therapeutic agents matched to patients based
on their tumor biomarkers) rather than drug-centered
(i.e., patients matched to specific clinical trials). Traditional randomized, drug-centered clinical trials are
important because they attenuate the influence of confounders; however, they are also cumbersome, are costly,
and require large numbers of patients to demonstrate
clinical benefit [9]. Newer biomarker-based clinical trials have been associated with improved rates of response,
progression-free survival (PFS), and overall survival (OS)
compared to clinical trials that did not use a biomarker to
select patients [10–12].
Patient-centered trials evaluate the robustness of the
strategies for allocating N-of-one personalized therapies,
rather than evaluating the therapies themselves, since the
treatments may differ from patient to patient [13–15].
In addition to novel patient-centered N-of-one trials,
advanced computing capabilities, almost inconceivable a
few years ago, are yielding altogether new ways to assess
drug efficacy. Two such advances are the use of realworld data, which has yielded, in part or in whole, at least
two Food and Drug Administration (FDA) cancer drug
approvals [16, 17], and the use of registries that collect,
store, and analyze large volumes of structured patient
data [18, 19]. These registries may enable the evaluation of diverse variables efficiently and at a lower cost.
Computer applications also can now record outcomes
originating directly from patients, including symptoms,
treatment toxicities, and quality-of-life measurements.
These data are being digitally collected via automated
telephone systems, downloadable applications, or webbased platforms. The massive amount of clinical, molecular, and outcome data often produced in innovative trials
requires complex analyses. Artificial intelligence (AI)
and machine-learning algorithms are implemented to
overcome complexity issues. AI and machine-learning
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technology can be exploited to capture multi-dimensional data sets, to extract information from various databases, and to analyze and generate statistically valid drug
sensitivity prediction models at all stages of drug development [20]. Implementation of AI and machine-learning algorithms can yield a better understanding of the
drug mechanism of action and optimize targeted therapy
selection, patient enrollment, and stratification (i.e., to
identify the right drug for the right patient), thus improving clinical success rates [21–23].
In this review, we describe the design, advantages,
limitations, and challenges of clinical trials in precision
oncology. We provide examples and results of clinical
trials with genomically selected treatments that aim to
improve outcomes compared to trials without biomarkerselected treatment. Next-generation clinical trials with
superior designs continue to evaluate biomarker-selected
targeted treatments as monotherapy and in combination
with other agents in selected patients. We also delineate
the emerging roles of real-world data, digital applications, structured observational registries, and machine
learning and AI in precision medicine. These innovative
mechanisms of data collection provide a rich source of
clinical, molecular, and outcome data, enabling the association of individual patient and tumor characteristics
with clinical benefit from selected treatments.

Traditional clinical trial design
Traditional phase I cancer clinical trials evaluate the
safety and activity of investigational drugs in a relatively
small number of patients. Phase II studies examine efficacy (without randomization) and toxicity. Phase III
randomized, controlled trials compare the outcome of
investigational versus standard therapy. Phase IV trials,
also known as post-marketing surveillance trials, assess
the safety and efficacy of drugs after regulatory approval.
The progress of an investigational drug from phase I to
phase III clinical trials is associated with exceedingly
high costs, ranging from millions to billions of dollars
[24]. Still, the timeframe from starting a phase I trial
to receiving FDA marketing approval has decreased in
recent years. In 2016, it was reported that this period was
approximately 12 years [25], but based on recent FDA
approvals, it can be as short as 5 years [25–27]. Furthermore, while drugs have traditionally been approved by
the FDA after phase III randomized, controlled trials, in
recent years, the FDA has approved drugs earlier, including after only phase I trials in cases where biomarker
selection enabled remarkable response rates.
The success rate of randomized clinical oncology trials
is ~38% [28, 29]. The gold standard trial for approval is
the blinded, randomized study because it minimizes bias.
However, randomized trials have their own limitations.
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For instance, the comparator arm in randomized trials is
often suboptimal, at times being comprised of a marginally effective available treatment. As an example, PD-1/
PD-L1 inhibitors showed significant clinical benefit in
patients with non-small cell lung cancer (NSCLC), but in
several trials this was because they were evaluated compared to placebo [30–32]. Additionally, trials assessing
promising agents as second-line treatment for patients
with advanced NSCLC have used chemotherapy agents
with modest clinical benefit, including docetaxel, in the
comparator arm (NCT04427072) [33, 34]. Lastly, due to
the large variability in patients’ baseline characteristics,
comorbidities, and unique tumor molecular profiles and
microenvironments, even carefully planned trials are not
able to account for all the differences between the randomized arms, resulting in imbalances that may influence
outcomes [35]. Therefore, innovative trial designs have
been adopted in drug development. These trials address
many of the issues above and may be more efficient, but
they are not free of shortcomings.

Precision medicine trials—first generation
Master protocols

Master protocols include multiple substudies that simultaneously evaluate more than one investigational treatment in patients with cancer and/or a selected treatment
in patients with more than one tumor type. Examples
include basket, umbrella, and platform trials. Recent
data show that the number of master protocols is rapidly
increasing [36]. The FDA released a draft guidance for
industry with recommendations for conducting master
protocol research [37]. Precision oncology trial designs
and representative trials are listed in Table 1.
Tumor‑agnostic/gene‑specific basket trials

Basket trials are tissue-agnostic trials assessing drugs
that target a common pan-cancer gene defect (Additional
file 1). More than 30 agents are being evaluated in basket
trials [40, 87–89]. Successful examples of gene-directed,
histology-agnostic agents include pembrolizumab in mismatch repair deficiency/microsatellite instability-high
(dMMR/MSI-H) tumors [4], larotrectinib [5] and entrectinib [6] in tumors harboring NTRK fusions, and pembrolizumab for tumor mutational burden-high (TMB-H)
tumors [4].
Pembrolizumab was the first agent to receive tumoragnostic FDA approval, which was based on the results
of five single-arm trials (KEYNOTE-016, n=58 [90];
KEYNOTE-164, n=61 [39]; KEYNOTE-012, n=6 [91];
KEYNOTE-028, n=5 [92]; and KEYNOTE-158, n=19 [4,
93, 94]. Patients with 15 different MSI-H/dMMR tumor
types were treated with pembrolizumab. The objective
response rate (ORR) was 39.6%, and response duration
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of ≥6 months was reported in 78% of responders; ORRs
were similar between patients with colorectal cancer and
other tumor types. FDA approval of the NTRK inhibitor larotrectinib was based on data from three singlearm clinical trials (LOXO-TRK-14001, SCOUT, and
NAVIGATE), which enrolled pretreated patients with
advanced solid tumors harboring an NTRK gene fusion
[95]. Among 55 patients (17 tumor types) in the three
trials, the ORR was 75% (95% CI 61–85%) [5]. Another
NTRK inhibitor, entrectinib, was evaluated in 54 patients
(10 tumor types) harboring NTRK fusions; the ORR was
57% and the median response duration was 10.4 months
[6]. More recently, the FDA granted accelerated approval
to pembrolizumab for the treatment of adult and pediatric patients with advanced TMB-H (≥10 mutations/
megabase) solid tumors that had progressed on prior
treatment [96]. In KEYNOTE-158, a non-randomized,
open-label trial, 102 patients with TMB>10 mutations/
megabase, pretreated, diverse tumor types received pembrolizumab; ORR was 29%, with 50% of those patients
maintaining response ≥24 months [3].
These trials recruited heavily pretreated patients with
diverse tumor types, or patients for whom standard treatments had been exhausted. In addition, selected patients
who participated in those trials had aggressive cancers,
for which treatment options were limited [97–99]. In
such patients, later lines of anticancer treatment are
expected to yield low response rates [100, 101], but targeted treatments evaluated in the aforementioned trials
have been associated with significantly higher response
rates than expected from standard treatment.
The significance of genomic biomarkers across tumor
types lies in their implementation for selection of an
active immunotherapy or gene-directed therapy for many
patients whose tumor type would not be individually
studied.
An emerging question is whether or not all driver alterations can be successfully targeted across histologies.
Co-existing molecular alterations, alternative pathway
upregulation, secondary resistance mutations in the original gene, and complex mechanisms of network interactions may lead to intrinsic resistance. For instance, while
BRAF V600 mutations are targetable by BRAF inhibitors
in multiple hematologic and solid cancers, ORRs are low
in colorectal cancer [102]. It is well established that this
limited activity of BRAF inhibitor monotherapy in BRAFmutant colorectal cancer is associated with activation
of epidermal growth factor receptor (EGFR)-mediated
signaling [103]. To bypass this resistance mechanism,
encorafenib, a potent BRAF inhibitor, was combined
with cetuximab, an EGFR antibody, in patients with
BRAF V600E-mutated advanced colorectal cancer. The
use of encorafenib and cetuximab was associated with

Umbrella

Basket

Phase IIa

MyPathway

Non-randomized, open
label, parallel assignment

Phase II

KEYNOTE-016, -164, -012,
-028 and -158

ALCHEMIST (lung)

Phase I-II

ALKA, STARTRK-1 and
STARTRK-2

Phase II, parallel assignment

Phase I trials

LOXO-TRK-14001, SCOUT,
NAVIGATE

Lung-MAP (lung)

Early phase II

Design details

VE-BASKET

First-generation designs

Trial design Representative trials

Table 1 Precision oncology trial designs and representative trialsa

EGFR, ALK, and PD-L1

HRD, c-MET, STIK11, FGFR,
Pi3K, RET, KRAS

Alterations in HER2, EGFR,
BRAF, and Hedgehog
pathway

MSI-H/MMRd

NTRK fusion

NTRK fusion

BRAF mutation

Biomarker used

ORR 75%

NSCLC: ORR 42%, Erdheim–Chester disease or
Langerhans’-cell histiocytosis: ORR 43%, colorectal
cancer: ORR 0%

ORR

Use of genomic profiling in
patients with operable lung
adenocarcinoma to administer matched therapies and
evaluate clonal architecture, clonal evolution, and
mechanisms of resistance to
therapy

Efficacy of biomarkermatched target therapies vs
“non-match” treatments in
patients with advanced lung
squamous cell carcinoma

Efficacy and safety of
selected targeted therapies
in tumor types that harbor
relevant genetic alterations

Efficacy of pembrolizumab
in previously treated,
metastatic MSI-H/MMRd
colorectal cancer

Not applicable (adjuvant)

c-MET treated with telisotuzumab vedotin: ORR 9%,
Squamous NSCLC treated
with durvalumab: ORR
16%, squamous NSCLC
homologous recombination
repair-deficient treated with
talazoparib: ORR 4%

All patients: ORR 23%,
HER2-amplified colorectal
treated with trastuzumab
and pertuzumab: ORR 38%,
NSCLC BRAF V600 treated
with vemurafenib: ORR 43%

All patients combined
(N=134): ORR 39.6%

Efficacy and safety of entrec- ORR 57%
tinib in patients with NTRK
fusions

Efficacy and safety of
larotrectinib in patients with
NTRK fusions

Efficacy of vemurafenib in
patients with BRAF V600
mutation–positive cancers

Aim

Govindan, Vokes [46]

Ferrarotto, Papadimitrakopoulou [41]
Redman, Herbst [42]
Waqar, Papadimitrakopoulou
[43]
Borghaei, Papadimitrakopoulou [44]
Owonikoko, Gandara [45]

Hainsworth, Kurzrock [40]

Le, André [39]
Marabelle, Diaz [4]

Doebele, Demetri [6]

Drilon, Hyman [5]

Hyman, Baselga [38]

Published data (first, last
author, reference number)
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Platform

Non-randomized, open
label, parallel assignment

Multi-arm multi-stage, randomized, parallel assignment

NCI-MATCH

STAMPEDE

No

EGFR, HER2, MET, ALK,
ROS1, BRAF, PIK3CA, FGFR,
PTENNF1, cKITb

Non-randomized, open label ALK, ROS1, MET, mTOR,
TSC, HER2, BRCA, ATM, RET,
VEGFR1/2/3, KIT, PDGFRβ,
BRAFb

Sequencing and IHC

TET2, IDH1, IDH2, WT1, and
TP53

TAPUR

Non-randomized, open
label, parallel assignment

AML BEAT

PIK3CA, KRAS, NRAS, TP53,
and BRAF

Navigational

Phase 2–3 randomized

FOCUS4 (colorectal)

EDR1, HER2, AKT1, and PTEN

Biomarker used

MD Anderson IMPACT1

Non-randomized, open
label, parallel assignment

Design details

PlasmaMATCH (breast)

Trial design Representative trials

Table 1 (continued)

In three different published
cohorts ORR varied from 11
to 25%

ORR

Patients treated with
matched treatment versus
not matched: ORR 11% vs.
5%

Not yet reported (ongoing)

Evaluate novel approaches
for the treatment of men
with hormone-naïve prostate cancer

Evaluate the efficacy of
matched targeted treatments in patients with
refractory cancers, irrespectively of cancer histology

Not yet reported

Patients with HER2 amplification treated with T-DM1:
ORR 5.6%, patients with
BRCA1/2 mutations treated
with wee-1 kinase inhibitor:
ORR 3.2%

Evaluate efficacy of FDAIn three different published
approved, targeted agents in cohorts ORR varied from 4
patients whose tumors have to 29%
actionable genomic alterations known to be targeted
by the respective drug

Use of tumor molecular profiling to optimize the selection of targeted therapies for
patients who will participate
in a phase I clinical trial
program

Provides cytogenetic and
mutational data to assign
patient to a substudy based
on the dominant clone

Efficacy of targeted agents in Not yet reported
patients with advanced colorectal cancer in molecularly
stratified cohorts

Accuracy of ctDNA testing
in patients with advanced
breast cancer and ability
of ctDNA testing to select
patients for mutationdirected therapy

Aim

James, Sydes [59]
Parker, Sydes [60]
Clarke, James [61]

Azad, Flaherty [56]
Jhaveri, Flaherty [57]
Kummar, Flaherty [58]

Klute, Schilsky [53]
Gupta, Schilsky [54]
Meiri, Schilsky [55]

Tsimberidou, Kurzrock [50]
Tsimberidou, Schilsky [51]
Tsimberidou, Kurzrock [52]

Burd, Byrd [49]

Adams, Maughan [48]

Turner, Ring [47]

Published data (first, last
author, reference number)

Fountzilas et al. Genome Medicine
(2022) 14:101
Page 5 of 27

Octopus

Randomized, controlled,
phase II

Randomized, phase II

Multiple cohorts, phase II

SHIVA

NCI-MPACT

DART

Phase IIb

Prospective navigation

I-PREDICT
UCSD

QUILT-3.055

Randomized phase II study

Design details

MD Anderson IMPACT2b

Trial design Representative trials

Table 1 (continued)

No

Immunotherapy for rare
cancers; biomarkers are
assessed as correlates

Alterations in DNA repair,
PI3K and RAS/RAF/MEK
pathways

Alterations in hormone
receptors, and PI3K/AKT/
mTOR and RAF/MEK pathways

Molecular alterations, PD-L1,
TMB and MSI

Tumor molecular profiling

Biomarker used

Assess the efficacy of combination immunotherapies
in patients who have previously received treatment
with PD-1/PD-L1 immune
checkpoint inhibitors

Assess response rates of
nivolumab and ipilimumab
combination in multiple
cohorts of rare and ultra-rare
cancers

NCT02152254
Tsimberidou, Meric-Bernstam
[62]

Published data (first, last
author, reference number)

Patients with matched vs
non-matched treatments:
ORR 4.1% vs. 3.4%

N-803 and checkpoint
inhibitor: ORR 8% (preliminary data)

Four cohorts published:
ORR varies from 18% (metaplastic breast) to 44% (highgrade neuroendocrine

Wrangle, Soon-Shiong [70]

Patel, Kurzrock [66]
Patel, Kurzrock [67]
Adams, Kurzrock [68]
Wagner, Kurzrock [69]

Chen, Doroshow [65]

Le Tourneau, Paoletti [64]

Treatment-refractory, meta- Sicklick, Kurzrock [13]
static/advanced with high
(>50%) matching score: ORR
45%, first-line, metastatic/
advanced [63] and high
(>60%) matching score: ORR
40%

Not yet reported (ongoing)

ORR

Assess the utility of selecting All cohorts: ORR 2%
treatment based on tumor
DNA sequencing in patients
with advanced cancer
compared to not-matched
treatment

Assess the efficacy of
molecularly targeted treatments matched to tumor
molecular alterations versus
conventional therapy

Assess whether personalized
treatment with combination
therapies would improve
outcomes in patients with
refractory malignancies.

Compare progression—free
survival in patients with
advanced cancer who
received matched treatments based on tumor
genomic profiling results
vs. those whose treatment
was not selected based on
genomic analysis

Aim
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Randomized, phase II, single
group assignment

BATTLE-2

N-of-1
Prospective navigation

Prospective navigation

I-PREDICT UCSD

WINTHER

Next-generation designs

GBM AGILE

KRAS

ER, HER2, and MammaPrint

Biomarker used

Genomics and transcriptomics

Molecular alterations, PD-L1,
TMB and MSI

Randomized, adaptive, paral- MGMT
lel assignment, 2-staged

Randomized, phase II, parallel assignment

Design details

I-SPY 2

Telescope (seamless)

Adaptive

Trial design Representative trials

Table 1 (continued)

Not applicable (neoadjuvant)

ORR

Evaluate the use of genomics and transcriptomics to
guide therapeutic decisions
and individualize cancer
treatment

Assessed the strategy/algorithm used (based on molecular profile) to individualize
combination treatments in
patients with both refractory and treatment-naïve,
advanced lethal cancers

All patients: ORR 11%

Rodon, Kurzrock [15]

Alexander, Barker [75]

Papadimitrakopoulou, Herbst
[74]

Barker, Esserman [71]
Nanda, Esserman [72]
Pusztai, Esserman [73]

Published data (first, last
author, reference number)

Treatment-refractory,
Sicklick, Kurzrock [13, 63]
metastatic/advanced with
high (>50%) matching score:
ORR 45% stable disease>6
months/partial/complete
response rate = 50%);
First-line, metastatic/
advanced and high (>60%)
matching score: ORR 40%
(stable disease>6 months/
partial/complete response
rate = 68%)

Evaluate multiple agents
Not yet reported (ongoing)
within patient signatures
compared against a common control in patients with
glioblastoma

Identify predictive bioAll cohorts: ORR 3%
markers and evaluate the
efficacy of matched targeted
therapies in patients with
non-small cell lung cancer

Evaluate multiple concurrent experimental arms
and a shared control arm as
neoadjuvant treatment of
patients with breast cancer
using response-adaptive
randomization

Aim
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Design details

Translational

Phase 1 dose escalation trial

Exceptional response to
EGFR inhibitor

Exceptional response to ALK
inhibitor

ROOT

Registry protocols

Aim

ORR

NA

ALK fusion

EGFR mutation

Whole-genome sequencing

ALK fusion

Create a model of an
oncology-centric master
observational (registry-type)
trial with structured data
entry

Identify specific molecular
alterations in exceptional
responders, unravel mechanisms of response and
predictive biomarkers

Evaluate safety and efficacy
of crizotinib in patients with
advanced cancer

Evaluate tumor molecular
profiling in patients with
non-small cell lung cancer
with exceptional response
to gefitinib to determine
underlying mechanisms

Investigate the genetic basis
of a durable remission of a
patient with advanced bladder cancer after treatment
with everolimus

Not yet reported (ongoing)

Not applicable (selected
population with exceptional
response)

All patients: ORR 60.8%

Not applicable (selected
population with exceptional
response)

Not applicable (selected
population with exceptional
response)

Not yet reported (ongoing)
Evaluate the efficacy and
safety of alectinib in patients
with ALK-positive advanced
solid tumors other than lung
cancer

Whole-genome DNA
Use tumor profiling to iden- Not yet reported (ongoing)
sequencing and RNA expres- tify actionable molecular
sion analysis
alterations possibly targeted
by FDA-approved drugs.
Treatments are then evaluated on the patient’s tumor
tissue, either in cell culture in
a patient-derived xenograft)

Biomarker used

Collection of comprehensive NA
data

Molecular profiling of excep- Translational
tional responders to cancer
therapy

Translational

Phase II, single arm, tissueagnostic

Exceptional response to
mTOR inhibitor (everolimus)

Exceptional responders

Novel mechanisms of data collection

ALpha-T

Home-based trials

Columbia University Medical Prospective
Center

Trial design Representative trials

Table 1 (continued)

Dickson, Kurzrock [18, 19]

Bilusic, Plimack [81]
Wagle, Rosenberg [82]

Kwak, Salgia [80]

Lynch, Haber [79]

Iyer, Solit [78]

Kurzrock, Lovely [77]

Califano [76]

Published data (first, last
author, reference number)
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Prospective-retrospective,
and cost analysis

Retrospective

Outcome and toxicity, and
economic data for CDK4/6
inhibitors

Abiraterone acetate
plus prednisone for the
management of metastatic
castration-resistant prostate
cancer
NA

NO

NO

MSI/MMR

NA

Biomarker used

Not reported

Not reported

ORR

Assess health-related quality Not applicable (assess qualof life, patient satisfaction
ity of life data)
and patients’ perspectives on
continuity and coordination
of their care

Assess treatment failure of
Not reported
patients with metastatic
castration-resistant prostate
cancer treated with abiraterone acetate plus prednisone

Evaluate clinical outcome,
Not reported
toxicity data and treatmentrelated costs in patients with
advanced breast cancer
treated with CDK inhibitors

Assess safety and efficacy
in patients with advanced
cancer (post-marketing
requirement)

Assess safety of palbociclib in male patients with
advanced breast cancer

Aim

Velikova, Selby [86]

Boegemann, Elliott [85]

Fountzilas, Koumakis [84]

FDA [83]

Wedam, Beaver [17]

Published data (first, last
author, reference number)

Note that some trials such as IMPACT, I-PREDICT, and MyPathway fall under more than one category and are therefore listed more than once

Examples of molecular biomarkers used in the trial

a

b

Abbreviations: ctDNA circulating tumor DNA, HER2 human epidermal growth factor receptor-2, MSI microsatellite instability, NA not applicable, NSCLC non-small cell lung cancer, ORR objective response rate, PD-L1
programmed death-ligand 1, TMB tumor mutational burden

Measuring Quality of Life in
Routine Oncology Practice

Randomized controlled

Electronic health records

Pembrolizumab in part

Patient-reported outcomes

Electronic health records

Design details

Palbociclib in male breast
cancer

Real-world data

Trial design Representative trials

Table 1 (continued)
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longer OS (9.3 vs. 5.9 months, hazard ratio (HR)=0.61
[95% confidence interval (CI), 0.48 to 0.77]) and a higher
ORR (19.5% vs 1.8%, p<0.001) compared to standard
chemotherapy [104]. In April 2020, the FDA approved
encorafenib in combination with cetuximab for patients
with pretreated advanced colorectal cancer harboring a
BRAF V600E mutation [104, 105]. The improved efficacy
of combination therapies may be the result of overcoming tumor resistance when multiple alterations are targeted, including those that evolve as escape mechanisms.
Limitations of tumor-agnostic/gene-specific basket trials include the molecular complexity of defining tumor
driver alterations and their interactions that result in
resistance to targeted therapies, the lack of a comparator, and the difficulty of accrual across multiple tumors.
A particular challenge is the rarity of certain molecular
alterations in diverse tumor types.
Umbrella trials

Umbrella trials evaluate multiple treatments in different
genomic/biomarker subsets for a single histology (Additional file 1). A significant advantage of this design is
the concurrent evaluation of the efficacy of multiple distinct treatment regimens in a specific tumor type, thus
addressing inter-patient heterogeneity. The umbrella
design requires the accurate selection of driver alterations and appropriately matched therapeutic agents that
effectively target the alterations. Therefore, the development of multiplex assays with high analytical validity and
sensitivity is critical to accurately identify patients for
each treatment arm. The selection of treatments matched
to each biomarker should be based on robust preclinical
data. Umbrella trials can include single or randomized
arms. Randomization allows for distinction between the
prognostic (reflects outcome of the underlying disease)
and predictive (reflects therapy impact on outcome) role
of the biomarker used in that treatment arm.
Sometimes, umbrella trials are limited by suboptimal
matching of mutations to targeted therapies and the
weak effect of selected targeted agents on driver mutations. For instance, in the National Lung Matrix Trial,
one of the largest umbrella trials in NSCLC, 2007 of
5467 screened patients were molecularly eligible for the
study; 302 patients received genotype-matched therapy
[106], but only a few treatment matches provided clinically relevant benefits. For instance, the ORR in patients
with MET exon 14 skipping mutation treated with crizotinib was 65% (8 of 12 patients). In subgroups of patients
with ROS1 fusions treated with crizotinib, and in those
with EGFR T790M mutations treated with osimertinib,
the ORRs were 68% and 76%, respectively. Finally, the
combination of docetaxel and selumetinib had promising
preliminary results in patients with lung adenocarcinoma
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with NF1 loss; the ORR was 28.6% and the disease control rate was 50% [106]. Importantly, advanced tumors
often harbor several molecular alterations and rapidly
evolving subclones that limit response to monotherapy.
However, for selected targeted therapies that have been
successfully matched to actionable molecular alterations,
a significant proportion of patients demonstrate at least
some regression, and disease control can last for 2–3
years or more in some cases [5, 6, 79, 80], underlying the
importance of robust predictive biomarkers.
Umbrella trials are particularly difficult in rare diseases,
because molecular subsets might be extremely small and
patient recruitment is therefore limited; hence, these trials may take a long time to complete. Moreover, patients
with multiple molecular alterations may be eligible for
treatment on numerous arms. Finally, the development
and validation of a multiplex biomarker assay is more
complex than that of a single biomarker.
Successfully conducted umbrella trials include the
Lung Cancer Master Protocol (Lung-MAP) [41] and
Adjuvant Lung Cancer Enrichment Marker Identification
and Sequencing Trial (ALCHEMIST) [46] in patients
with lung cancer and I-SPY-2 [107] and plasmaMATCH
[47, 108] in patients with breast cancer. Specifically,
the Lung-MAP trial aimed to improve enrollment efficiency by using a 200-gene molecular profiling assay to
match patients to multiple trial substudies; the protocol
was amended to add or remove drugs, depending on
drug performance [41]. The trial comprises a screening
phase, in which pretreated patients with NSCLC undergo
molecular profiling, and multiple biomarker-driven
substudies that are conducted and analyzed independently. The Lung-MAP study also included cohorts with
non-matched treatments. Results of selected cohorts of
patients have been published. The addition of ipilimumab
to nivolumab was not associated with improved PFS or
OS in patients with advanced NSCLC, not previously
treated with immunotherapy [109]. The combination
of durvalumab and tremelimumab had minimal activity
(ORR, 7%) in patients with advanced NSCLC that had
previously progressed on immunotherapy [110]. The use
of the poly (ADP-ribose) polymerase (PARP) inhibitor
talazoparib in patients with squamous lung cancer with
homologous recombination repair deficiency was associated with an ORR of 4% [45]. The Lung-MAP trial exemplifies the performance of large-scale platform studies,
based on genomically driven treatments.
Results of I-SPY-2 led to accelerated drug development
with seamless transition from phase 1 to phase 3 studies [107]. Additionally, the PlasmaMATCH study demonstrated that blood-derived circulating tumor DNA
(ctDNA) analysis can efficiently select patients with
advanced breast cancer for mutation-directed therapy.
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PlasmaMATCH is important because ctDNA analysis
offers a non-invasive, cost-effective alternative to tumor
biopsy [47, 108] for identifying tumor genomic alterations prior to clinical trial enrollment [111, 112].
Platform trials

Master protocols are considered platform trials when
they allow the evaluation of multiple hypotheses in a
single protocol, yielding faster results at a lower cost.
The design of platform trials can be highly variable. For
example, certain trials incorporate Bayesian algorithms
that permit adaptative decisions, such as expanding or
deleting study arms while the trial is running [71]. The
Bayesian algorithms, in effect, randomize patients to
different arms and select the “best-performing” arm for
further follow-up after a handful of patients have been
treated. Assessment of the endpoint is continuous, and
data are re-analyzed with the addition of each patient.
Therefore, as defined by the study design, the efficacy of
an interventional agent is determined via interim analyses. Other platform designs simply permit multiple different arms and a variety of biomarkers in a single trial
with the objective of separately assessing the efficacy of
each intervention.
The disadvantages of platform trials include the difficulty of implementing complicated designs with administrative and logistical complexity. In selected trials that
test multiple hypotheses in large numbers of patients,
study completion might require long-term follow-up
assessments, sometimes increasing the cost of the studies, though these studies still often allow efficient drug
development. The complexity of statistical analysis
has been a significant challenge, especially in cases of
extremely heterogeneous patient groups.
Below, we describe selected innovative platform trials
with unique designs. These precision oncology trials have
provided promising results by incorporating biomarkerbased treatment selection.
MD Anderson IMPACT1 and 2 The Initiative for
Molecular Profiling in Advanced Cancer Therapy 1
(IMPACT1) trial, started in 2007, was the first genomically driven platform trial in precision oncology across
tumor types [50–52, 113]. IMPACT1 demonstrated that
patients with refractory cancer could be successfully navigated to matched targeted therapy in clinical trials, with
improved outcomes compared with patients enrolled
in the same trials without matching [50]. Patients with
pretreated advanced cancers who received treatment
matched to actionable tumor genomic alterations, compared with patients treated with non-matched therapy,
had higher ORR (matched 16.4% vs unmatched 5.4%,
p < .0001), longer PFS (4.0 vs 2.8 months, p < .0001)
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[47, 108–110], and a higher 10-year OS rate (6% vs. 1%,
p<0.0001) [113]. Following the encouraging results of
the MD Anderson IMPACT1 study, the IMPACT2 trial
was initiated in 2014 [114]. IMPACT2 is a randomized
clinical trial evaluating the use of tumor molecular profiling to select targeted therapy in pretreated patients
with advanced cancer (NCT02152254). The endpoint
of the study is to determine whether patients treated
with a matched targeted therapy selected on the basis of
genomic alteration analysis of the tumor have longer PFS
than those whose treatment is not selected on the basis
of alteration analysis. A multidisciplinary tumor board
recommends potential treatments [62]. In the IMPACT2
trial, in contrast to IMPACT1 and other precision oncology platform trials, patients are randomly assigned
to receive treatment selected on the basis of genomic
alteration analysis of the tumor versus treatment that
is not selected on the basis of alteration analysis. Such
a design presents various challenges. In order to overcome barriers due to randomization, the study protocol
was amended to include a “patient-preference” cohort for
each treatment arm for patients who decline randomization. Importantly, the trial’s adaptive design enables
patient recruitment despite evolving tumor biomarkers
and the plethora of investigational drugs throughout the
years.
TAPUR The Targeted Agent and Profiling Utilization
Registry (TAPUR) study, started in 2016, was the first
precision medicine clinical trial conducted by the American Society of Clinical Oncology (ASCO). This is a nonrandomized, multi-basket clinical trial performed across
multiple institutions, which evaluates the efficacy and
toxicity of FDA-approved targeted treatments, outside
their indications, in pretreated patients with advanced
cancer (NCT02693535) [115]. Additionally, real-world
data on prescribing practices and on the predictive value
of these agents are collected. Thirteen targeted treatments, provided by nine pharmaceutical companies at
no cost to patients and selected on the basis of Clinical
Laboratory Improvement Amendments (CLIA)-certified
tumor molecular profiling data, are being examined. The
primary study endpoint of this ongoing trial is ORR or
stable disease (SD) ≥ 16 weeks, and the secondary endpoint is survival [116]. Depending on the ORR/SD rate
in each treatment arm in the first trial stage, either more
patients are enrolled in that treatment arm or the cohort
is permanently closed. Results of selected TAPUR arms
for specific tumor types have been published [117, 118].
TAPUR enables rapid generation of clinical data on the
efficacy and toxicity of diverse treatment agents for specific cohorts based on molecular profiling that may be
used to trigger larger studies. TAPUR offers access to

Fountzilas et al. Genome Medicine

(2022) 14:101

targeted therapies currently approved for other indications, and tests hypotheses regarding PFS impact after
administration of specific molecularly matched therapy
in a variety of tumor types. One major difference between
this and other similar trials is that TAPUR allows the use
of a variety of CLIA-certified laboratories and sequencing platforms for molecular profiling. This flexibility significantly decreases time to enrollment, which is essential for patients with advanced disease. Finally, one of
the important aims of the study is to educate physicians
about precision oncology and the value of molecular profiling in selecting matched targeted therapy.
NCI‑MATCH The NCI-MATCH trial is a phase
II, non-randomized trial launched in 2015 by the US
National Cancer Institute (NCI) in collaboration with the
Eastern Cooperative Oncology Group–American College
of Radiology Imaging Network (ECOG-ACRIN) Cancer
Research Group (NCT02465060). The NCI-MATCH
trial provides targeted agents at no cost to patients and is
performed across multiple institutions. It evaluates treatments that target specific tumor molecular alterations in
patients with pretreated advanced malignancies, regardless of the primary tumor type [119]. After enrollment,
patient tissue samples are tested for molecular alterations that can be targeted by available treatments. If ≥1
molecular alteration is identified, the patient is assigned
the treatment that is the most promising. An interim
analysis reported the safety of tumor biopsies, rate of
participant enrollment, and tumor profiling success rates
[120, 121]. Results from NCI-MATCH trial subprotocols
have also been reported [56–58, 122–124]. Trial enrollment is dynamically expanding, with new arms opening
for accrual. NCI-MATCH and TAPUR are similar in that
they both match molecular abnormalities to targeted
therapies across a large national network, providing
drugs at no cost to patients. This promotes collaboration
between academic and community settings while demonstrating the feasibility of large-scale sequencing practices.
STAMPEDE In 2005, the Systemic Therapy in Advancing or Metastatic Prostate Cancer: Evaluation of Drug
Efficacy (STAMPEDE) trial was initiated (NCT00268476)
[125]. It is a multi-arm, multi-stage, randomized trial
evaluating the benefit from the addition of innovative
treatments to androgen deprivation therapy in men with
advanced prostate cancer. Each treatment arm is compared against the current standard-of-care treatment.
Based on interim analyses of failure-free survival, treatment arms that are insufficiently active are dropped.
Since 2006, more than 10,000 patients have enrolled in
one of six available research arms [126]. The primary
endpoint of the study is the safety and efficacy of novel
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therapeutic strategies versus standard-of-care treatment
in men with high-risk, locally advanced or metastatic
prostate cancer [60, 61, 125]. STAMPEDE allowed for
the enrollment of thousands of patients in multiple arms
that were prospectively adopted or dropped depending
on efficacy. One of the major strengths of the trial is the
evaluation of widely used approved treatment agents.
While the trial enables the concurrent evaluation of multiple treatments, comparisons are made with the control
arm, not between innovative treatment agents. Therefore, although selected treatments might be shown to be
superior to the control treatment, data on the superiority
of a treatment compared to other treatments will not be
available.
DART The DART (Dual Anti-CTLA-4 and Anti-PD-1
blockade in Rare Tumors) study (NCT02834013; sponsored by NCI and the SWOG cooperative group) focuses
on rare and ultra-rare tumors. The trial is evaluating combination immunotherapy in rare cancers and includes
over 50 rare cancer histologic types and a molecular
arm accruing patients with PDL1 amplification, which is
believed to be a biomarker for immunotherapy response.
It has accrued almost 1000 patients and is open at almost
1000 sites across the USA. The DART trial provides the
opportunity to assess over 50 cohorts of rare and ultrarare cancers in a single trial and offers local clinical trial
access to patients with uncommon cancers and unmet
therapy needs.
Summary of platform trials Platform trials have
resulted in the treatment of patients with cancer with
genomically matched or immune-targeted agents across
tumor types (IMPACT1, IMPACT2, TAPUR, NCIMATCH, DART [for rare cancers]) or for prostate cancer (STAMPEDE). The efficacy of the precision medicine
approach was first demonstrated in IMPACT1. That trial
deployed tumor molecular profiling to match patients to
innovative treatments, when possible, and demonstrated
that patients who received matched treatments had
improved PFS, ORR, and OS compared to the patients
who did not [50–52, 113]. IMPACT2, a prospective randomized study, is ongoing [62]. The primary aim of the
study is to evaluate whether patients who receive targeted
therapies matched to molecular genomic alterations have
longer PFS compared to those whose treatment is not
selected based on tumor profiling [62]. The endpoint
analysis will be completed at the end of the study.
Results of selected treatment arms of TAPUR [117, 118],
NCI-MATCH [56, 57], and STAMPEDE [60, 61, 125] trials have been reported, while multiple treatment arms
are still under evaluation. The ultimate goal of these
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platform trials is the efficient evaluation of multiple treatment arms in parallel as part of a single protocol, thus
lowering the costs and yielding efficacy and toxicity data
in a timely manner.

Specialized master studies

SHIVA SHIVA was the first randomized precision
oncology trial to assess the efficacy of molecularly targeted treatments matched to tumor molecular alterations
vs. conventional therapy [64]. The primary endpoint of
the trial was PFS. There was no difference in PFS between
the two treatment arms (matched treatment, 2.3 months
vs 2.0 months in the control arm, HR=0.88, 95% CI 0.65–
1.19, p=0·41). However, the trial had several limitations
[64, 127]. For many matches, there was limited biologic
rationale. Selection of targeted treatments was suboptimal. Finally, treatment assignments were performed by
the treating physician in the control group, while they
followed predefined algorithms in the matched group.
The example of the SHIVA trial underscores the importance of accurate treatment “matching” based on robust
biological rationale. While the trial randomized patients
to either receive personalized treatment or not, approximately 80% of the patients were given single-agent hormonal therapy or PI3K inhibitors, limiting the interpretation of the negative results [128]. The trial remains
important because it is the first randomized trial in precision oncology across tumor types.
NCI‑MPACT In this study, tumor molecular profiling
was used to select treatment for patients with advanced
cancers who harbored alterations in one of four signaling pathways [65]. Patients were randomized to receive
either a matched treatment (veliparib with temozolomide - DNA repair pathway; adavosertib with carboplatin - DNA repair pathway; everolimus - PI3K pathway;
or trametinib - RAS/RAF/MEK pathway) or one of the
aforementioned treatment regimens selected from the
ones not matched in that patient. The objective response
rate in the experimental arm was 2% (95% CI, 0 to 10.9%),
suggesting that the respective agents were not effective
matches. Regarding the NCI-MPACT trial, the negative results emphasize that predictive biomarkers need
to be accurately used to inform treatment selection and
patients should not be randomly assigned to treatments
that are known to be ineffective or associated with severe
toxicity. Additionally, development of more effective
agents is critical to improve clinical outcomes. This trial
also demonstrated a higher rate of patient withdrawals in
the control arm compared to the experimental arm (nontargeted 22% vs. targeted 6%; p=.038), suggesting that
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randomization to non-targeted, ineffective treatments in
the era of precision medicine can be challenging.
Octopus trials

Octopus trials, also referred to as complete phase I/II
trials, evaluate combinations of multiple agents with a
backbone drug (Additional file 1). For instance, the study
of combination immunotherapies in patients who have
previously received treatment with immune checkpoint
inhibitors (QUILT-3.055) is a phase IIb, multicohort
study evaluating different combinations of N-803 (a labmade fusion protein that induces the proliferation and
activity of natural killer and cytotoxic T-cells) with PD-1/
PD-L1 immune checkpoint inhibitors (NCT03228667)
[129]. Treatment is administered to patients with
advanced cancer who have already been treated with
immunotherapeutic agents. The primary endpoint of the
study is ORR, while secondary endpoints include OS,
disease-specific survival, and response duration. Regarding the OCTOPUS trial design, preliminary results of the
QUILT 3.055 study demonstrated that the IL15 receptor agonist N-803 combined with various checkpoint
inhibitors had promising efficacy in patients with diverse
tumor types that had previously progressed on immunotherapy [70]. This study design enables the investigation
of various treatment arms simultaneously, thus possibly
identifying more than one effective drug combination.
Adaptive design‑based studies

Adaptive design enables the dynamic development of
studies by dropping ineffective arms early and increasing
patient randomization to more effective treatments while
improving biomarker selection based on real-time clinical outcomes. Consequently, these trials require fewer
participants and shorter follow-up time than traditional
randomized trials. The ability to add new arms while
eliminating underperforming arms is a significant advantage. However, there are limitations associated with the
early elimination of treatment arms, including the lack of
convincing data on safety or other secondary outcomes.
Logistical complexity and the demand for timely, highquality, intense statistical monitoring are challenges often
encountered in adaptive trials. Finally, constant need to
adapt the design may render the interpretation of the
results difficult.
In recent years, adaptive design has been increasingly
employed in clinical trials. The Biomarker-Integrated
Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE) trial was a phase II trial where patients
with advanced NSCLC were assigned to treatment with
the greatest clinical benefit using adaptive randomization
based on prospectively assessed biomarkers [130, 131].
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This trial established the feasibility of biomarker analysis
for treatment selection and set the stage for BATTLE-2
(Biomarker-integrated targeted therapy study in previously treated patients with advanced non-small cell lung
cancer) [74]. In this randomized, phase II, open-label
study, patients with advanced NSCLC whose cancer had
progressed on prior platinum-based chemotherapy were
adaptively randomized to one of four arms (erlotinib,
erlotinib combined with an AKT inhibitor, MEK combined with an AKT inhibitor, or sorafenib). The overall
clinical outcomes of BATTLE-2 were not encouraging;
however, the trial proved that adaptive randomization
based on molecular profiling is feasible.
Another example of an adaptive trial is the Investigation of Serial Studies to Predict Your Therapeutic
Response with Imaging and Molecular Analysis 2 (I-SPY2) trial, a multicenter, phase II, randomized clinical trial
[71]. The trial includes multiple treatment arms that concurrently evaluate the efficacy of standard neoadjuvant
chemotherapy in combination with innovative drugs
compared to standard treatment alone. Treatment arms
that were not found to be efficacious were dropped from
the study, while others that have shown clinical benefit are moving forward. Moreover, new investigational
arms are being added as knowledge in the field evolves.
I-SPY-2 was one of the first trials to evaluate the addition of immunotherapy to neoadjuvant chemotherapy
in breast cancer. Pembrolizumab added to the treatment
of patients with triple-negative breast cancer resulted in
a 3-fold increase in pathologic complete response rates
(60% vs. 22%) compared to standard therapy alone [72].
This trial is particularly important because it brings novel
therapies to patients early in their disease course.
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making the interpretation of the results difficult. Importantly, taking into consideration data from phase I to
incorporate into phase II and then phase III, particularly
regarding response and toxicity, is challenging since the
trial is designed before phase I and II have occurred.
Glioblastoma Adaptive Global Innovative Learning
Environment (GBM AGILE) is a multi-arm, seamless,
phase II/III, platform trial [75]. This trial includes two
stages; the first stage is a Bayesian adaptively randomized
screening stage to identify effective therapies on the basis
of impact on OS compared with a common control. This
stage also assesses clinical indication and biomarker status to identify the population in which the therapy shows
the most promise. Highly effective therapies transition
in a seamless manner in the identified population to a
second confirmatory stage. The second stage uses fixed
randomization to confirm the findings from the first
stage to support registration [75]. The significance of the
GBM AGILE trial lies in the identification of biomarkers
predictive of benefit from innovative agents used in this
difficult-to-treat patient population. Importantly, this
trial uses a seamless design in order to confirm the clinical benefit of selected treatments in a timely manner and
provide patients with poor prognosis additional treatment options. Results of the study are awaited.
In summary, telescoped/seamless design allows transition from phase I to phase II and/or phase III studies,
without the time needed for writing new protocols and
regulatory approval. This process leads to accelerated
drug development and early discontinuation of poorly
performing arms with inefficient drugs. The limitations
of this approach include the trial complexity.

Telescope (seamless) design

Precision medicine trials—next generation

Telescoped clinical trials seamlessly transition from
phase I to phase II and/or phase III clinical trials, thus
combining all phases, learning and confirmatory, into a
single trial (Additional file 1) [132]. Patients enrolled in
the learning and confirmatory stages are included in the
final analysis, but patients can also be analyzed separately.
This design can shorten the duration of a drug’s development and significantly reduce administrative costs. Other
advantages of the seamless strategy include selecting only
promising agents to be used in the later trial stages, while
dropping the ones that fail early; evaluating combinations
with other treatment agents; and focusing on responding
subpopulations in the next trial stages [132].
In addition to the complex design, challenges are
faced when executing a trial with a seamless design. For
instance, during the prolonged period required to complete the study, changes in practice may occur and experimental drugs may gain regulatory approval, therefore

In the context of precision medicine, N-of-1 trials are
patient-centered trials that evaluate customized/individualized treatment combinations [13, 15] (Additional
file 2). Outcomes are usually compared with historical or
real-world outcome data and/or the results of higher and
lower degrees of matching. When the degree of matching
is assessed, it is the algorithmic strategy used to match
patients to drugs that is evaluated, rather than the drug
regimens themselves, since the latter differ from patient
to patient. These types of trials are novel but becoming
critical because it is now recognized that patients with
metastatic cancer have complex molecular alterations
that differ from patient to patient, necessitating an individualized drug regimen. N-of-1 trials in oncology are
distinct from those occasionally used in non-oncologic
conditions; the latter involve multiple crossovers that are
often randomized/blinded in individual patients.

N‑of‑1 trials—the I‑PREDICT and WINTHER trials
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The addition of omic technologies, enabling the analyses of genomic, transcriptomic, immunomic, proteomic,
and metabolomic data, to the oncologist’s armamentarium has revealed several molecular alterations that
can be successfully targeted by innovative treatments
[15, 50–52]. At the same time, molecular diagnostics
have unveiled tumor heterogeneity and complexity, thus
underscoring the importance of targeting co-existing
tumor drivers and co-activated pathways conferring
resistance [133]. Therefore, treating patients whose cancers harbor distinct molecular portfolios based only on
single commonalities might be a suboptimal approach.
N-of-1 studies have focused on the optimization of treatment selection by addressing molecularly complex and
heterogeneous cancers with personalized combinations.
The Investigation of Profile-Related Evidence Determining Individualized Cancer Therapy (I-PREDICT)
was the first prospective navigation trial that evaluated
personalized treatment with combination therapies in
patients with diverse refractory tumor types [13, 14, 134]
and more recently in therapy-naïve patients with metastatic lethal cancers [63]. A multidisciplinary molecular
tumor board suggested customized, multidrug combinations to target aberrations identified in each patient’s
tumor by tumor genomic profiling, ctDNA analysis,
programmed death-ligand 1 (PD-L1) expression, hormonal status, and TMB and MSI status assessment. A
scoring system was used for each patient to calculate a
“matching score” (roughly the number of direct and indirect matches for each patient divided by the number of
molecular alterations) [134]. A higher “matching score”
was associated with higher disease control, PFS, and OS
rates [13]. Ongoing N-of-1 trials are evaluating novel
combinations in patients with diverse tumor types [13,
14, 63, 76].
Of interest, the WINTHER trial, an international trial
conducted by the WIN consortium, was the first precision medicine study to navigate patients to personalized
therapy combinations based on either genomics (Arm A)
or transcriptomics (Arm B) [15]. The primary endpoint
was based on the Von Hoff model, which compares the
PFS of individual patients on the trial (PFS2) with the
PFS of the same patient on the treatment administered
prior to trial enrollment (PFS1) [135]. Higher vs. lower
degrees of matching, with either genomic or RNAbased analysis, was associated with improved PFS [15].
Although the trial did not meet the pre-specified primary
endpoint (Arm A: PFS2/PFS1 >1.5 in 50% of patients;
Arm B: PFS2/PFS1 >1.5 in 40% of patients), it did demonstrate that genomic and transcriptomic profiling can be
used for treatment selection and that patients who were
well-matched versus poorly matched to therapy did significantly better.
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N-of-1 trials aim to optimize treatment selection,
including customized combinations, based on the individual patient and tumor characteristics in order to
increase treatment efficacy. Limitations of this trial
design include lack of a comparator, heterogeneity of
treatments, and complexity of analysis to identify the
optimal treatment.
Home‑based trials

In an effort to expand telemedicine technologies, an
innovative site-less clinical trial design has emerged
[136]. Home-based clinical trials are being conducted by
several companies in patients with cancer, among other
diseases [137]. These trials enable access to drugs for
patients who are unable to travel and participate in traditional site-based clinical trials. Additionally, home-based
trials facilitate patient recruitment, enable the inclusion
of more representative patient populations, and potentially increase enrollment rates by engaging patients
to participate from the comfort of their own homes.
Patients are in the care of a wide network of investigators
and home-health nurses who ensure the well-being of the
patient using digital technologies, but also by examining
the patients at their home, instead of requiring them to
travel to the hospital. Disadvantages may include suboptimal monitoring of adverse events and response to treatment in a timely manner.
One of the first home-based oncology trials is evaluating the efficacy and safety of alectinib in ultra-rare,
locally advanced or metastatic, ALK-positive solid
tumors (Alpha-T, NCT04644315) [138]. This is a phase
II, single-arm, tissue-agnostic trial design. Patient
recruitment is run by Science37 [139]. Investigators may
request access for individual patients through the study
platform. Patients must be willing to comply with study
procedures, which include home-based care and visits by
mobile nurses. The goal is to provide equitable access to
hard-to-reach patients and increase recruitment, while
minimizing infrastructure costs and the need for patients
to travel and leave their homes. No results have been
reported yet.
Home-based clinical trials should not be confused with
“just-in-time” trial activation, where a local investigator
can rapidly be approved for a study if they see a potentially eligible patient. When trials investigate a specific
patient phenotype or tumor genotype, several months
may be required to recruit a patient. To overcome this
challenge, sites can be activated “just-in-time” to enroll
patients who have already been identified as eligible for
participation. In this case, the patient needs to be identified early in the treatment course, which is not always
feasible, while site activation processes may still need significant time and resources to be completed, especially
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at academic centers where trial activation often takes a
few months. Therefore, while “just-in-time” trial activation may be a useful solution for patient recruitment
in cases of rare tumor/patient characteristics, it cannot replace the benefits of home-based oncology trials,
wherein much of the recruitment and monitoring is done
remotely in order to treat the patient at home.

Novel mechanisms of data collection
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Benefits of this approach include the evaluation of a
small number of patients per treatment, reduced costs,
and rapid time to results and implementation across
treatments and tumor types. The study of exceptional
responders is often limited by the lack of uniformity in
available biomarker data, the difficulty correlating patient
characteristics and clinical outcomes, and the rarity of
exceptional responders.

Exceptional responders

Registry protocols

In randomized trials, average clinical outcomes are
reported, and the anecdotal exceptional responses of
individual patients are often dismissed. The use of molecular profiling might, however, reveal the mechanistic
rationale behind the clinical response in an individual
outlier with cancer. An important report on exceptional
responders included the case of a patient with metastatic
bladder cancer who achieved durable remission after
treatment with everolimus. Whole-genome sequencing
identified a loss-of-function mutation in TSC1 (tuberous sclerosis complex), known to regulate the mTOR
pathway [78]. Similarly, in a patient with metastatic
bladder cancer who participated in a phase I trial of
pazopanib and everolimus and had a durable complete
response to everolimus, tumor whole-genome sequencing revealed molecular alterations in the TSC1 and NF2
(neurofibromatosis type 2) genes, which could be associated with exceptional response to the mTOR inhibitor
[82]. Another study using whole-exome sequencing of
patients with hepatocellular carcinoma reported that the
SLC15A2 genomic variation was associated with exceptional response to an inhibitor of angiogenesis, sorafenib
[140]. Analysis of five patients with renal cancer who
responded to an mTOR inhibitor revealed alterations in
TSC1 and MTOR, possibly associated with exceptional
response [141]. Finally, one of the most important applications of exceptional responder interrogation led to the
discovery of EGFR mutations as predictive biomarkers
of clinical benefit from EGFR tyrosine kinase inhibitors
[79]. In particular, the EGFR inhibitor gefitinib, whose
FDA approval in unselected lung cancer patients was
rescinded because of lack of efficacy in post-marketing
studies, was re-approved once trials could be done with
EGFR mutation-based patient selection [135, 142]. The
observation of exceptional responders led to the discovery of EGFR mutations as the basis of benefit from EGFR
tyrosine kinase inhibitors and the unexpected discovery
that ALK was a target for crizotinib [143–148].
Trials conducted to interrogate exceptional responders hold the promise of identifying powerful predictive
biomarkers of response. Importantly, the study of exceptional responses can also provide useful insight into the
underlying mechanisms of action of targeted therapies.

Despite the critical information that is provided by randomized and other prospective clinical trials, several
issues limit the generalizability of their results in the
real-world clinical setting. Randomized trials assess
treatment regimens in a highly controlled setting and
in selected patients, since participation is often limited
due to restrictive eligibility criteria. Additionally, treatments/interventions are often evaluated in complex/
highly specialized academic/clinical trial environments,
thereby rendering results inapplicable to daily clinical
practice. Randomized trials often require large numbers
of patients, substantial resources, and considerable time
to be completed. Finally, these trials are often subject
to “outcome reporting bias” (selective reporting of outcomes) [149]. On the other hand, actual real-world data
derived from medical or insurance records may be limited in accuracy by the records themselves. To overcome
these limitations, analysis of non-randomized observational data from structured cancer registries is now being
utilized [18, 19].
Cancer registry protocols represent a rich source of
structured data on cancer incidence, patient demographics, treatment patterns, molecular profiling, and clinical outcomes (Additional file 2), [150, 151]. These data
enable the assessment of correlations between different
parameters. However, registry protocols require entering high-quality data on large numbers of patients accurately and in a timely manner, which can be particularly
challenging.
Survival outcomes from cancer registry data analysis
may be discordant with those produced by randomized
clinical trials [152]. In a comparative effectiveness study,
data from 141 randomized clinical trials were compared
to data from patients recorded in the National Cancer
Database (cancer registry) matching the eligibility criteria
of the respective randomized clinical trials. Cox proportional hazards regression models were used to calculate
OS. Concordant results between randomized and nonrandomized data were reported in 41% of univariable
analyses, 46% of multivariable analyses, and 45% of propensity score models. The discordant results suggest that
randomized trials with restrictive eligibility criteria and
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highly structured evaluations may not translate to equivalent outcomes in real-world settings [152].
ROOT

The Master Registry of Oncology Outcomes Associated
with Testing and Treatment (ROOT) study is a prospective trial where comprehensive clinical, molecular, treatment, and outcome data of patients with diverse tumor
types are collected and registered [18, 19]. The ROOT
trial is based on the design of a national Master Observational Trial (MOT) that aims to longitudinally assemble
structured real-world data on innovative treatments and
tumor biomarkers and use AI and machine learning tools
to assess possible associations with clinical outcomes
[18]. This national trial is just being started.
A major limitation of registry studies is the complexity of data analysis and the need to ensure the comprehensiveness of the structured data collected. AI and
machine-learning algorithms and innovative software
tools are required to mine and interpret registry data.
Real‑world data

Real-world data have been increasingly used to assess the
efficacy and toxicity of treatment agents in patients with
cancer. These data are collected from electronic health
records, disease registries, patient-based apps, medical claims, and billing data. The analysis of real-world
data using advanced computer processing capabilities
provides real-world evidence (Additional file 2). Since
data on millions of patients are now captured electronically, there is the enticing possibility of applying AI and
machine learning to rapidly discover new therapies.
Real-world data are valuable for the assessment of drug
efficacy and safety in patient populations that are often
excluded from randomized clinical trials, such as patients
with poor performance status, older patients, patients
with serious comorbidities, or underserved populations
who may not be able to travel to an academic center for
a clinical trial. Therefore, real-world data often complement the knowledge from traditional clinical trials and
verify the generalizability of their results. This approach
allows for the collection of data in parallel, including cancer incidence, patient demographics, treatment patterns,
molecular profiles, and clinical outcomes, thus enabling
the evaluation of possible correlations. The disadvantages
of real-world data assessment include inaccurate reporting in medical records, data discrepancies, difficulty in
harmonizing medical records, and subjective assessment
of benefit from treatments.
The FDA has initiated the Real-World Evidence Program under the Cures Act to evaluate drug effectiveness, support approval of new indications, and support
post-approval study requirements, including dose
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modification, change in route of administration, or addition of a new patient population [153]. Clinical trials
often do not allow specific patient populations to participate, thus limiting data on the use of treatment agents
in those populations. However, the respective treatment
agents are often administered to these populations in
daily clinical practice on the basis of clinical safety and
efficacy assumptions.
Real-world data surrounding off-label drug administration can be used for additional approval modifications. For instance, palbociclib was initially approved for
the treatment of women with advanced breast cancer, in
combination with an endocrine treatment, based on the
results of the PALOMA-2 and PALOMA-3 trials, which
did not include male patients [154, 155]. In 2019, the
FDA expanded the approved indications to include men
with advanced breast cancer. This decision was based
on real-world data on male patients with breast cancer
treated with palbociclib, extracted from electronic health
records, insurance claims, and the global safety database, along with data from two phase I clinical trials of
palbociclib in men with solid tumors [17]. Another FDA
approval partially based on real-world data was the use of
pembrolizumab for MSI-H solid tumors [153].
In Europe, the European Medicines Agency and European Commission initiated the Adaptive Pathways program to allow for real-world data to support regulatory
submissions for drug approval. If confirmed to accurately
reflect the anticipated results of clinical trials, real-world
data have the potential to dramatically accelerate drug
approval.
Patient‑reported outcome measures

Patient-reported outcome measures (PROMs) are
reports originating directly from patients regarding their
symptoms, treatment toxicities, or health-related quality
of life (Additional file 2). These data are now being digitally collected via automated telephone systems, downloadable applications, or web-based platforms. While
PROM questionnaires were originally developed for randomized clinical trials, they are now being increasingly
used in clinical practice to detect and monitor patient
symptoms and drug adverse events. The use of PROMs in
patients with cancer has been correlated with improved
clinical outcomes, including symptom control [86, 156],
better quality of life [86, 157], decreased emergency
department visits/hospitalizations [158], and longer survival [158–161]. Additionally, these data can be used for
clinical outcome collection, regulatory decision-making,
or research purposes [162, 163]. Further, several cancerspecific applications have been developed to monitor
patient symptoms and track PROMs [164–166]. In 2006,
the FDA issued a draft to guide the industry on how to
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use PROMs to support labeling claims. The final document was released in 2009, comprising recommendations
on the implementation of PROMs in clinical trials [167].
Despite their value, PROMs are rarely helpful in
decision-making for drug approval [168]. Several barriers impede their use in clinical practice, including the
increased cost of applications used for PROM collection and technical difficulties encountered by patients in
using the respective technology. Patients’ lack of medical
knowledge may negatively influence their interpretation
of clinical events, possibly leading to under-reporting and
underestimating symptom severity.

Challenges and considerations
Innovative trial designs, including trials evaluating highthroughput profiling data and multiplexed omics, realworld data collection from medical records and insurance
claims, and registry and platform trials, often yield massive amounts of complicated data. These so-called “big
data” are characterized by velocity, volume, value, variety,
and veracity (the “5 Vs”) and require AI and machinelearning algorithms to manage complicated analysis
issues [169, 170]. Machine-learning tools are used to
increase analysis efficiency, populate data models, define
designated patient cohorts to be further explored, and
improve statistical analysis by identifying and eliminating
potential biases (Table 2). Key challenges and their solutions are presented below.
Highly selected patients in clinical trials are not representative of the ones encountered in routine clinical
practice. Electronic health records can address this challenge by integrating valuable data from diverse sources
and thus filling in the gaps. For instance, CancerLinQ,
a non-profit subsidiary of ASCO, collects and analyzes
data from multiple healthcare systems across the USA
[171]. It provides real-world data on patient populations
that are representative of those encountered in practice,
thus reflecting patient variability while enabling analysis
for scientific or other purposes [172–174]. Other computational technologies have developed diagnostic and
therapeutic algorithms to analyze data from published
literature, physician clinical notes, and scientific guidelines, including guidelines from the National Comprehensive Cancer Network (NCCN) Clinical Practice in
Oncology. A characteristic example is IBM’s Watson for
Oncology, which combines these data with patient medical records to recommend personalized treatment plans
for individual patients [175, 176]. The accuracy of Watson for Oncology and other systems for selecting treatments has not yet been proven.
Completion of a clinical trial requires extensive time,
while it may lead to failure and show lack of benefit from
the treatment under investigation. Machine-learning
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and AI technology have the potential to accelerate the
process of drug development, reducing failure rates,
and increasing the accuracy of predictions [20, 177].
These approaches are being integrated into all stages of
drug discovery and decision-making in clinical trials. AI
technology can facilitate structure-based drug discovery by predicting the 3D structure of the target protein
and drug–protein interactions [178] and may help identify resistance mechanisms. Applications include identification of prognostic biomarkers, target validation,
and analysis of digital pathology data [20]. Additionally,
machine learning has been included in several drug discovery processes, such as molecular virtual screening and
modeling; quantitative structure-activity relationship;
toxicity prediction; drug synthesis, interaction, release
monitoring, or repositioning; identification of bioactivity, and pharmaceutical manufacturing [177]. Concerns
regarding decreased use of manpower to complete these
analyses, errors associated with AI learning algorithms,
and inefficient use of AI should be addressed before its
implementation in clinical practice. As for all trials,
important variables such as ethnic pharmacogenomic
differences, details of individual patient characteristics,
and lifestyle factors such as diet need to be taken into
consideration to optimize the accuracy of outcomes generated by AI technology and from real-world data. Following the application of AI in other domains, its use for
personalized medicine is expected to accelerate discoveries, while harmonization between discovery and clinical implementation and regulatory approvals should be
implemented. Despite the clinical benefit often provided
by innovative treatments, a significant proportion of
patients will not respond or will eventually recur during
treatment. The identification of predictive biomarkers is
critical to accurately select patients who will respond to
specific therapeutic agents while sparing the rest from an
inefficacious treatment and unnecessary toxicity. Additionally, efforts need to focus on overcoming resistance
mechanisms, including administering treatment combinations [179, 180] or novel agents targeting the molecular
alterations associated with resistance [181].
Until recently, the investigation of molecular biomarkers required evaluation of tumor tissue obtained through
a tissue biopsy, and in selected patients repeated biopsies would be required throughout the course of the disease to assess the evolution of tumor molecular profiling
and investigate the presence of actionable alterations.
However, a biopsy obtained from a specific lesion cannot control for tumor heterogeneity, and in a significant
proportion of patients, repeated tumor tissue biopsies
involve risks and are rarely an option. Blood-derived
ctDNA analysis may overcome the challenges associated with tumor heterogeneity, disease evolution, and

One histology, multiple molecular
alterations

Combines umbrella and basket features -Allows the addition or exclusion of new
to create broad-based trial
investigational arms during the trial
-Enables evaluation of multiple hypotheses in a single protocol
-Shortens time
-Lowers costs

During the course of the study, the trial
is changed as data are collected and
analyzed

Seamless transition from phase I to II
and sometimes to III

Personalized combination therapy;
Patient-centric trial where each patient
gets a customized therapy. The efficacy
of the matching strategy rather than the
individual therapies is evaluated

Umbrella

Platform

Adaptive

Telescope (seamless)

N-of-1

-Based on unique patient characteristics
and tumor profile
-Addresses molecular complexity and
heterogeneity
-Customized treatment

Recruiting rare subsets across multiple
disease types

Challenges

-Complicated design
-Administrative and logistical complexity
-Miss important secondary outcome
data due to early elimination of treatment arms

-Complicated design
-Administrative and logistical complexity
-Long-term nature
-High execution costs

-Lack of comparator
-Heterogeneity of treatments
-Complexity of analysis/statistical
algorithms

Difficult fit between individualized
therapy and the way clinical oncology
is practiced wherein physicians often
specialize in specific types of cancer
Rarity of patient characteristics
Need to analyze the robustness of the
strategy (algorithm) for matching, rather
than drug combinations, since the latter
differ from patient to patient

Designing all phases of the trial (I, II and
III) without taking into consideration
preliminary data from phase I trial. The
long time period required to complete
the study, which may be associated with
change in practice and experimental
drugs that gain regulatory approval in the
interim, therefore making the interpretation of the results challenging

Dependent on intense statistical monitoring; constant need to adapt the design
may make the interpretation of the
results difficult

Complexity of statistical analysis and of
monitoring of extremely heterogeneous
patient groups

-Inadequate sample size
Intra-patient heterogeneity of molecular
-Multiple treatments matching molecu- findings, making it difficult to categorize
lar alterations
patients
-Suboptimal selection of treatment
targets

-Alterations are not driver in every
tumor type
-Different mechanisms of resistance
based on tumor type
-Lack of comparative arm

Disadvantages

-Combines learning and confirmatory
-Design complexity
stages
-Shortens duration of drug development and approval
-Reduces administrative costs
-Reduces effort
-Focuses on promising treatments to be
used in later trial stages
-Drops failing treatments early
-Focuses on responding subpopulations
in later trial stages

-Drops ineffective arms early
-Modifies patient randomization to
more effective treatments
-Improves biomarker selection
-Requires fewer participants
-Requires shorter follow-up time

-Biomarker assessment
-Improved enrollment rates when
biomarker prevalence is low
-Parallel evaluation of multiple treatment agents
-Flexibility of dropping failing drugs

-Rare molecular alterations
-Test treatment in diverse tumor types
in parallel

One molecular alteration, multiple
histologies

Basket

Advantages

Features

Trial design

Table 2 Challenges and opportunities by trial design
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Structured real-world data

Data derived from electronic medical
-Collection of data in parallel: cancer
records and insurance data, as examples incidence, patient demographics, treatment patterns, molecular profiling data,
and clinical outcomes
-Enables correlations
-Lower costs
-Results are representative of population
-Safety data on vulnerable subpopulations
-Accelerates drug approval

Registry protocols

Real-world data

-Increased access to innovative treatments in case of limited access to sitebased clinical trials
-Increased access to innovative treatments during COVID-19 pandemic
-Facilitates patients with difficulties in
traveling

Home-based trials

Patients stay at home—the trial comes
to them rather than having them travel
to the trial

-Improves symptom control
-Improves quality of life
-Minimizes emergency department
visits/hospitalizations
-Improves patient survival
-Improves physician-patient communication
-Increased access to communication
with treating team in case of limited
access to hospital (rural areas)
-Increased access to communication
with treating team during COVID-19
pandemic

Patient-reported outcomes Patients report outcomes, often via
digital devices

-Collection of data in parallel: cancer
incidence, patient demographics, treatment patterns, molecular profiling data,
and clinical outcomes
-Enables correlations
-Lower costs

-Biomarker identification
-Highlights molecular pathways associated with response to treatments

In-depth understanding of unusual
patients

Exceptional responders

Advantages

Features

Trial design

Table 2 (continued)

-Patient recruitment
-Monitoring issues
-Patient safety

-Cost of applications
-Difficulty in using the technology
-Under-reporting of symptom severity
-Underestimated symptom severity

-Inaccurate reporting
-Data discrepancies
-Subjective assessment of benefit
-Machine learning may improve information synthesis

-Complex analysis

-Rare cases
-Requires validation

Disadvantages

Difficulty in recruiting patients with rare
subsets and challenges in proactively
engaging their physicians

Lack of medical knowledge on the part
of patients may influence their interpretation of clinical events

Lack of structuring of data
Inaccuracies propagated in the medical
records, due to cloning of notes and lack
of routine secondary checks
Difficulty harmonizing records to draw
conclusions

Need to analyze the robustness of the
strategy (algorithm) for matching, rather
than drug combinations, since the latter
differ from patient to patient

Lack of uniformity in available biomarker
data and correlation with patient characteristics and clinical outcomes

Challenges
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resistance to treatment [112], as it enables the acquisition of multiple samples longitudinally without the risks
associated with invasive tumor biopsies. Patients with
advanced, metastatic cancer (versus early-stage malignancies) typically have a higher ctDNA level owing to
the higher total systemic tumor burden [182] and shed
DNA in the blood may reflect genomic alterations from
multiple metastatic sites, thus addressing tissue heterogeneity. These alterations may indicate tumor evolution,
tumor sensitivity, and/or resistance to targeted therapies.
Additionally, ctDNA analysis is associated with a shorter
turnaround time compared to tumor tissue molecular analysis. Timely ordering of ctDNA analysis when
response to ongoing therapy starts to diminish and at
the time of disease progression may attenuate treatment
selection delays [111]. However, its use is limited owing
to, at least partially, suboptimal assessment of molecular alterations in patients with low tumor volume and/
or tumors whose cellular DNA is not shed well into the
bloodstream.
The implementation of precision oncology trials
requires novel administrative needs, complicated designs
leading to logistic hurdles, limited access to clinical trial
centers, stringent trial exclusion criteria, sample size
issues in cases of rare alterations, and reproducibility
issues. Disparities in socioeconomic status also influence
cancer outcomes and are associated with worse survival
[183]. An investigation of clinical outcomes of 41,109
patients who participated in 55 trials demonstrated that
socioeconomic deprivation was associated with shorter
progression-free, overall, and cancer-specific survival
[183]. Next-generation precision oncology trial designs
offer several opportunities to overcome these challenges.
The application of home-based clinical trials may provide
access to innovative treatments for patients with limited ability, either physical or financial, to travel to specialized centers. Registry and real-world data trials can
collect data on patients with rare molecular alterations
or diseases to assess the efficacy, toxicity, and outcome
data of various treatments. Recently, ASCO and Friends
of Cancer Research published new recommendations to
broaden eligibility criteria in clinical trials to increase
access for more patients with cancer [184]. Analysis of
electronic health records data (CancerLinQ® Discovery
database) demonstrated that, by expanding common eligibility criteria for patients with lung cancer, the number
of patients eligible to enroll in clinical trials increased
two-fold. These findings seem to be applicable across
tumor types [172].
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Conclusions and future perspectives
Patients should be considered for clinical trials when the
standard treatment is not efficacious any longer, or has
minimal impact on survival, or the patient experiences
significant toxicity. Remarkable advances in molecular
technology, almost unimaginable a few years ago, now
permit deep interrogation of tumor biology and customization of patient therapy, which has enabled a revolution
in clinical trial design
Multiple factors should be considered when designing
clinical trials in oncology to ensure more favorable outcomes. First, complete molecular profiling is necessary
to understand the underlying cancer biology and should
include immune, DNA and RNA, proteomic, and/or
other biomarkers. Second, therapy should be matched
to the biology of the tumor, including combinations
of drugs to co-target the multiple drivers that are present in most metastatic cancers. Third, innovative trial
design with seamless transition from phase I to phase
III trial can accelerate drug development and regulatory approval, while lessening administrative paperwork.
Fourth, innovative trial designs, including platform studies, umbrella and basket trials, and octopus and adaptive
trials, have the common goal of using novel methods and
master protocols to answer multiple questions in a single
trial and to offer clinical trial access to large numbers of
patients on a single trial. The precise type of study used
depends on the investigative goals (Additional files 1 and
2). For instance, basket studies are most suitable for evaluating a molecular marker in a tissue-agnostic cohort,
while umbrella studies generally concentrate on a single
type of cancer but examine multiple subgroups within
that histology. Octopus trials focus on examining multiple drug regimens, often in combination with a single
backbone drug.
The most recent innovation in trial design is N-of-1
cancer trials. These trials include multiple patients, but
each patient is treated in an individual (N-of-1) manner
based on a deep understanding of their tumor biology.
The strategy of drug assignment, rather than the drug
regimens themselves, is assessed. N-of-1 oncology trials
therefore differ fundamentally from other trial designs in
that they are patient-centered—the drugs are fitted to the
patient—rather than drug-centered—the patient is fitted
to the drug trial. (N-of-1 oncology trials are also fundamentally different from trials denoted as “N-of-1” in nononcology patients, despite the similar name, because the
non-oncologic trials involve multiple cross overs in the
same patient.)
Access to decentralized (home-based) trials is also
new and is an important trial design innovation wherein
patients can stay at home and participate in the trial
remotely. Such trials are likely to enhance patient
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well-being and also better replicate real-world conditions. Finally, computerized records and capabilities have
paved the way for real-world data, as well as data derived
from digital applications or large national registries,
which, together with machine learning, may hasten the
discovery of new treatments and better approximate realworld conditions. Importantly, in order to ensure accuracy, the source data for real-world data must be available
and auditable.
Overall, the new generation of precision medicine trial
designs yields a variety of response rates. The highest
response rates, reaching 75%, are for clinical trials targeting fusions such as NTRK using NTRK inhibitors in the
tumor-agnostic setting, hence reflecting the driver nature
of these fusions, and the fact that molecular alterations
can be important, at least in some cases, in a range of
cancers, independent of site of origin. N-of-1 trials also
yield response rates in the range of 45% in refractory cancers, albeit with high degrees of individualized matching
between drugs (often used in combinations) and targets
(Table 1); these trials highlight the need to address the
fact that metastatic cancers often have complex biologic
underpinnings and that each cancer may be unique.
Overall, the key biologic insights from these trials include
the following: cancer is a disease driven by genomic and
immune system alterations, and interrogating and then
targeting specifically these alterations, rather than simply
classifying cancers only by their site of origin, can produce impressive response rates and regulatory approvals.
Even so, many cancers are complex and targeting individual molecular alterations is often not sufficient to influence outcome; hence, combinations of matched therapy
in an N-of-1 paradigm are needed. Many challenges,
however, remain, including determining which molecular alterations are drivers versus passengers, and how to
reconcile the precision medicine patient-centered model
with the needs for regulatory authorization of new drugs,
that are part of a drug-centered paradigm of drug development, as well as how to efficiently but accurately leverage multiple new types of trial design and the availability
of millions of datapoints in real-world data in a way that
is verifiable and moves the field forward in a rapid and
productive way for patients afflicted with cancer.
Abbreviations
ASCO: American Society of Clinical Oncology; ctDNA: Circulating tumor
DNA; ECOG-ACRIN: Eastern Cooperative Oncology Group–American College
of Radiology Imaging Network; EGFR: Epidermal growth factor receptor;
FDA: Food and Drug Administration; EHR: Electronic health records; IBM:
International Business Machines; MAM: Multi-arm multi-stage; MSI: Microsatellite instability; NCCN: National Comprehensive Cancer Network; NCI: National
Cancer Institute; NF2: Neurofibromatosis type 2; NSCLC: Non-small cell lung
cancer; ORR: Objective response rate; PD-L1: Programmed death-ligand 1;
PROMs: Patient-reported outcome measures; SD: Stable disease; TMB: Tumor

Page 22 of 27

mutational burden; TMB-H: Tumor mutational burden-high; TSC1: Tuberous
sclerosis complex; VEGF: Vascular endothelial growth factor.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13073-022-01102-1.
Additional file 1. Selected first-generation precision medicine clinical trial
designs (see also Tables 1 and 2). A basket trial is a tissue-agnostic study
assessing one drug targeting a specific molecular alteration or pathway
across multiple tumor type. An umbrella trial evaluates different treatments matched to molecular alterations in a single tumor type. Complete
phase I trial enables comprehensive evaluation of a specific drug in different combination regimens. An octopus trial consists of multiple arms and
investigates different combinations of a drug across multiple tumor types.
Telescope trials allow seamless transition from phase I to phase II and/or
phase III clinical trials, thus combining all phases, learning and confirmatory, into a single trial.
Additional file 2. Selected next-generation precision medicine clinical
trial designs (see also Tables 1 and 2). An N-of-1 trial assesses different
drugs evaluated in the same patient. N-of-1 trials are patient centered and
every patient receives a different drug regimen. The strategy (algorithm) of
drug assignment, rather than the drugs themselves, is evaluated. Homebased trials enable access to drugs for patients who are unable to travel
and participate in traditional site-based clinical trials. In patient-reported
outcome measures, patients directly reports data, often via digital devices,
regarding their symptoms, treatment toxicities, or health-related quality of
life. Registry trial provides a rich source of structured data including cancer
incidence, patient demographics, treatment patterns, molecular profiling,
and clinical outcomes. Real-world data enables collection of data in parallel and the assessment of efficacy and toxicity of treatment agents.
Authors’ contributions
RK and AT conceived the manuscript. All authors drafted the manuscript
and/or additional files, reviewed and modified drafts of the manuscript, and
approved the final manuscript.
Funding
Supported in part by donor funds from Jamie’s Hope, Mr. and Mrs. Zane W.
Arrott, and Mr. and Mrs. Steven McKenzie for Dr. Tsimberidou’s Personalized
Medicine Program. This work was also supported in part by the National Institutes of Health/National Cancer Institute award number P30 CA016672 (The
University of Texas MD Anderson Cancer Center).
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
Dr. Elena Fountzilas has the following financial relationships to disclose: Travel
grants: Merck, Pfizer, and K.A.M Oncology/Hematology; Speaker fees: Roche,
Leo, Pfizer; Stock ownership: Deciphera Pharmaceuticals, Inc.
Dr. Apostolia-Maria Tsimberidou has the following financial relationships to
disclose: Research Funding (Institution): OBI Pharma, Parker Institute for Cancer
Immunotherapy, Immatics, Tvardi Therapeutics, Tempus, Boston Biomedical,
Placon Therapeutics, Karus Therapeutics, Agenus and Novocure. Consulting or
Advisory Role: Vincerx, Diaccurate.
Dr. Razelle Kurzrock has the following financial relationships to disclose:
Research Funding (Institution): Incyte, Genentech, Merck Serono, Pfizer,
Sequenom, Foundation Medicine, Konica Minolta, Grifols, Biologic Dynamics,

Fountzilas et al. Genome Medicine

(2022) 14:101

Boehringer Ingelheim, Medimmune, and Guardant. Consulting role: X-Biotech,
Loxo, Biologic Dynamics, Turning Point, TD2, Bicara, and Actuate Therapeutics.
Speaker fees: Roche. Ownership interest: IDbyDNA and CureMatch, Inc. Board
member: CureMatch and CureMetrix.
Dr. Henry Hiep Vo reports no relevant conflicts of interest.
Author details
1
Department of Medical Oncology, St. Lukes’s Hospital, Thessaloniki, Greece.
2
European University Cyprus, Limassol, Cyprus. 3 Department of Investigational
Cancer Therapeutics, The University of Texas MD Anderson Cancer Center,
Houston, TX, USA. 4 WIN Consortium, Villejuif, France.

Page 23 of 27

17.
18.
19.
20.

Received: 29 June 2021 Accepted: 9 August 2022
21.

References
1. Warner JL, Sethi TK, Rivera DR, Venepalli NK, Osterman TJ, Khaki AR, et al.
Trends in FDA cancer registration trial design over time, 1969-2020. J
Clin Oncol. 2020;38(15_suppl):2060.
2. Abel U, Koch A. The role of randomization in clinical studies: myths and
beliefs. J Clin Epidemiol. 1999;52(6):487–97.
3. Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R, Nakagawa
K, et al. Association of tumour mutational burden with outcomes in
patients with advanced solid tumours treated with pembrolizumab:
prospective biomarker analysis of the multicohort, open-label, phase 2
KEYNOTE-158 study. Lancet Oncol. 2020;21(10):1353–65.
4. Marabelle A, Le DT, Ascierto PA, Di Giacomo AM, De Jesus-Acosta A,
Delord J-P, et al. Efficacy of pembrolizumab in patients with noncolorectal high microsatellite instability/mismatch repair–deficient
cancer: results from the phase II KEYNOTE-158 study. J Clin Oncol.
2019;38(1):1–10.
5. Drilon A, Laetsch TW, Kummar S, DuBois SG, Lassen UN, Demetri GD,
et al. Efficacy of larotrectinib in TRK fusion–positive cancers in adults
and children. N Engl J Med. 2018;378(8):731–9.
6. Doebele RC, Drilon A, Paz-Ares L, Siena S, Shaw AT, Farago AF, et al.
Entrectinib in patients with advanced or metastatic NTRK fusion-positive solid tumours: integrated analysis of three phase 1–2 trials. Lancet
Oncol. 2020;21(2):271–82.
7. Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong K-K. Non-smallcell lung cancers: a heterogeneous set of diseases. Nat Rev Cancer.
2014;14(8):535–46.
8. Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D,
et al. Intratumor heterogeneity and branched evolution revealed by
multiregion sequencing. N Engl J Med. 2012;366(10):883–92.
9. Bhatt DL, Mehta C. Adaptive designs for clinical trials. N Engl J Med.
2016;375(1):65–74.
10. Jardim DL, Schwaederle M, Wei C, Lee JJ, Hong DS, Eggermont AM,
et al. Impact of a biomarker-based strategy on oncology drug development: a meta-analysis of clinical trials leading to FDA approval. J Natl
Cancer Inst. 2015;107(11).
11. Schwaederle M, Zhao M, Lee JJ, Eggermont AM, Schilsky RL, Mendelsohn J, et al. Impact of Precision Medicine in Diverse Cancers: A MetaAnalysis of Phase II Clinical Trials. J Clin Oncol. 2015;33(32):3817–25.
12. Schwaederle M, Zhao M, Lee JJ, Lazar V, Leyland-Jones B, Schilsky
RL, et al. Association of biomarker-based treatment strategies with
response rates and progression-free survival in refractory malignant
neoplasms: a meta-analysis. JAMA Oncol. 2016;2(11):1452–9.
13. Sicklick JK, Kato S, Okamura R, Schwaederle M, Hahn ME, Williams CB,
et al. Molecular profiling of cancer patients enables personalized combination therapy: the I-PREDICT study. Nat Med. 2019;25(5):744–50.
14. Kato S, Kim KH, Lim HJ, Boichard A, Nikanjam M, Weihe E, et al. Realworld data from a molecular tumor board demonstrates improved
outcomes with a precision N-of-One strategy. Nat Commun.
2020;11(1):4965.
15. Rodon J, Soria JC, Berger R, Miller WH, Rubin E, Kugel A, et al. Genomic
and transcriptomic profiling expands precision cancer medicine: the
WINTHER trial. Nat Med. 2019;25(5):751–8.
16. FDA. FDA grants accelerated approval to pembrolizumab for first tissue/site agnostic indication 2017. Available from: https://www.fda.gov/

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.
36.
37.

38.
39.

drugs/resources-information-approved-drugs/fda-grants-accelerated-
approval-pembrolizumab-first-tissuesite-agnostic-indication.
Wedam S, Fashoyin-Aje L, Bloomquist E, Tang S, Sridhara R, Goldberg
KB, et al. FDA approval summary: palbociclib for male patients with
metastatic breast cancer. Clin Cancer Res. 2020;26(6):1208.
Dickson D, Johnson J, Bergan R, Owens R, Subbiah V, Kurzrock R. The
master observational trial: a new class of master protocol to advance
precision medicine. Cell. 2020;180(1):9–14.
Dickson D, Johnson J, Bergan R, Owens R, Subbiah V, Kurzrock R. Snapshot: trial types in precision medicine. Cell. 2020;181(1):208 e1.
Vamathevan J, Clark D, Czodrowski P, Dunham I, Ferran E, Lee G, et al.
Applications of machine learning in drug discovery and development.
Nat Rev Drug Discov. 2019;18(6):463–77.
Li B, Shin H, Gulbekyan G, Pustovalova O, Nikolsky Y, Hope A, et al.
Development of a drug-response modeling framework to identify
cell line derived translational biomarkers that can predict treatment
outcome to erlotinib or sorafenib. PLoS One. 2015;10(6):e0130700.
van Gool AJ, Bietrix F, Caldenhoven E, Zatloukal K, Scherer A, Litton
JE, et al. Bridging the translational innovation gap through good biomarker practice. Nat Rev Drug Discov. 2017;16(9):587–8.
Kraus VB. Biomarkers as drug development tools: discovery, validation,
qualification and use. Nat Rev Rheumatol. 2018;14(6):354–62.
Adams CP, Brantner VV. Estimating the cost of new drug development: is it really 802 million dollars? Health Affairs (Project Hope).
2006;25(2):420–8.
Paul SM, Mytelka DS, Dunwiddie CT, Persinger CC, Munos BH, Lindborg
SR, et al. How to improve R&D productivity: the pharmaceutical industry’s grand challenge. Nat Rev Drug Discov. 2010;9(3):203–14.
Dhingra K. Oncology 2020: a drug development and approval paradigm. Ann Oncol. 2015;26(11):2347–50.
Van Norman GA. Drugs, Devices, and the FDA: Part 1: an overview of
approval processes for drugs. JACC Basic Transl Sci. 2016;1(3):170–9.
Gan HK, You B, Pond GR, Chen EX. Assumptions of expected benefits in
randomized phase III trials evaluating systemic treatments for cancer. J
Natl Cancer Inst. 2012;104(8):590–8.
Begley CG, Ellis LM. Drug development: raise standards for preclinical
cancer research. Nature. 2012;483(7391):531–3.
Gandhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis
F, et al. Pembrolizumab plus chemotherapy in metastatic non-small-cell
lung cancer. N Engl J Med. 2018;378(22):2078–92.
Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al.
Durvalumab after chemoradiotherapy in stage III non-small-cell lung
cancer. N Engl J Med. 2017;377(20):1919–29.
Paz-Ares L, Luft A, Vicente D, Tafreshi A, Gumus M, Mazieres J, et al.
Pembrolizumab plus chemotherapy for squamous non-small-cell lung
cancer. N Engl J Med. 2018;379(21):2040–51.
Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.
Nivolumab versus docetaxel in advanced nonsquamous non-small-cell
lung cancer. N Engl J Med. 2015;373(17):1627–39.
Reck M, Spira A, Besse B, Wolf J, Skoulidis F, Borghaei H, et al. MO01.32
CodeBreaK 200: a phase 3 multicenter study of sotorasib, a KRAS(G12C)
Inhibitor, versus docetaxel in patients with previously treated advanced
non-small cell lung cancer (NSCLC) harboring KRAS p.G12C Mutation. J
Thorac Oncol. 2021;16(1):S29.
Roberts C, Torgerson DJ. Understanding controlled trials: baseline
imbalance in randomised controlled trials. BMJ. 1999;319(7203):185.
Park JJH, Siden E, Zoratti MJ, Dron L, Harari O, Singer J, et al. Systematic
review of basket trials, umbrella trials, and platform trials: a landscape
analysis of master protocols. Trials. 2019;20(1):572.
FDA. Master protocols: efficient clinical trial design strategies to
expedite development of oncology drugs and biologics 2018. Available
from: https://www.fda.gov/regulatory-information/search-fda-guida
nce-documents/master-protocols-efficient-clinical-trial-design-strat
egies-expedite-development-oncology-drugs-and.
Hyman DM, Puzanov I, Subbiah V, Faris JE, Chau I, Blay J-Y, et al. Vemurafenib in multiple nonmelanoma cancers with BRAF V600 mutations. N
Engl J Med. 2015;373(8):726–36.
Le DT, Kim TW, Van Cutsem E, Geva R, Jäger D, Hara H, et al. Phase II
open-label study of pembrolizumab in treatment-refractory, microsatellite instability-high/mismatch repair-deficient metastatic colorectal
cancer: KEYNOTE-164. J Clin Oncol. 2020;38(1):11–9.

Fountzilas et al. Genome Medicine

(2022) 14:101

40. Hainsworth JD, Meric-Bernstam F, Swanton C, Hurwitz H, Spigel DR,
Sweeney C, et al. Targeted therapy for advanced solid tumors on the
basis of molecular profiles: results from MyPathway, an open-label,
phase IIa multiple basket study. J Clin Oncol. 2018;36(6):536–42.
41. Ferrarotto R, Redman MW, Gandara DR, Herbst RS, Papadimitrakopoulou VA. Lung-MAP--framework, overview, and design principles. Chin
Clin Oncol. 2015;4(3):36.
42. Redman MW, Papadimitrakopoulou VA, Minichiello K, Hirsch FR, Mack
PC, Schwartz LH, et al. Biomarker-driven therapies for previously treated
squamous non-small-cell lung cancer (Lung-MAP SWOG S1400): a
biomarker-driven master protocol. Lancet Oncol. 2020;21(12):1589–601.
43. Waqar SN, Redman MW, Arnold SM, Hirsch FR, Mack PC, Schwartz LH,
et al. A Phase II study of telisotuzumab vedotin in patients with c-METpositive stage IV or recurrent squamous cell lung cancer (LUNG-MAP
Sub-study S1400K, NCT03574753). Clin Lung Cancer. 2020.
44. Borghaei H, Redman MW, Kelly K, Waqar SN, Robert F, Kiefer GJ, et al.
SWOG S1400A (NCT02154490): a phase II study of durvalumab for
patients with previously treated stage IV or recurrent squamous cell
lung cancer (Lung-MAP Sub-study). Clin Lung Cancer. 2020.
45. Owonikoko TK, Redman MW, Byers LA, Hirsch FR, Mack PC, Schwartz
LH, et al. Phase 2 study of talazoparib in patients with homologous
recombination repair-deficient squamous cell lung cancer: Lung-MAP
substudy S1400G. Clin Lung Cancer. 2021.
46. Govindan R, Mandrekar SJ, Gerber DE, Oxnard GR, Dahlberg SE,
Chaft J, et al. ALCHEMIST trials: a golden opportunity to transform
outcomes in early-stage non-small cell lung cancer. Clin Cancer Res.
2015;21(24):5439–44.
47. Turner NC, Kingston B, Kilburn LS, Kernaghan S, Wardley AM, Macpherson IR, et al. Circulating tumour DNA analysis to direct therapy in
advanced breast cancer (plasmaMATCH): a multicentre, multicohort,
phase 2a, platform trial. Lancet Oncol. 2020;21(10):1296–308.
48. Adams R, Brown E, Brown L, Butler R, Falk S, Fisher D, et al. Inhibition
of EGFR, HER2, and HER3 signalling in patients with colorectal cancer
wild-type for BRAF, PIK3CA, KRAS, and NRAS (FOCUS4-D): a phase 2-3
randomised trial. Lancet Gastroenterol Hepatol. 2018;3(3):162–71.
49. Burd A, Levine RL, Ruppert AS, Mims AS, Borate U, Stein EM, et al. Precision medicine treatment in acute myeloid leukemia using prospective
genomic profiling: feasibility and preliminary efficacy of the Beat AML
Master Trial. Nat Med. 2020;26(12):1852–8.
50. Tsimberidou AM, Iskander NG, Hong DS, Wheler JJ, Falchook GS,
Fu S, et al. Personalized medicine in a phase I clinical trials program: the MD Anderson Cancer Center initiative. Clin Cancer Res.
2012;18(22):6373–83.
51. Tsimberidou AM, Eggermont AM, Schilsky RL. Precision cancer
medicine: the future is now, only better. Am Soc Clin Oncol Educ Book.
2014:61–9.
52. Tsimberidou AM, Hong DS, Ye Y, Cartwright C, Wheler JJ, Falchook GS,
et al. Initiative for Molecular Profiling and Advanced Cancer Therapy
(IMPACT): an MD Anderson Precision Medicine Study. JCO Precis. Oncol.
2017;2017.
53. Klute K, Garrett-Mayer E, Halabi S, Mangat PK, Nazemzadeh R, Yost KJ,
et al. Cobimetinib plus vemurafenib (C+V) in patients (Pts) with colorectal cancer (CRC) with BRAF V600E mutations: results from the TAPUR
Study. J Clin Oncol. 2020;38(4_suppl):122.
54. Gupta R, Garrett-Mayer E, Halabi S, Mangat PK, D’Andre SD, Meiri E, et al.
Pertuzumab plus trastuzumab (P+T) in patients (Pts) with colorectal
cancer (CRC) with ERBB2 amplification or overexpression: results from
the TAPUR Study. J Clin Oncol 2020;38(4_suppl):132.
55. Meiri E, Garrett-Mayer E, Halabi S, Mangat PK, Shrestha S, Ahn ER, et al.
Pembrolizumab (P) in patients (Pts) with colorectal cancer (CRC) with
high tumor mutational burden (HTMB): results from the Targeted
Agent and Profiling Utilization Registry (TAPUR) Study. J Clin Oncol.
2020;38(4_suppl):133.
56. Azad NS, Gray RJ, Overman MJ, Schoenfeld JD, Mitchell EP, Zwiebel JA,
et al. Nivolumab is effective in mismatch repair-deficient noncolorectal cancers: results from arm Z1D-A subprotocol of the NCI-MATCH
(EAY131) study. J Clin Oncol. 2020;38(3):214–22.
57. Jhaveri KL, Wang XV, Makker V, Luoh SW, Mitchell EP, Zwiebel JA, et al.
Ado-trastuzumab emtansine (T-DM1) in patients with HER2-amplified
tumors excluding breast and gastric/gastroesophageal junction (GEJ)

Page 24 of 27

58.

59.
60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.
72.

73.

74.

adenocarcinomas: results from the NCI-MATCH trial (EAY131) subprotocol Q. Ann Oncol. 2019;30(11):1821–30.
Kummar S, Li S, Reiss K, Ford JM, Mitchell EP, Zwiebel JA, et al. Abstract
CT138: NCI-MATCH EAY131 -Z1I: Phase II study of AZD1775, a wee-1
kinase inhibitor, in patients with tumors containing BRCA1 and BRCA2
mutations. Cancer Res. 2019;79(13 Supplement):CT138-CT.
James ND, de Bono JS, Spears MR, Clarke NW, Mason MD, Dearnaley
DP, et al. Abiraterone for prostate cancer not previously treated with
hormone therapy. N Engl J Med. 2017;377(4):338–51.
Parker CC, James ND, Brawley CD, Clarke NW, Hoyle AP, Ali A, et al.
Radiotherapy to the primary tumour for newly diagnosed, metastatic
prostate cancer (STAMPEDE): a randomised controlled phase 3 trial.
Lancet. 2018;392(10162):2353–66.
Clarke NW, Ali A, Ingleby FC, Hoyle A, Amos CL, Attard G, et al. Addition
of docetaxel to hormonal therapy in low- and high-burden metastatic
hormone sensitive prostate cancer: long-term survival results from the
STAMPEDE trial. Ann Oncol. 2019;30(12):1992–2003.
Tsimberidou AM, Hong DS, Fu S, Karp DD, Piha-Paul S, Kies MS, et al.
Precision medicine: preliminary results from the Initiative for Molecular
Profiling and Advanced Cancer Therapy 2 (IMPACT2) study. NPJ Precis
Oncol. 2021;5(1):21.
Sicklick JK, Kato S, Okamura R, Patel H, Nikanjam M, Fanta PT, et al.
Molecular profiling of advanced malignancies guides first-line N-of-1
treatments in the I-PREDICT treatment-naive study. Genome Med.
2021;13(1):155.
Le Tourneau C, Delord JP, Goncalves A, Gavoille C, Dubot C, Isambert
N, et al. Molecularly targeted therapy based on tumour molecular
profiling versus conventional therapy for advanced cancer (SHIVA):
a multicentre, open-label, proof-of-concept, randomised, controlled
phase 2 trial. Lancet Oncol. 2015;16(13):1324–34.
Chen AP, Kummar S, Moore N, Rubinstein LV, Zhao Y, Williams PM, et al.
Molecular profiling-based assignment of cancer therapy (NCI-MPACT):
a randomized multicenter phase II trial. JCO Precis. Oncol. 2021;5.
Patel SP, Othus M, Chae YK, Giles FJ, Hansel DE, Singh PP, et al. A Phase II
Basket trial of dual anti-CTLA-4 and anti-PD-1 blockade in rare tumors
(DART SWOG 1609) in patients with nonpancreatic neuroendocrine
tumors. Clin Cancer Res. 2020;26(10):2290–6.
Patel SP, Mayerson E, Chae YK, Strosberg J, Wang J, Konda B, et al. A
phase II basket trial of dual anti-CTLA-4 and anti-PD-1 blockade in rare
tumors (DART) SWOG S1609: high-grade neuroendocrine neoplasm
cohort. Cancer. 2021;127(17):3194–201.
Adams S, Othus M, Patel SP, Miller KD, Chugh R, Schuetze SM, et al. A
multicenter phase II trial of ipilimumab and nivolumab in unresectable
or metastatic metaplastic breast cancer: cohort 36 of dual anti-CTLA-4
and anti-PD-1 blockade in rare tumors (DART, SWOG S1609). Clin Cancer Res. 2022;28(2):271–8.
Wagner MJ, Othus M, Patel SP, Ryan C, Sangal A, Powers B, et al.
Multicenter phase II trial (SWOG S1609, cohort 51) of ipilimumab and
nivolumab in metastatic or unresectable angiosarcoma: a substudy
of dual anti-CTLA-4 and anti-PD-1 blockade in rare tumors (DART). J
Immunother Cancer. 2021;9(8).
Wrangle JM, Awad MM, Badin FB, Rubinstein MP, Bhar P, Garner C, et al.
Preliminary data from QUILT 3.055: a phase 2 multi-cohort study of
N803 (IL-15 superagonist) in combination with checkpoint inhibitors
(CPI). J Clin Oncol. 2021;39(15_suppl):2596.
Barker AD, Sigman CC, Kelloff GJ, Hylton NM, Berry DA, Esserman LJ.
I-SPY 2: an adaptive breast cancer trial design in the setting of neoadjuvant chemotherapy. Clin Pharmacol Ther. 2009;86(1):97–100.
Nanda R, Liu MC, Yau C, Shatsky R, Pusztai L, Wallace A, et al. Effect of
pembrolizumab plus neoadjuvant chemotherapy on pathologic complete response in women with early-stage breast cancer: an analysis of
the ongoing phase 2 adaptively randomized I-SPY2 trial. JAMA Oncol.
2020;6(5):676–84.
Pusztai L, Yau C, Wolf DM, Han HS, Du L, Wallace AM, et al. Durvalumab
with olaparib and paclitaxel for high-risk HER2-negative stage II/
III breast cancer: results from the adaptively randomized I-SPY2 trial.
Cancer Cell. 2021;39(7):989–98.e5.
Papadimitrakopoulou V, Lee JJ, Wistuba II, Tsao AS, Fossella FV, Kalhor
N, et al. The BATTLE-2 study: a biomarker-integrated targeted therapy
study in previously treated patients with advanced non–small-cell lung
cancer. J Clin Oncol. 2016;34(30):3638–47.

Fountzilas et al. Genome Medicine

(2022) 14:101

75. 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;24(4):737–43.
76. Columbia_Systems_Biology. N-of-1 clinical trials and precision medicine for cancer 2015. Available from: http://califano.c2b2.columbia.
edu/n-of-1-clinical-trials-precision-medicine-cancer.
77. Kurzrock R, MacKenzie AR, Jurdi AA, Goueli B, Bordogna W, Hilton M,
et al. Alpha-T: An innovative decentralized (home-based) phase 2 trial
of alectinib in ALK-positive (ALK+) solid tumors in a histology-agnostic
setting. J Clin Oncol. 2021;39(15_suppl):TPS3155-TPS.
78. Iyer G, Hanrahan AJ, Milowsky MI, Al-Ahmadie H, Scott SN, Janakiraman
M, et al. Genome sequencing identifies a basis for everolimus sensitivity. Science. 2012;338(6104):221.
79. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, et al. Activating mutations in the epidermal growth factor
receptor underlying responsiveness of non-small-cell lung cancer to
gefitinib. N Engl J Med. 2004;350(21):2129–39.
80. Kwak EL, Camidge DR, Clark J, Shapiro GI, Maki RG, Ratain MJ, et al. Clinical activity observed in a phase I dose escalation trial of an oral c-met
and ALK inhibitor, PF-02341066. J Clin Oncol. 2009;27(15_suppl):3509.
81. Bilusic M, Girardi D, Zhou Y, Jung K, Pei J, Slifker M, et al. Molecular
profiling of exceptional responders to cancer therapy. Oncologist.
2021;26(3):186–95.
82. Wagle N, Grabiner BC, Van Allen EM, Hodis E, Jacobus S, Supko JG,
et al. Activating mTOR mutations in a patient with an extraordinary
response on a phase I trial of everolimus and pazopanib. Cancer Discov.
2014;4(5):546–53.
83. FDA CFDEAR. Approval package for application number
125514Orig1s014. 2017. Available from: https://www.accessdata.fda.
gov/drugsatfda_docs/nda/2019/125514Orig1s014.pdf.
84. Fountzilas E, Koliou GA, Vozikis A, Rapti V, Nikolakopoulos A, Boutis
A, et al. Real-world clinical outcome and toxicity data and economic
aspects in patients with advanced breast cancer treated with cyclindependent kinase 4/6 (CDK4/6) inhibitors combined with endocrine
therapy: the experience of the Hellenic Cooperative Oncology Group.
ESMO Open. 2020;5(4).
85. Boegemann M, Khaksar S, Bera G, Birtle A, Dopchie C, Dourthe LM, et al.
Abiraterone acetate plus prednisone for the Management of Metastatic
Castration-Resistant Prostate Cancer (mCRPC) without prior use of
chemotherapy: report from a large, international, real-world retrospective cohort study. BMC Cancer. 2019;19(1):60.
86. Velikova G, Booth L, Smith AB, Brown PM, Lynch P, Brown JM, et al.
Measuring quality of life in routine oncology practice improves communication and patient well-being: a randomized controlled trial. J Clin
Oncol. 2004;22(4):714–24.
87. Park JJH, Hsu G, Siden EG, Thorlund K, Mills EJ. An overview of precision
oncology basket and umbrella trials for clinicians. CA Cancer J Clin.
2020;70(2):125–37.
88. Adashek JJ, Subbiah V, Kurzrock R. From tissue-agnostic to N-of-one
therapies: (R) Evolution of the precision paradigm. Trends Cancer.
2021;7(1):15–28.
89. The future of tissue-agnostic drugs: Nature Outlook. Available from:
https://www.nature.com/articles/d41586-020-02679-6.
90. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al.
PD-1 Blockade in tumors with mismatch-repair deficiency. N Engl J
Med. 2015;372(26):2509–20.
91. Muro K, Chung HC, Shankaran V, Geva R, Catenacci D, Gupta S, et al.
Pembrolizumab for patients with PD-L1-positive advanced gastric
cancer (KEYNOTE-012): a multicentre, open-label, phase 1b trial. Lancet
Oncol. 2016;17(6):717–26.
92. O’Neil BH, Wallmark JM, Lorente D, Elez E, Raimbourg J, Gomez-Roca
C, et al. Safety and antitumor activity of the anti-PD-1 antibody pembrolizumab in patients with advanced colorectal carcinoma. PLoS One.
2017;12(12):e0189848.
93. Marcus L, Lemery SJ, Keegan P, Pazdur R. FDA approval summary:
pembrolizumab for the treatment of microsatellite instability-high solid
tumors. Clin Cancer Res. 2019;25(13):3753–8.
94. KEYTRUDA® (pembrolizumab) injection, for intravenous use.: FDA;
2014. Available from: https://www.accessdata.fda.gov/drugsatfda_
docs/label/2021/125514s096lbl.pdf.

Page 25 of 27

95. FDA. FDA approves larotrectinib for solid tumors with NTRK gene
fusions 2018. Available from: https://www.fda.gov/drugs/fda-approves-
larotrectinib-solid-tumors-ntrk-gene-fusions.
96. FDA. FDA approves pembrolizumab for adults and children with TMB-H
solid tumors 2020. Available from: https://www.fda.gov/drugs/drug-
approvals-and-databases/fda-approves-pembrolizumab-adults-and-
children-tmb-h-solid-tumors.
97. Principe DR, Underwood PW, Korc M, Trevino JG, Munshi HG, Rana A.
The current treatment paradigm for pancreatic ductal adenocarcinoma
and barriers to therapeutic efficacy. Front Oncol. 2021;11.
98. Shieh L-T, Ho C-H, Guo H-R, Huang C-C, Ho Y-C, Ho S-Y. Epidemiologic
features, survival, and prognostic factors among patients with different
histologic variants of glioblastoma: analysis of a nationwide database.
Front Neurol. 2021;12.
99. Carmagnani Pestana R, Groisberg R, Roszik J, Subbiah V. Precision oncology in sarcomas: divide and conquer. JCO Precision Oncol. 2019;3:1–16.
100. Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone A, Ychou M, et al.
Regorafenib monotherapy for previously treated metastatic colorectal
cancer (CORRECT): an international, multicentre, randomised, placebocontrolled, phase 3 trial. Lancet. 2013;381(9863):303–12.
101. Hecht JR, Lonardi S, Bendell J, Sim HW, Macarulla T, Lopez CD, et al.
Randomized phase III study of FOLFOX alone or with pegilodecakin as second-line therapy in patients with metastatic pancreatic
cancer that progressed after gemcitabine (SEQUOIA). J Clin Oncol.
2021;39(10):1108–18.
102. Kopetz S, Desai J, Chan E, Hecht JR, O’Dwyer PJ, Maru D, et al. Phase II
pilot study of vemurafenib in patients with metastatic BRAF-mutated
colorectal cancer. J Clin Oncol. 2015;33(34):4032–8.
103. Corcoran RB, Ebi H, Turke AB, Coffee EM, Nishino M, Cogdill AP, et al.
EGFR-mediated re-activation of MAPK signaling contributes to
insensitivity of BRAF mutant colorectal cancers to RAF inhibition with
vemurafenib. Cancer Discov. 2012;2(3):227–35.
104. Tabernero J, Grothey A, Van Cutsem E, Yaeger R, Wasan H, Yoshino
T, et al. Encorafenib plus cetuximab as a new standard of care for
previously treated BRAF V600E-mutant metastatic colorectal cancer:
updated survival results and subgroup analyses from the BEACON
study. J Clin Oncol. 2021;39(4):273–84.
105. FDA approves encorafenib in combination with cetuximab for metastatic colorectal cancer with a BRAF V600E mutation.: FDA; 2020. Available from: https://www.fda.gov/drugs/resources-information-appro
ved-drugs/fda-approves-encorafenib-combination-cetuximab-metas
tatic-colorectal-cancer-braf-v600e-mutation.
106. Middleton G, Fletcher P, Popat S, Savage J, Summers Y, Greystoke A,
et al. The national lung matrix trial of personalized therapy in lung
cancer. Nature. 2020;583(7818):807–12.
107. Yee D, DeMichele AM, Yau C, Isaacs C, Symmans WF, Albain KS, et al.
Association of event-free and distant recurrence-free survival with
individual-level pathologic complete response in neoadjuvant treatment of stages 2 and 3 breast cancer: three-year follow-up analysis
for the I-SPY2 adaptively randomized clinical trial. JAMA Oncol.
2020;6(9):1355–62.
108. Turner N, Bye H, Kernaghan S, Proszek P, Fribbens C, Moretti L, et al.
Abstract OT1-06-03: The plasmaMATCH trial: a multiple parallel cohort,
open-label, multi-centre phase II clinical trial of ctDNA screening to
direct targeted therapies in patients with advanced breast cancer
(CRUK/15/010). Cancer Res. 2018;78(4 Supplement):OT1-06-3-OT1--3.
109. Gettinger SN, Redman MW, Bazhenova L, Hirsch FR, Mack PC,
Schwartz LH, et al. Nivolumab plus ipilimumab vs nivolumab for
previously treated patients with stage IV squamous cell lung cancer:
the Lung-MAP S1400I Phase 3 randomized clinical trial. JAMA Oncol.
2021;7(9):1368–77.
110. Leighl NB, Redman MW, Rizvi N, Hirsch FR, Mack PC, Schwartz LH,
et al. Phase II study of durvalumab plus tremelimumab as therapy
for patients with previously treated anti-PD-1/PD-L1 resistant
stage IV squamous cell lung cancer (Lung-MAP substudy S1400F,
NCT03373760). J Immunother Cancer. 2021;9(8).
111. Naqvi MF, Vo HH, Vining D, Tsimberidou AM. Prolonged response to
treatment based on cell-free DNA analysis and molecular profiling
in three patients with metastatic cancer: a case series. Ther Adv Med
Oncol. 2021;13:17588359211001538.

Fountzilas et al. Genome Medicine

(2022) 14:101

112. Said R, Guibert N, Oxnard GR, Tsimberidou AM. Circulating tumor
DNA analysis in the era of precision oncology. Oncotarget.
2020;11(2):188–211.
113. Tsimberidou A-M, Hong DS, Wheler JJ, Falchook GS, Janku F, Naing
A, et al. Long-term overall survival and prognostic score predicting
survival: the IMPACT study in precision medicine. J Hematol Oncol.
2019;12(1):145.
114. ClinicalTrials.gov. IMPACT2 2014. Available from: https://clinicaltrials.
gov/ct2/show/NCT02152254?term=impact2&rank=4.
115. ClinicalTrials.gov. TAPUR 2016. Available from: https://clinicaltrials.gov/
ct2/show/NCT02693535?term=tapur&rank=1.
116. Mangat PK, Halabi S, Bruinooge SS, Garrett-Mayer E, Alva A, Janeway KA,
et al. Rationale and design of the targeted agent and profiling utilization registry study. JCO Precision Oncol. 2018;2:1–14.
117. Alva AS, Mangat PK, Garrett-Mayer E, Halabi S, Hansra D, Calfa CJ, et al.
Pembrolizumab in patients with metastatic breast cancer with high
tumor mutational burden: results from the Targeted Agent and Profiling
Utilization Registry (TAPUR) study. J Clin Oncol. 2021:JCO.20.02923.
118. Ahn ER, Mangat PK, Garrett-Mayer E, Halabi S, Dib EG, Haggstrom DE,
et al. Palbociclib in patients with non–small-cell lung cancer with
CDKN2A alterations: results from the Targeted Agent and Profiling
Utilization Registry Study. JCO Precision Oncol. 2020;4:757–66.
119. ECOG-ACRIN. NCI-MATCH precision medicine cancer trial 2020. Available from: https://ecog-acrin.org/nci-match-eay131.
120. Flaherty KT, Gray R, Chen A, Li S, Patton D, Hamilton SR, et al. The
Molecular Analysis for Therapy Choice (NCI-MATCH) Trial: lessons for
genomic trial design. J Natl Cancer Inst. 2020;112(10):1021–9.
121. Chen AP, O’Dwyer PJ, Harris L, Conley BA, Hamilton SR, Williams M, et al.
Abstract PL03-01: NCI-MATCH: a new paradigm in the era of genomic
oncology. Mol Cancer Ther. 2018;17(1 Supplement):PL03-1-PL-1.
122. Kalinsky K, Hong F, McCourt C, Sachdev J, Mitchell E, Zwiebel J, et al.,
editors. AZD5363 in patients (Pts) with tumors with AKT mutations:
NCI-MATCH subprotocol EAY131-Y, a trial of the ECOG-ACRIN Cancer
Research Group (EAY131-Y). EORTC-NCI-AACR; 2018.
123. Krop I, Jegede O, Grilley-Olson J, Lauring J, Hamilton S, Zwiebel J, et al.
Results from molecular analysis for therapy choice (MATCH) arm I:
Taselisib for PIK3CA-mutated tumors. J Clin Oncol. 2018; (36, suppl;
abstr 101).
124. Chae YK, Vaklavas C, Cheng HH, Hong F, Harris L, Mitchell EP, et al.
Molecular analysis for therapy choice (MATCH) arm W: Phase II study of
AZD4547 in patients with tumors with aberrations in the FGFR pathway. J Clin Oncol. 2018;36(15_suppl):2503.
125. James ND, Sydes MR, Clarke NW, Mason MD, Dearnaley DP, Anderson
J, et al. Systemic therapy for advancing or metastatic prostate cancer
(STAMPEDE): a multi-arm, multistage randomized controlled trial. BJU
Int. 2009;103(4):464–9.
126. Team S. STAMPEDE Recruits 10,000th Participant 2018. Available from:
http://www.stampedetrial.org/media-section/news/news-stories/2018/
april-2018/10k-patients/.
127. Le Tourneau C, Kurzrock R. Targeted therapies: what have we learned
from SHIVA? Nat Rev Clin Oncol. 2016;13(12):719–20.
128. Janku F, Hong DS, Fu S, Piha-Paul SA, Naing A, Falchook GS, et al.
Assessing PIK3CA and PTEN in early-phase trials with PI3K/AKT/mTOR
inhibitors. Cell Rep. 2014;6(2):377–87.
129. NIH. QUILT-3.055: A study of combination immunotherapies in patients
who have previously received treatment with immune checkpoint
inhibitors 2017. Available from: https://clinicaltrials.gov/ct2/show/
NCT03228667.
130. Kim ES, Herbst RS, Wistuba II, Lee JJ, Blumenschein GR Jr, Tsao A, et al.
The BATTLE trial: personalizing therapy for lung cancer. Cancer Discov.
2011;1(1):44–53.
131. Zhou X, Liu S, Kim ES, Herbst RS, Lee JJ. Bayesian adaptive design for
targeted therapy development in lung cancer--a step toward personalized medicine. Clin Trials. 2008;5(3):181–93.
132. Berry DA. Adaptive clinical trials in oncology. Nat Rev Clin Oncol.
2011;9(4):199–207.
133. Prahallad A, Sun C, Huang S, Di Nicolantonio F, Salazar R, Zecchin D,
et al. Unresponsiveness of colon cancer to BRAF(V600E) inhibition
through feedback activation of EGFR. Nature. 2012;483(7387):100–3.

Page 26 of 27

134. Schwaederle M, Parker BA, Schwab RB, Daniels GA, Piccioni DE, Kesari
S, et al. Precision oncology: the UC San Diego Moores Cancer Center
PREDICT Experience. Mol Cancer Ther. 2016;15(4):743–52.
135. Von Hoff DD, Stephenson JJ Jr, Rosen P, Loesch DM, Borad MJ,
Anthony S, et al. Pilot study using molecular profiling of patients’
tumors to find potential targets and select treatments for their refractory cancers. J Clin Oncol. 2010;28(33):4877–83.
136. Hirsch IB, Martinez J, Dorsey ER, Finken G, Fleming A, Gropp C, et al.
Incorporating site-less clinical trials into drug development: a framework for action. Clin Ther. 2017;39(5):1064–76.
137. Persky S. A Virtual Home for the Virtual Clinical Trial. J Med Internet
Res. 2020;22(1):e15582.
138. ClinicalTrials. A home-based approach study to evaluate the efficacy
and safety of alectinib in locally-advanced or metastatic ALK-positive
solid tumors (ALpha-T) 2020. Available from: https://clinicaltrials.gov/
ct2/show/NCT04644315?term=Science+37&cond=cancer&draw=
2&rank=1.
139. Science37. Science 37, Making Virtual the New Reality 2020. Available
from: https://www.science37.com/.
140. Lee YS, Kim BH, Kim BC, Shin A, Kim JS, Hong SH, et al. SLC15A2
genomic variation is associated with the extraordinary response of
sorafenib treatment: whole-genome analysis in patients with hepatocellular carcinoma. Oncotarget. 2015;6(18):16449–60.
141. Voss MH, Hakimi AA, Pham CG, Brannon AR, Chen YB, Cunha LF,
et al. Tumor genetic analyses of patients with metastatic renal cell
carcinoma and extended benefit from mTOR inhibitor therapy. Clin
Cancer Res. 2014;20(7):1955–64.
142. Fukuoka M, Wu YL, Thongprasert S, Sunpaweravong P, Leong SS,
Sriuranpong V, et al. Biomarker analyses and final overall survival
results from a phase III, randomized, open-label, first-line study of
gefitinib versus carboplatin/paclitaxel in clinically selected patients
with advanced non-small-cell lung cancer in Asia (IPASS). J Clin
Oncol. 2011;29(21):2866–74.
143. Sequist LV, Yang JC, Yamamoto N, O’Byrne K, Hirsh V, Mok T, et al.
Phase III study of afatinib or cisplatin plus pemetrexed in patients
with metastatic lung adenocarcinoma with EGFR mutations. J Clin
Oncol. 2013;31(27):3327–34.
144. Soria JC, Ohe Y, Vansteenkiste J, Reungwetwattana T, Chewaskulyong
B, Lee KH, et al. Osimertinib in untreated EGFR-mutated advanced
non-small-cell lung cancer. N Engl J Med. 2018;378(2):113–25.
145. Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa S, et al.
Identification of the transforming EML4-ALK fusion gene in nonsmall-cell lung cancer. Nature. 2007;448(7153):561–6.
146. Camidge DR, Kim HR, Ahn MJ, Yang JC, Han JY, Lee JS, et al. Brigatinib
versus crizotinib in ALK-positive non-small-cell lung cancer. N Engl J
Med. 2018;379(21):2027–39.
147. Peters S, Camidge DR, Shaw AT, Gadgeel S, Ahn JS, Kim DW, et al.
Alectinib versus crizotinib in untreated ALK-positive non-small-cell
lung cancer. N Engl J Med. 2017;377(9):829–38.
148. Shaw AT, Bauer TM, de Marinis F, Felip E, Goto Y, Liu G, et al. First-Line
lorlatinib or crizotinib in advanced ALK-positive lung cancer. N Engl J
Med. 2020;383(21):2018–29.
149. Kirkham JJ, Dwan KM, Altman DG, Gamble C, Dodd S, Smyth R, et al.
The impact of outcome reporting bias in randomised controlled trials on a cohort of systematic reviews. BMJ. 2010;340:c365.
150. Health. NIo. National Cancer Institute. Surveillance, Epidemiology,
and End Results (SEER) Program 2020. Available from: https://seer.
cancer.gov/.
151. Bilimoria KY, Stewart AK, Winchester DP, Ko CY. The National Cancer
Data Base: a powerful initiative to improve cancer care in the United
States. Ann Surg Oncol. 2008;15(3):683–90.
152. Kumar A, Guss ZD, Courtney PT, Nalawade V, Sheridan P, Sarkar RR, et al.
Evaluation of the use of cancer registry data for comparative effectiveness research. JAMA Netw Open. 2020;3(7):e2011985.
153. Feinberg BA, Gajra A, Zettler ME, Phillips TD, Phillips EG, Kish JK. Use of
real-world evidence to support FDA approval of oncology drugs. Value
Health. 2020;23(10):1358–65.
154. Finn RS, Martin M, Rugo HS, Jones S, Im SA, Gelmon K, et al. Palbociclib and letrozole in advanced breast cancer. N Engl J Med.
2016;375(20):1925–36.

Fountzilas et al. Genome Medicine

(2022) 14:101

155. Cristofanilli M, Turner NC, Bondarenko I, Ro J, Im SA, Masuda N, et al.
Fulvestrant plus palbociclib versus fulvestrant plus placebo for treatment of hormone-receptor-positive, HER2-negative metastatic breast
cancer that progressed on previous endocrine therapy (PALOMA-3):
final analysis of the multicentre, double-blind, phase 3 randomised
controlled trial. Lancet Oncol. 2016;17(4):425–39.
156. Kotronoulas G, Kearney N, Maguire R, Harrow A, Di Domenico D, Croy S,
et al. What is the value of the routine use of patient-reported outcome
measures toward improvement of patient outcomes, processes of care,
and health service outcomes in cancer care? A systematic review of
controlled trials. J Clin Oncol. 2014;32(14):1480–501.
157. Absolom K, Warrington L, Hudson E, Hewison J, Morris C, Holch P, et al.
Phase III randomized controlled trial of eRAPID: eHealth intervention
during chemotherapy. J Clin Oncol. 2021;39(7):734–47.
158. Basch E, Deal AM, Kris MG, Scher HI, Hudis CA, Sabbatini P, et al.
Symptom monitoring with patient-reported outcomes during
routine cancer treatment: a randomized controlled trial. J Clin Oncol.
2015;34(6):557–65.
159. Denis F, Basch E, Septans A-L, Bennouna J, Urban T, Dueck AC, et al.
Two-year survival comparing web-based symptom monitoring vs
routine surveillance following treatment for lung cancer. JAMA.
2019;321(3):306–7.
160. Basch E, Deal AM, Dueck AC, Scher HI, Kris MG, Hudis C, et al. Overall
Survival results of a trial assessing patient-reported outcomes for
symptom monitoring during routine cancer treatment. JAMA.
2017;318(2):197–8.
161. Barbera L, Sutradhar R, Seow H, Mittmann N, Howell D, Earle CC, et al.
The impact of routine Edmonton Symptom Assessment System
(ESAS) use on overall survival in cancer patients: results of a population-based retrospective matched cohort analysis. Cancer Med.
2020;9(19):7107–15.
162. FDA. Clinical Outcome Assessments (COAs) in Medical Device Decision
Making 2020. Available from: https://www.fda.gov/about-fda/cdrh-
patient-science-and-engagement-program/clinical-outcome-asses
sments-coas-medical-device-decision-making.
163. Warsame R, D’Souza A. Patient reported outcomes have arrived: a
practical overview for clinicians in using patient reported outcomes in
oncology. Mayo Clin Proc. 2019;94(11):2291–301.
164. Lu DJ, Girgis M, David JM, Chung EM, Atkins KM, Kamrava M. Evaluation
of mobile health applications to track patient-reported outcomes
for oncology patients: a systematic review. AdvRadiation Oncol.
2021;6(1):100576.
165. Chan EKH, Edwards TC, Haywood K, Mikles SP, Newton L. Implementing
patient-reported outcome measures in clinical practice: a companion
guide to the ISOQOL user’s guide. Qual Life Res. 2019;28(3):621–7.
166. PCORI. Users’ Guide to Integrating Patient-Reported Outcomes in
Electronic Health Records 2017. Available from: https://www.pcori.org/
document/users-guide-integrating-patient-reported-outcomes-elect
ronic-health-records.
167. FDA. Guidance for industry patient-reported outcome measures: use in
medical product development to support labeling claims.: FDA; 2009.
Available from: https://www.fda.gov/downloads/drugs/guidances/
ucm193282.pdf.
168. From the American Association of Neurological Surgeons (AANS)
ASoNA, Cardiovascular and Interventional Radiology Society of Europe
(CIRSE), Canadian Interventional Radiology Association (CIRA), Congress
of Neurological Surgeons (CNS), European Society of Minimally Invasive
Neurological Therapy (ESMINT), European Society of Neuroradiology
(ESNR), European Stroke Organization (ESO), Society for Cardiovascular
Angiography and Interventions (SCAI), Society of Interventional Radiology (SIR), Society of NeuroInterventional Surgery (SNIS), and World
Stroke Organization (WSO), Sacks D, Baxter B, BCV C, Carpenter JS,
Cognard C, et al. Multisociety Consensus Quality Improvement Revised
Consensus Statement for Endovascular Therapy of Acute Ischemic
Stroke. Int J Stroke. 2018;13(6):612–32.
169. Ioannidis JPA, Khoury MJ. Evidence based medicine and big genomic
data. Hum Mol Genet. 2018.
170. Jain A. The 5 Vs of Big Data 2016 [4/23/2018]. Available from: https://
www.ibm.com/blogs/watson-health/the-5-vs-of-big-data/.
171. Potter D, Brothers R, Kolacevski A, Koskimaki JE, McNutt A, Miller RS,
et al. Development of CancerLinQ, a health information learning

Page 27 of 27

172.

173.

174.

175.
176.

177.
178.
179.
180.
181.
182.
183.

184.

platform from multiple electronic health record systems to support
improved quality of care. JCO Clin Cancer Inform. 2020;4:929–37.
Harvey RD, Bruinooge SS, Chen L, Garrett-Mayer E, Rhodes W, Stepanski
E, et al. Impact of broadening trial eligibility criteria for patients with
advanced non–small cell lung cancer: real-world analysis of select
ASCO-Friends Recommendations. Clin Cancer Res. 2021.
Gilbert A, Williams C, Azuero A, Burkard ME, Kenzik K, Garrett-Mayer E,
et al. Utilizing data visualization to identify survival and treatment differences between women with de novo and recurrent metastatic breast
cancer. Clin Breast Cancer. 2020.
Lettvin RJ, Wayal A, McNutt A, Miller RS, Hauser R. Assessment and
stratification of high-impact data elements in electronic clinical quality
measures: a joint data quality initiative between CancerLinQ® and Cancer Treatment Centers of America. JCO Clin Cancer Inform. 2018;2:1–10.
Kohn MS, Sun J, Knoop S, Shabo A, Carmeli B, Sow D, et al. IBM’s
health analytics and clinical decision support. Yearb Med Inform.
2014;9:154–62.
Aikemu B, Xue P, Hong H, Jia H, Wang C, Li S, et al. Artificial intelligence
in decision-making for colorectal cancer treatment strategy: an observational study of implementing Watson for Oncology in a 250-case
cohort. Front Oncol. 2020;10:594182.
Gupta R, Srivastava D, Sahu M, Tiwari S, Ambasta RK, Kumar P. Artificial
intelligence to deep learning: machine intelligence approach for drug
discovery. Mol Divers. 2021;1-46.
Paul D, Sanap G, Shenoy S, Kalyane D, Kalia K, Tekade RK. Artificial
intelligence in drug discovery and development. Drug Discov Today.
2021;26(1):80–93.
Kopetz S, Grothey A, Yaeger R, Van Cutsem E, Desai J, Yoshino T, et al.
Encorafenib, binimetinib, and cetuximab in BRAF V600E–mutated
colorectal cancer. N Engl J Med. 2019;381(17):1632–43.
Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J,
et al. Combined BRAF and MEK Inhibition versus BRAF Inhibition Alone
in Melanoma. N Engl J Med. 2014;371(20):1877–88.
Mok TS, Wu Y-L, Ahn M-J, Garassino MC, Kim HR, Ramalingam SS, et al.
Osimertinib or platinum–pemetrexed in EGFR T790M–positive lung
cancer. N Engl J Med. 2016;376(7):629–40.
Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, et al.
Circulating mutant DNA to assess tumor dynamics. Nat Med.
2008;14(9):985–90.
Unger JM, Moseley AB, Cheung CK, Osarogiagbon RU, Symington
B, Ramsey SD, et al. Persistent disparity: socioeconomic deprivation
and cancer outcomes in patients treated in clinical trials. J Clin Oncol.
2021:JCO.20.02602.
Kim ES, Uldrick TS, Schenkel C, Bruinooge SS, Harvey RD, Magnuson
A, et al. Continuing to broaden eligibility criteria to make clinical trials
more representative and inclusive: ASCO-Friends of Cancer Research
Joint Research Statement. Clin Cancer Res. 2021;27(9):2394–9.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

