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Abstract

Background

Molecular Tumor Boards (MTBs) bring together multidisciplinary experts to translate

genomic data into clinical decisions in oncology, however, their overall clinical impact
remains unclear. The aim of this systematic review is to assess the clinical impact of
MTB-recommended therapies on patients with cancer outcomes.

Methods and findings

In this systematic review and meta-analysis, we searched PubMed, Embase,
Scopus, and CENTRAL up to July 2025. We included studies of any design, both
single-arm studies and studies with a comparator group, that reported the clinical
impact of MTBs in patients who received MTB-guided therapy. Meta-analyses were
performed separately by study design, using hazard ratios (HRs) for overall survival
(OS) and progression-free survival (PFS), relative risks (RRs) for objective response
rate (ORR) and disease control rate (DCR), and pooled proportions for PFS ratio
21.3. All meta-analyses were conducted using random-effects models based on the
inverse variance method. We evaluated the risk of bias using the RoB 2.0 for RCTs
and ROBINS-I for non-randomized studies.

From 6,846 records, 78 studies (9,195 patients; 4,569 treated per MTB recommen-
dations) were included. MTB-guided therapies were associated with reduced risk

of death (HR 0.87; 95% CI [0.76, 1.01]; p=0.069; 7=0.0% in RCTs; 0.62 in retro-
spective studies) and disease progression (HR 0.73; 95% CI [0.64, 0.84]; p<0.001;
2=0.0% in RCTs; 0.63 in retrospective studies), as well as improved ORR (RR 1.75;
95% CI [1.24, 2.47]; p=0.001; =0.0% in RCTs; 3.32 in retrospective studies) and

PLOS Medicine | https://doi.org/10.1371/journal.pomed.1005125 June 9, 2026 1/29



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1005125&domain=pdf&date_stamp=2026-06-17
https://doi.org/10.1371/journal.pmed.1005125
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0006-5015-2725
https://orcid.org/0009-0008-0584-7418
https://orcid.org/0009-0008-3111-1535
https://orcid.org/0000-0003-1029-9539
https://orcid.org/0000-0003-1466-0950
https://orcid.org/0000-0002-1864-749X
https://orcid.org/0000-0001-5013-0733
mailto:nicolo.lentini@unicatt.it

PLON- Medicine

and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: Data and code are
available on both the OpenScience Framework
project page (https://osf.io/pr3tf/overview)

and on the Zenodo platform (https://doi.
org/10.5281/zenodo.19628910).

Funding: This work was supported by the
CAN.HEAL: Building the EU Cancer and
Public Health Genomics Platform project
(Grant Agreement No. 101080009), awarded
to M.K. and S.B. The project is funded by
the European Commission (EC) under the
EU4Health Programme (2021-2027), call
EU4H-2021-PJ-15. Funder website: https://
health.ec.europa.eu/funding/eudhealth-pro-
gramme-2021-2027-vision-healthier-europe-
an-union_en. The funders had no role in the
study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing interests: The authors have
declared that no competing interests exist.

Abbreviations: Cls, confidence intervals; CGP,
comprehensive genomic profiling; CR, com-
plete remission; CUP, carcinoma of unknown
primary; DCR, disease control rate; HRs,
hazard ratios; MR, mixed remission; MTBs,
Molecular Tumor Boards; NGS, next-generation
sequencing; ORs, odds ratios; ORR, objective
response rate; OS, overall survival; Pls, predic-
tion intervals; PFS, progression-free survival;
PR, partial remission; PRISMA, Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses; RCTs, randomized controlled
trials; REML, restricted maximum-likelihood;
ROBINS-I, Risk Of Bias In Non-randomized
Studies of Interventions; RRs, relative risks; SD,
stable disease; t-NGS, targeted NGS.

DCR (RR 1.20; 95% CI [1.03, 1.40]; p=0.018; ’=19.9% in RCTs; 1.65 in retrospec-
tive studies). Between 33% and 43% of patients achieved a PFS ratio 21.3. While the
risk of bias for RCTs was low, except for one study that was rated as having some
concerns, the overall risk of bias for non-randomized studies was rated as “serious”
in most of the studies (n=54). Limitations include substantial heterogeneity, predom-
inance of non-randomized studies with risk of bias, and limitations in data reporting,
which restrict causal inference.

Conclusions

This meta-analysis provides robust evidence from RCTs supporting the clinical bene-
fit of MTBs, although limited for OS. Methodological heterogeneity and study limita-
tions from observational studies warrant cautious interpretation. Future high-quality
RCTs and standardized reporting are needed to confirm these findings and guide the
integration of MTBs into routine clinical practice and health system strategies.

Author summary
Why was this study done?

* Molecular Tumor Boards (MTBs) are increasingly used to choose cancer treat-
ments based on the genetic profile of tumors, but their real impact on patient
outcomes has remained uncertain.

» Previous evidence came mostly from small, single-center or observational stud-
ies, with limited data from randomized trials.

» A comprehensive and critical synthesis of all available evidence was needed to
understand whether MTB-guided treatments truly improve patient outcomes.

What did the researchers do and find?

* We conducted a systematic review and meta-analysis of 78 studies including
9,195 patients with cancer, of whom 4,569 received treatments recommended by
an MTB.

» High heterogeneity in the organization of MTBs emerged, in terms of different
experts composing the board, schedule of meetings, comparison arms, and
actionability frameworks used.

 Patients treated according to MTB recommendations experienced better control of
their disease, longer progression-free survival, and higher response rates to treat-
ment. However, evidence for overall survival was less certain, with a general improve-
ment clearer in observational studies but less consistent in randomized trials.

 Risk of bias was generally high in non-randomized trial and generally low for
randomized controlled trials.
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What do these findings mean?

» These results suggest that MTBs can help select more effective treatments and delay cancer progression for many
patients.

* The findings support the growing role of MTBs in precision oncology and may inform clinical practice and health pol-
icy decisions, especially in systems where access to targeted therapies depends on MTB evaluation.

* However, results should be interpreted with caution since many included studies were observational and had critical
limitations, such as differences in how patients were selected and how the studies were conducted, and possibly
overestimating the effect.

Introduction

The advent of precision oncology has transformed the clinical approach to cancer treatment over the past decade. Tumors, once
considered uniform entities, are now recognized as highly complex networks of genetic and molecular variations, and treat-
ment strategies are now driven by molecular profiling [1]. Advancements in next-generation sequencing (NGS) and multi-omics
technologies, have enabled the large-scale identification of molecular targets and the development of a wide range of innovative
cancer treatments, leading clinicians in tailoring therapies to the individual molecular landscape of a patient's tumor [2].

The decreasing costs of molecular profiling [3] and the widespread adoption of these technologies in major hospitals
across Europe [4], have all contributed to the rapid expansion of precision medicine [5]. Despite these advancements,
challenges remain in the clinical implementation of NGS, including data interpretation and the integration of multi-omics
approaches into treatment strategies [6,7].

In this context, Molecular Tumor Boards (MTBs) have been established in hospitals to integrate clinical patient informa-
tion with genetic and genomic data, alongside traditional tumor characteristics [8]. MTBs work as multidisciplinary teams
whose mandate is to translate genomics-driven data into therapeutic recommendations for patients with cancer. This
includes assessing the clinical actionability of mutations identified through genomic analysis, evaluating the most appro-
priate therapies, both approved and off-label, and, when appropriate, referring patients to clinical trials or innovative drug
programs [9].

In Europe, the organization and regulatory recognition of MTBs vary across countries. In different health systems,
involvement of an MTB is one of the prerequisites for the reimbursement of off-label therapies or access to specific
targeted treatments [9]. For example, in Germany, MTBs play a key role in interpreting molecular profiling results and
are involved in reimbursement decisions for off-label treatments [10]. Recently, Italy officially established MTBs through
Law Decree 30/05/2023, and a new decree is currently under discussion to regulate the reimbursement of recommended
therapies [11]. In France, MTBs are being integrated into the 2025 national genomics plan, with their recommendations
often required to access off-label targeted therapies. A multidisciplinary genomic framework is currently being devel-
oped [12]. Nevertheless, some European countries still lack formal procedures or national guidelines to support and
strengthen MTBs.

Available evidence from observational studies suggested a potential clinical benefit of MTBs, particularly in terms of
improved patient outcomes [8,13]. However, the current body of evidence remains fragmented and is largely limited to
single-center experiences or specific patient cohorts, while randomized controlled trials (RCTs) assessing the clinical effi-
cacy of MTBs remain limited [14].

This systematic review and meta-analysis aim is to assess the clinical efficacy of MTB-recommended therapies on
patients with cancer outcomes by including the entire body of evidence available from both observational and random-
ized studies. We aim to evaluate the quality of evidence in order to identify potential sources of bias to make informed
considerations.
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Methods

We previously registered the protocol for this systematic review and meta-analysis on OpenScienceFramework [15].
This systematic review was reported following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) Checklist [16] (S1 Checklist).

Search strategy

We conducted a preliminary search of PubMed, Web of Science, and Scopus to identify relevant keywords. These key-
words were then used to develop a comprehensive search strategy.

We searched for articles published in English and indexed in the following databases: PubMed, Scopus, Web of Sci-
ence, and the Cochrane Central Register of Controlled Trials (CENTRAL), with no restrictions on publication year. More-
over, we searched on ClinicalTrials.gov for registered clinical studies. The full search strings are provided in Table Ain S1
Appendix. The search included all articles published from inception up to May 1, 2025.

The search was further updated after completion of the analyses up to July 1, 2025, to identify any additional high-
impact publications published in the meantime; three additional observational studies [17—19] were found to be eligible but
were not included in the analyses.

Study eligibility and selection

We evaluated each article against the following eligibility criteria:

1. Studies published or accepted for publication (i.e., in press) in peer-reviewed journals, with no time restrictions, and
written in English.

2. Studies involving patients with cancer of any age and with any cancer types.

3. Primary research studies of any design (RCTs, non-randomized clinical trials, prospective observational studies, and
retrospective observational studies) that reported the use of MTBs in clinical decision-making and included at least
one measurable clinical outcome, with or without a comparator. We defined the comparator as the absence of a MTB
approach (e.g., no evaluation or implementation of MTBs in therapy planning). Platform trials using predefined
algorithm-based treatment allocation (e.g., TAPUR [20] and NCI-MATCH [21]) were not considered eligible if they did
not include a systematic MTB assessment for all patients as part of treatment assignment, which represented a pre-
defined inclusion criterion for the present review.

We uploaded the articles identified on the Rayyan software platform, where we checked and removed duplicates. Four
reviewers (L.R., E.G., M.G.C., T.O.) independently screened the titles and abstracts, with each article assessed by two
reviewers. Full texts of the selected articles were retrieved and independently reviewed by two researchers (L.R., E.G.).
Disagreements in any phase were resolved through consensus or, if necessary, by a third reviewer (T.O.). Articles that met
the eligibility criteria were subsequently included in the systematic review. A rejection log was used (S1 File).

Data extraction

Three reviewers (L.R., E.G., N.L.) independently performed data extraction, with each article assessed by two reviewers.
From each included study, we extracted:

General information: title, first author, DOI, journal of publication, year of publication, country.

Study characteristics: study design, number of arms, sample size.

MTBs characteristics: modality of access to the MTB (eligible patients from the same institution or clinical trial, external
or selected patients), composition of the board, frequency of meetings, turnaround time from case submission to genomic
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testing, and from receipt of genomic testing results to therapeutic recommendations, any other reported turnaround time,
guidelines used to support recommendations, compliance with MTB recommendations, genomic profiling success rate.

Patients and tumor characteristics: patient characteristics (age, sex, ECOG status, median previous lines of treatment,
if previously treated or not), cancer type and characteristics (e.g., stage, metastatic or non-metastatic), technology used
for testing (e.g., NGS, IHC, CGH), NGS application (e.g., CGP, WES, t-NGS), total number of actionable alterations identi-
fied, number of patients in whom at least one actionable mutation is detected, number of patients who received an action-
able therapy, number of patients who declined the suggested therapy, total number of patients treated.

Clinical outcomes: OS, PFS, median OS, median PFS, and PFS ratio 21.3 [22], overall mortality, treatment response
following MTB-recommended therapy including objective response rate (ORR) and disease control rate (DCR) and any
other relevant result of the study.

Moreover, for each study, we extracted the starting point for measuring survival time (e.g., from randomization, from
referral to MTB, from treatment initiation) and the response assessment criteria (e.g., RECIST) used to evaluate therapeu-
tic response and disease progression.

Furthermore, in order to control for potential selective reporting bias, we contacted the Principal Investigators of the
RCTs included to request additional data when protocol-planned outcomes were not reported in the publication or when
clarifications were needed for accurate data extraction. We also contacted Principal Investigators of RCTs with expected
results by 2025 as reported on Clinical Trials.gov.

Risk of bias assessment

Three independent reviewers (L.R., T.O., N.L.) assessed the risk of bias for each included study. For RCTs, we used the
Cochrane Risk of Bias 2 (RoB 2) tool [23]. For non-randomized studies of interventions, both with and without a compara-
tor, we applied the Risk Of Bias In Non-randomized Studies of Interventions (ROBINS-I) tool [24], using a modified version
that excluded the domain related to bias due to confounding in studies without a comparator.

Data synthesis and statistical methods

We synthesized data from all studies meeting the inclusion criteria through both descriptive and quantitative methods.
The synthesis included a narrative summary of the evidence and, where applicable, a meta-analysis of clinical outcomes.
Due to important methodological differences across study designs, we performed meta-analyses stratified by study design
(RCTs, non-randomized clinical trials, prospective observational studies, and retrospective observational studies) and did
not pool estimates across different study designs. One RCT [25] did not provide data usable for the meta-analysis and
results are reported narratively.

Table B in S1 Appendix provides an overview of outcomes, effect measures, eligible study designs, and planned sen-
sitivity analyses. For outcome definition, we defined ORR as the sum of patients achieving complete remission (CR) and
partial remission (PR), and the DCR as the sum of patients with CR, PR, mixed remission (MR), and stable disease (SD).
The PFS ratio was calculated as the ratio between PFS following MTB-recommended therapy and PFS during the previ-
ous line of therapy (prior to MTB assessment).

We conducted meta-analyses to evaluate quantitative outcomes, using hazard ratios (HRs) as the effect size for OS
and PFS. When available, adjusted effect estimates were preferentially extracted to account for potential confounding; in
the absence of adjusted estimates, unadjusted estimates were used. When HRs were not reported, we estimated them
from published Kaplan—Meier survival curves and summary statistics using the method proposed by Tierney and col-
leagues [26]. WebPlotDigitizer tool (https://automeris.io/) was employed to extract information from survival data (Table
C in S1 Appendix). Overall, 20 HRs were reconstructed from Kaplan—Meier curves. We calculated ORR and DCR if they
were not directly reported in the original studies. When a comparator group was available, we performed a meta-
analysis of RR for these outcomes, applying a continuity correction of 0.5 only in the presence of zero cells; studies with
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zero events in both arms were excluded. For the analysis of the PFS ratio, we calculated pooled proportions to quantify
the proportion of patients achieving a PFS ratio 21.3, using the Freeman—Tukey double arcsine transformation to stabilize
variance across studies [27].

We presented results separately according to the different effect measures. We calculated pooled estimates using the
inverse variance-weighted method under a random-effects model to account for anticipated between-study heterogeneity
due to variations in study design and patient population [28]. We estimated between-study variance using the restricted
maximum-likelihood (REML) method [29], selected for its favorable statistical properties compared with traditional estima-
tors, particularly in the presence of heterogeneity or when the number of studies is small [30]. For each random-effects
model, we additionally calculated 95% prediction intervals (PIs) to estimate the expected range of true effects in future
comparable studies.

We assessed heterogeneity using Cochrane’s Q test, and quantified it through the P statistic, with values of <50% inter-
preted as low; between 50% and 75% as moderate; and >75% as high heterogeneity, respectively [31]. We considered results
statistically significant at a p-value <0.05. Results were visualized using forest plots, which included point estimates, 95%
confidence intervals (Cls), and study descriptors (first author and year of publication). To evaluate robustness, we performed a
leave-one-out sensitivity analysis, assessing the influence of each individual study on pooled estimates and heterogeneity.

For the publication bias assessment, we used funnel plots and Egger’s regression test, and we computed the test for
excess significance [32]. Additionally, we conducted meta-regression analyses to explore potential sources of between-
study heterogeneity, using a mixed-effects model. These analyses were performed across all included studies, with study
design included as a covariate. To avoid case-wise exclusions and maximize data availability, we restricted analyses to
study-level variables that were consistently reported across studies. Additional study characteristics (year of publication,
inclusion of single versus multiple tumor types, and type of comparator) were examined individually in separate meta-
regression models. We quantified the proportion of heterogeneity explained by each model using the R? statistic. We esti-
mated odds ratios (ORs) with corresponding 95% Cls for each covariate to assess their potential influence on the pooled
effect sizes. In addition, we performed a sensitivity analysis in non-randomized studies for OS, PFS, and PFS ratio 21.3,
restricting the analysis to studies in which survival time was measured from treatment initiation, in order to reduce immor-
tal time bias, which can lead to overestimation of treatment effects. We also conducted additional analyses restricted to
studies that used RECIST-based criteria to assess ORR and DCR, to ensure consistency in response evaluation across
studies. We also performed sensitivity analyses excluding HRs reconstructed from Kaplan—Meier curves.

Lastly, we conducted sensitivity analyses by excluding studies rated as having a serious or critical risk of bias, in order
to assess the robustness of the pooled estimates.

For all statistical analyses, we used R software version 4.4.0 (2024-04-24) for Windows and utilized the Meta package
for conducting the meta-analyses.

Results

The literature search retrieved 6,942 records. After deduplication, we screened 4,896 documents for title and abstract and
188 for full text. A total of 78 [14,25,33—108] records met the inclusion criteria, of which 74 were identified through scien-
tific database searches, three through citation screening [33,35,37], and one provided directly by the Principal Investigator
before publication [108] (Fig 1). Additionally, no missing outcomes were identified other than OS from the SHIVA trial, for
which we obtained data directly from the Principal Investigator[14]. Furthermore, no additional unpublished trials were
found on ClinicalTrials.gov, except for the ongoing MULTISARC trial [109]. The Principal Investigator informed us that they
do not yet have data to share, as the analyses are still ongoing.

Table 1 and Table D in S1 Appendix show the characteristics of the studies included. We considered primary data on
patients’ outcomes for a total of 9,195 patients discussed by the MTBs, of which 4,569 received the MTB-recommended
therapy and 4,626 did not and were considered as comparators.
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Fig 1. PRISMA flowchart.

https://doi.org/10.1371/journal.pmed.1005125.g001

Overall, 53.8% of the studies included had a comparator group, most frequently involved patients treated with non-targeted
therapies (40.5%) or receiving treatment at physician’s discretion (23.8%). The remaining 46.2% were single-arm studies. Study
design varied across the publications included: the majority were retrospective observational studies (44.9%), followed by pro-
spective observational studies (25.6%) and non-randomized clinical trials (20.5%). RCTs were the minority (seven studies, 9.0%).

The majority of studies were conducted after 2020 (75.6%) and in Europe (65.4%), namely in Germany (21.8%) and
France (20.5%) (Table D in S1 Appendix). Most studies included both male and female patients (83.3%), while a smaller
proportion (12.8%) focused exclusively on female patients due to the inclusion of only gynecologic cancers. Regarding
patient demographics, most studies focused on adult populations (78.2%). The majority of studies enrolled patients who
were either a mix of treatment-naive and previously treated (43.6%) or solely previously treated (50.0%). In 21.8% of the
studies, the entire study population presented with metastatic disease at the time of MTB evaluation, with only one study
(1.3%) included exclusively non-metastatic patients. The percentage of patients with ECOG of 0—1 was reported in only
29.5% of studies and RECIST 1.1 was the most frequently used response assessment criteria (67.6%), while 28.2% did
not specify the criteria used. A wide variability in clinical outcomes was observed across the included studies. Survival time
was measured from randomization in all seven RCTs (100%), and from treatment initiation in 56.3% of the non-randomized
studies, while 24.4% did not clearly define the starting point. The majority reported information on ORR and DCR (59.0%),
as well as survival outcomes, such as median PFS (57.7%) and median OS (55.1%) (Table D in S1 Appendix).
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Table 1. Characteristics of the 78 studies included in the systematic review, by study design.

Study, year Country | Sex Age, Cancer details | Comparator N° patients | N° Outcomes
median details in MTB arm | patients in com-
(range)? (N=4,569) | parator arm
(N=4,626)
RCT (N=7)
Le Tourneau France M:39%, 61 (54,96) Metastatic Physician’s 100 97 OS, PFS, Median PFS,
(2015) F:61% cancers choice ORR
Belin (2017) France |M:28%, |63 (24,88) Metastatic Physician’s 25 70 PFS ratio21.3, Median
F:72% cancers choice PFS, ORR
Schneider USA F:100% |50 Non-metastatic | Physician’s 65 70 (O]
(2021) breast cancer choice
Andre (2022) |France | M:2%, 53.0 (26.0, Metastatic Physician’s 157 81 OS, PFS, Median OS,
F:98% 76.0) breast cancer choice Median PFS, ORR,
DCR, CR, PR, SD, PD
Kramer (2024) | Multina- | M:51%, |61.0 (53.0, Metastatic CUP | Platinum-Based | 326 110 OS, PFS, Median OS,
tional F:49% 70.0) Chemotherapy Median PFS, ORR,
DCR, CR, PR, SD, PD
Marchetti Italy M:48%, |61 (22,85) Metastatic SoC 200 200 0OS, PFS, Median OS,
(2025) F:52% cancers Median PFS, ORR,
DCR, CR, PR, SD, PD
Sarno (2025) | Spain M:54%, |62.4 (38,84) Metastatic pan- | Physician’s 4 0 Median OS
F:46% creatic cancer choice
Non-Randomized Clinical Trial (N=16)
Massard France |M:51%, |57 (19,86) Metastatic - 194 - PFS ratio= 1.3, ORR
(2017) F:49% or advanced
cancers
Sicklick USA M:34%, |62 (59,65) Metastatic - 83 - PFS ratio > 1.3, Median
(2019) F:66% cancers OS, Median PFS
Trédan (2019) | France | M:37%, |53 (44,62) Metastatic - 163 - ORR, DCR, CR, PR,
F:63% or recurrent SD, PD
cancers
Varnier (2019) | France |F:100% |60 (21,84) Metastatic Non-target ther- | 39 200 Median OS, Median
or advanced apy group PFS, ORR, DCR, CB,
gynecological PR, SD
cancers
Reda (2020) |France |M:40%, |65 (24,94) Metastatic Non-target ther- | 79 263 OS, PFS ratio=1.3,
F:60% or advanced apy group Median PFS, ORR,
cancers DCR, PR, SD, PD
Bertucci France |M:25%, |59 (20,84) Metastatic Physician’s 94 160 PFS, PFS ratio>1.3,
(2021) F:75% or advanced choice Median OS, Median
cancers PFS, ORR, DCR, CR,
PR, SD, PD
Hlevjak (2021) | Germany | F:100% | 53 (27,79) Metastatic Non-target ther- | 64 63 OS, PFS ratio=1.3
breast cancer apy group
Billon (2022) |France |M:91%, |Mean 65.55 Metastatic Physician’s 12 23 OS, PFS, PFS ratio=1.3,
F:9% (28,83) or advanced choice ORR, DCR, CR, PR,
cancers SD, PD
Louie (2022) | USA M:47%, |56 (31,74) Metastatic or Non-target ther- | 34 17 OS, PFS, Median OS,
F:53% advanced col- apy group Median PFS, DCR, CB
orectal cancer
Miller (2022) | USA M:41%, |63 (18,85) Metastatic or - 93 - PFS ratio 2 1.3, Median
F:59%, not cancers OS, Median PFS
(Continued)
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Table 1. (Continued)

Study, year | Country | Sex Age, Cancer details | Comparator N° patients | N° Outcomes
median details in MTB arm | patients in com-
(range)? (N=4,569) | parator arm
(N=4,626)
Martin- France M:49%, 59 (23,90) Metastatic - 136 - Median OS, Median
Romano F:51% cancers PFS, ORR, DCR, PR,
(2022) 8D, PD
Debien (2023) | France | M:38%, | Mean 51 Metastatic or Non-target ther- | 49 50 OS, PFS ratio=1.3,
F:62% not cancers apy group Median OS, Median PFS
Ladekarl Denmark | M:43%, |64 (31,81) Metastatic - 15 - ORR, CR, PR
(2023) F:57% or advanced
cancers
Blanc-Durand | France |F:100% |66.9 (60.6, Metastatic ovar- | — 9 - Median PFS, ORR,
(2024) 73.3) ian cancer DCR, PR, PD
Sholler (2024) | USA M:57%, | 11 (1,23) Refractory - 124 - Median PFS, ORR,
F:43% pediatric CNS or DCR, CR, PR, SD, PD
rare tumors
Vitale (2024) | Italy M:52%, |66 (31,89) Metastatic - 151 - Median OS, Median PFS
F:48% NSCLC
Observational Prospective (N=20)
Dalton (2017) | USA M:35%, |56 (17,89) Advanced Non-target ther- | 24 54 PFS, Median PFS
F:65% cancers apy group
Powell (2018) | USA M:47%, |64.8 (33, Advanced - 39 - Median OS, Median
F:53% 86.5) cancers PFS, ORR, DCR, SD,
PD
Rodriguez- USA F:100% |61 (22,80) Metastatic or - 25 - DCR, Response (CR,
Rodriguez refractory gyne- PR, SD), CB
(2018) cologic cancers
Horak (2021) | Germany | M:51%, |45 (16,82) Advanced - 362 - PFS ratio21.3, Median
F: 49% cancers 0S, ORR, DCR
Huang (2021) | USA M:40%, | Mean 66 NSCLC Non-target ther- | 77 879 (05}
F:60% apy group
Kikuchi (2021) | Japan M: 41%, |61 (0,79) Metastatic - 21 - ORR, DCR
F:59% or advanced
cancers
Sultova Germany | F:100% | 52 (30,82) Metastatic - 16 - PFS ratio=1.3
(2021) breast cancer
Charo (2022) | USA F:100% |50 (20,80) Gynecologic Physician’s 16 52 0OS, PFS, Median OS,
cancers choice Median PFS
Malani (2022) |Finland | M:48%, |63 (17,81) AML - 37 - Median OS, ORR
F:52%
Scheiter Germany | M:62%, Mean (sd) Metastatic Physician’s 38 47 OS, PFS, PFSratio>1.3,
(2022) F:38% 56.19(14.04) |or advanced choice Median OS, Median
cancers PFS, ORR, DCR, CB,
PR, MR, SD, PD
Mosteiro Spain M:69%; | 64 (35,88) NSCLC Without an 28 28 OS, Median OS
(2023) F:31% actionable driver
Pinet (2023) |France |M:50%, |64 (19,84) Metastatic Non-target ther- |13 69 0OS, Median OS
F:50% cancers apy group
Renovanz Germany | M:55%, |53 (18,89) Neurological - 86 - PFS ratio > 1.3, Median
(2023) F:45% rare tumors OS, Median PFS, DCR
(Continued)
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Table 1. (Continued)

Study, year | Country | Sex Age, Cancer details | Comparator N° patients | N° Outcomes
median details in MTB arm | patients in com-
(range)? (N=4,569) | parator arm
(N=4,626)
Boer (2024) Nether- | M:71%, 13 Pediatric blood | — 24 - ORR, CR
lands F:29% cancers
Kato (2024) USA M:39%, |63 (21,95) CUP Non-target ther- | 37 25 0OS, PFS, Median OS,
F:61% apy group Median PFS, DCR, CB
Kim (2024) Korea M:51%, |58 (24,88) Metastatic - 89 - Median OS, ORR, DCR,
F:49% or advanced CR, PR, SD, PD
cancers
Lau (2024) Austra- | M:55%, |0.9(0.1,46) | Metastatic Non-target 99 75 OS, PFS, PFS ratio=1.3,
lia, New | F:45% or advanced therapy group or ORR, DCR, CR, PR,
Zealand cancers SoC SD, PD
Passiglia Europe | M:55%, |70 (45,77.5) |Metastatic Targetable alter- |76 36 OS, PFS, Median OS,
(2024) F:45% NSCLC ations without Median PFS, ORR
matched targeted
therapy
Mapendano Denmark | M:43%, |65 (18,81) Metastatic Non-target ther- | 30 53 OS, Median OS, ORR,
(2025) F:57% or advanced apy group DCR, CB, CR, PR, SD
cancers
Tsibulak Germany | F: 100% | 58 (18,87) Gynecological | — 9 - PFS ratio > 1.3, Median
(2025) cancers PFS, PD
Observational Retrospective (N=35)
Schwaederle | USA M:21%, |56 (29,75) Advanced - 12 - ORR, DCR, PR, SD, PD
(2014) F:79% cancers
Parker (2015) | USA F:100% | Mean 59 Breast cancer - 17 - PFS ratio21.3,
(55.71, 62.29)
Kaderbhai France |M:48%, |62.7(20,79) Lung cancer - 9 - Median PFS, ORR, PR
(2016) F:52%
Burkard USA F:39%, Mean 57 Advanced - 9 - ORR, DCR, CB
(2017) M:61% (33,88) cancers
Hoefflin Germany | M:58%, |58 (1,85) Metastatic Absence of treat- | 33 72 0OS, PFS ratio=1.3,
(2018) F:42% or advanced ment recommen- Median OS, ORR, DCR,
cancers dations by the PR, SD
MTB
Trivedi (2019) | USA M:31%, |64 (37,82) Advanced - 12 - ORR, DCR, SD, PD
F:69% cancers
Bitzer (2020) | Germany | N.R. N.R. Gynecologic - 25 - Median OS, Median
cancers PFS, ORR, DCR, PR,
SD, PD
Kato (2020) USA M:41%, |61 (3,92) Advanced Physician’s 86 164 0OS, PFS
F:59% cancers choice
Koopman Nether- | M:34%, | 68 (36,89) Advanced - 25 - Median OS, Median
(2020) lands F: 53%, cancers PFS, ORR, DCR, SD,
NR: 13% PD
Angel (2021) | Argentina | M:50%, | 57.8 (52, Advanced - 16 - Median PFS, ORR,
F:50% 68.7) cancers DCR, PR, SD, PD
Gambardella | Spain M:34%, Mean 59 Advanced SoC 32 66 PFS, PFS ratio>1.3,
(2021) F:66% (25,81) cancers Median PFS, PD
Hoefflin Germany | M:53%, Mean 54 Metastatic Absence of treat- | 76 167 Median OS, ORR, DCR,
(2021) F:47% (1,88) or advanced ment recommen- CR, PR, SD
cancers dations by the

MTB

(Continued)
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Table 1. (Continued)

Study, year | Country | Sex Age, Cancer details | Comparator N° patients | N° Outcomes
median details in MTB arm | patients in com-
(range)? (N=4,569) | parator arm
(N=4,626)
Niogret (2021) | France | M: 63%, |64 (20,87) Lung cancer Non-target ther- | 65 143 OS, PFS, Median OS,
F:37% apy group Median PFS, ORR,
DCR, CR, PR, SD, PD
Ida (2022) Japan M:52%, |57 (3,86) Colorectal, lung, | Without action- 51 222 0OS, Median OS
F:48% soft tissue sar- | able driver
coma, others
Slootbeek Nether- | M:100% | Mean 69.0 Prostate cancer | Non-target ther- |63 38 0OS, Median OS, PFS,
(2022) lands (62.6, 74.7) apy group ORR, DCR, CR, PR,
SD, PD
Tarawneh Germany | M:50%, | Mean 57,5 Metastatic Non-target ther- | 30 17 PFS, Median PFS, DCR,
(2022) F:50% or advanced apy group CB
cancers
Berclaz Germany | F:52%, 49 (0, 80) Metastatic - 10 - PFS ratio=1.3
(2023) M:48% or advanced
sarcomas
Blobner Germany | M:60%, |51 (8,77) Advanced - 12 - PFS ratio > 1.3, Median
(2023) F:40% neurological PFS, ORR, DCR, SD,
cancers PD
Dorman Germany | M:37%, |62 (29,83) Metastatic or SoC 88 90 0OS, Median OS
(2023) F:63% advanced pan-
creatic cancer
El Helali Hong M:53%, | Mean 60 Metastatic Not imple- 77 15 OS, Median OS, ORR,
(2023) Kong F:47% (11,95) or advanced mented MTB DCR, CR, PR, SD, PD
cancers recommendation
Fukada Japan M:46%, |58 (12,85) Metastatic Absence of treat- | 45 668 OS, Median OS, ORR,
(2023) F:54% or advanced ment recommen- DCR, PR, SD, PD
cancers dations by the
MTB
Ghanem USA M:56%, | Mean (sd) Advanced Non-target ther- | 18 26 OS, PFS, Median OS,
(2023) F:44% 43.0(17.3) cancers apy group Median PFS, ORR,
DCR, CR, PR, SD, PD
Giacomini Italy N.R. N.R. Advanced - 22 - PFS ratio>1.3
(2023) cancers
Limousin France |M:70%, |57.0(43.5, Metastatic - 9 - Median OS, DCR, SD
(2023) F:30% 70.2) or advanced
hepatic cancers
Repetto Italy M:40%, | Mean 54 Metastatic SoC 76 70 OS, PFS, PFSratio>1.3,
(2023) F:60% or advanced Median OS, Median
cancers PFS, ORR, DCR, CR,
PR, SD, PD
Shaya (2023) | USA M:39%, |67 (47,84) Metastatic pan- | — 18 - Median OS, Median
F:61% creatic cancer PFS, DCR, CB
Weiss (2023) | Germany | M:57%, | 60 (23,85) CUP - 4 - Median PFS
F:43%
Zhang (2023) | Germany | M:47%, |62 (24,81) Biliary tract Absence of treat- | 14 56 OS, PFSratio21.3,
F:53% cancers ment recommen- Median OS, Median
dations by the PFS, ORR, DCR, PR,
MTB SD, PD
Dang (2024) |Luxem- |M:38%, |53.38 Metastatic Non-target ther- |8 26 PFS ratio2 1.3, Median
bourg F:62% or advanced apy group PFS, ORR, DCR, PR,
cancers SD, PD

(Continued)
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Table 1. (Continued)

Study, year | Country | Sex Age, Cancer details | Comparator N° patients | N° Outcomes

median details in MTB arm | patients in com-

(range)? (N=4,569) | parator arm

(N=4,626)
De Jager Nether- | M:42%, |69 (59,76) Lung cancer - 57 - Median OS, Median
(2024) lands F:58% and melanoma PFS, ORR, DCR, CR,
PR, SD, PD

Dreikhausen | Germany | M:63%, |61 (24,90) Advanced or - 13 - Median PFS
(2024) F:37% metastatic

gastrointestinal
cancer or CUP

Gremke Germany | F:100% | 59 (26,84) Metastatic Non-target ther- | 23 29 PFS, Median PFS
(2024) or advanced apy group
cancers
Louie (2024) |USA M:46%, |60 (3,92) Rare/ultra-rare | — 112 - Median OS, Median
F:54% metastatic PFS, ORR, DCR, CR,
or advanced PR, SD, PD
cancers
Perez (2024) | Spain M:88%, |67.9 (IQR Metastatic Without action- 7 18 Median OS, Median
F:12% 61.2,73.2) urothelial cancer | able driver PFS, ORR, DCR, PR,
SD, PD
Boscolo Bielo | Italy F:100% | 53 (IQR 47, Metastatic SoC 33 17 0OS, PFS, Median OS,
(2025) 61) breast cancer Median PFS, DCR

aUnless otherwise specified. When both median age and mean age were reported, only median was considered; —, studies that did not have a
comparator.

M, Male; F, Female; PFS, progression-free survival; ORR, Overall Response Rate; OS, Overall Survival; DCR, Disease Control Rate; CR, Complete
Response; PR, Partial Response; SD, Stable Disease; PD, Progressive Disease; CUP, Carcinoma of Unknown Primary; SoC, Standard of Care; CB,
Clinical Benefit; CNS, Central Nervous System; NSCLC, Non-small cell lung carcinoma; AML, Acute Myeloid Leukemia; MR, Mixed Response.

https://doi.org/10.1371/journal.pmed.1005125.t001

The main characteristics of the MTBs reported in the included studies are summarized in Table 2. In most of the cases,
the access to MTBs was through treating physicians (16.7%) or institutional referrals (28.2%), although more than half of
the studies (51.3%) did not report how cases were referred. Board composition varied, with most MTBs consisting of 1-5
(32.1%) or 6-10 (41.0%) members, and meetings held weekly (28.2%) or biweekly (11.5%). Oncologists (80.8%), pathol-
ogists (66.7%), geneticists (53.8%), and bioinformaticians (46.2%) were the most involved specialties in MTBs. Notably,
19.2% of the studies did not specify the specialties represented in the meetings.

Most cancers discussed were solid tumors (87.2%). Thirty-two percent of MTBs discussed single cancer, with three of
those discussing only carcinoma of unknown primary (CUP). The most frequently discussed cancers were breast (51.3%),
lung (46.2%), ovarian (43.6%), colorectal (33.3%), and pancreatic (32.1%).

The ESMO Scale for Clinical Actionability of molecular Targets (ESCAT) [110] framework was the most frequently cited
guideline for therapy recommendations (39.7%). All studies utilized NGS, with targeted NGS (t-NGS, 39.7%) and com-
prehensive genomic profiling (CGP, 29.5%) being the most common applications. Tissue biopsy was used in all cases
(100%), while ctDNA-based liquid biopsy was performed in 20.5% of studies (Table 2). Further detailed descriptions of
each included MTB are presented in Table E in S1 Appendix.

Clinical outcomes

Of the 78 studies identified, 52 were included in the meta-analysis, with results presented below, while non-meta-analyzed
outcomes are detailed in Table F in S1 Appendix.
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Table 2. Characteristics of the MTBs reported in the included studies.

Variable

N (%)

Methods of access to the MTB

Referred by the treating physician/oncologist

13 (16.7%)

From the hospital or same institution

22 (28.2%)

Cases submitted by Steering Committees/exter-
nal referrals

3 (3.8%)

N.R. 40 (51.3%)
Number of members of the MTB 1-5 25 (32.1%)
6-10 32 (41.0%)
11-15 4 (5.1%)
16-20 2 (2.6%)
N.R. 15 (19.2%)
Professional figures involved? Oncologist® 3 (80.8%)
Pathologist 2 (66.7%)
Geneticists 2 (53.8%)
Bioinformaticians 6 (46.2%)
Biologist 9 (37.2%)
Researchers or scientists 3 (29.5%)
Radiologists 8 (23.1%)
Physicians 5(19.2%)
Surgeons 2 (15.4%)
Clinical trial coordinators or staff 12 (15.4%)
Pharmacists 9 (11.5%)

No panel members reported

15 (19.2%)

Frequency of board meetings

Once a week

22 (28.2%)

Once every two weeks 9 (11.5%)
Three times a month 5 (6.4%)
Monthly 3(3.8%)
Twice per week 2 (2.6%)
N.R. 37 (47.4%)
Guidelines used for therapy ESMO-ESCAT 31 (39.7%)
recommendations ASCO guidelines 2 (2.6%)
Other 8 (10.3%)
N.R. 37 (47.4%)
Technology used? NGS 78 (100.0%)
IHC 16 (20.5%)
CGH 7 (9.0%)
FISH 3 (3 8%)
NGS application? t-NGS 1 (39.7%)
CGP 23 (29.5%)
WES 17 (21.8%)
RNA-seq 16 (20.5%)
WGS 5 (6.4%)
mRNAseq 2 (2.6%)
IcWGS 2 (2.6%)
RNA Fusion Detection 1(1.3%)
I-NGS 1(1.3%)
(Continued)
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Table 2. (Continued)

Variable N (%)
Sample for analysis?® Biopsy sample 78 (100.0%)
Liquid biopsy (on ctDNA) 16 (20.5%)
Type of cancers discussed by the MTB Solid tumors 68 (87.2%)
Hematologic malignancies 2 (2.6%)
Both 8 (10.3%)
Number of cancers discussed in the MTBs | One® 25 (32.1%)
2-5 14 (17.9%)
6-10 10 (12.8%)
11-15 12 (15.4%)
16-20 6 (7.7%)
>20 11 (14.1%)
Most frequent cancers discussed in the Breast 40 (51.3%)
MTBs® Lung (including NSCLC) 36 (46.2%)
Ovarian 34 (43.6%)
Colorectal 26 (33.3%)
Pancreas 25 (32.1%)

aThe total percentages are more than 100% since more than one option could be included in each study.

bIn 7 studies an oncologist was not explicitly reported as included in the panel; 3 of these studies reported the presence of a ‘physicians or clinicians’ in
an unspecific manner; in the remaining 4 studies, it was reported the inclusion in the MTB professionals like ‘organ specialists’, ‘Physicians with molecu-
lar cancer expertise’, ‘experts on precision oncology’, and ‘Physicians specializing in cancer pharmacotherapy’.

“Three of the single cancer focus MTBs discussed only Carcinoma of Unknown Primary.

N.R., Not Reported; NGS, Next Generation Sequencing; IHC, Immunohistochemistry; CGH, Comparative Genomic Hybridization; FISH, Fluorescence In
Situ Hybridization; t-NGS, Targeted Next Generation Sequencing; CGP, Comprehensive Genomic Profiling; WES, Whole Exome Sequencing; RNA-seq,
RNA Sequencing; WGS, Whole Genome Sequencing; mRNAseq, Messenger RNA Sequencing; IcWGS, Low-Coverage Whole Genome Sequencing;
I-NGS, large Next Generation Sequencing; ctDNA, circulating tumor DNA; NSCLC, non-small cell lung carcinoma; ECOG, Eastern Cooperative Oncolo-
gy Group performance status.

https://doi.org/10.1371/journal.pmed.1005125.t002

Meta-analysis results. Table 3 shows the results of the 52 studies included in the meta-analysis, stratified by clinical
outcome and study design.

Overall survival (OS): The analysis within each study design showed a general trend toward improved OS with MTB-
guided therapy. The analysis suggested a reduction in the risk of death associated with MTB-based treatment, with risk
reductions ranging from 13% to 43%, depending on study design. In RCTs, the pooled estimate yielded a HR of 0.87 (95%
CI[0.76, 1.01]; p=0.069; ’=0.0%), and in non-randomized clinical trials the HR was 0.83 (95% CI [0.65, 1.05]; p=0.124;
2=0.0%). Observational studies reported lower HRs for OS. In retrospective studies, the pooled HR was 0.62 (95% CI
[0.56, 0.69]; p=0.009; =10.8%), and in prospective studies, 0.56 (95% CI [0.36, 0.86]; p<0.001), although with greater
heterogeneity (”=74.1%) (Fig 2).

Across RCTs, the median OS ranged from 9.1 to 22.1 months in the intervention arm. In particular, it was 22.1 versus
25.3 [35]; 14.7 versus 11.0 [36]; 9.5 versus 10.3 [14] and 9.11 versus 7.86 [108] months, respectively, in the intervention
and comparator arm for each trial (Table F in S1 Appendix).

Progression Free Survival (PFS): The meta-analysis demonstrated a significant reduction in the risk of disease progression
following therapy recommended by the MTB, with risk reductions ranging from 27% to 37% depending on the study design. Het-
erogeneity was low across all study types. In RCTs, the pooled HR was 0.73 (95% CI [0.64, 0.84]; p<0.001; #=0.0%), and in non-
randomized clinical trials, 0.70 (95% CI [0.51, 0.96]; p=0.025; P=3.8%). In prospective observational studies, the HR was 0.73
(95% CI[0.60, 0.88]; p=0.001; £=0.0%), and in retrospective studies, 0.63 (95% CI [0.54, 0.74]; p<0.001; £=0.0%) (Fig 3).
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Table 3. Meta-analysis results stratified by outcome and study design.

Outcome Study Design Stud- | N° patients in | Pooled outcome mea- | P Prediction
ies (N) | MTB/comp sure (95% ClI) Interval
Overall Survival (OS) RCT 5 848/558 HR=0.87 (0.76, 1.01) 0.0% |0.71,1.07
Non-Randomized Clinical Trial | 5 195/353 HR=0.83 (0.65, 1.05) 0.0% |0.58,1.17
Observational Prospective 9 457/1330 HR=0.56 (0.36, 0.86) 74.1% | 0.13, 2.32
Observational Retrospective 12 650/1558 HR=0.62 (0.56, 0.69) 10.8% | 0.55, 0.70
Progression-free survival (PFS) RCT 4 782/486 HR=0.73 (0.64, 0.84) 0.0% |0.59, 0.91
Non-Randomized Clinical Trial | 3 139/174 HR=0.70 (0.51, 0.96) 3.8% |0.28,1.77
Observational Prospective 6 330/280 HR=0.73 (0.60, 0.88) 0.0% |0.57,0.94
Observational Retrospective 8 353/530 HR=0.63 (0.54, 0.74) 0.0% |0.53,0.76
Progression-free survival ratio= 1.3 (PFS RCT 1 68 Prop=0.368 (0.246, - -
ratio=1.3) 0.486)
Non-Randomized Clinical Trial | 8 560 Prop=0.331 (0.272, 47.0% | 0.184,
0.393) 0.496
Observational Prospective 6 446 Prop=0.381 (0.335, 22.6% | 0.321,
0.429) 0.444
Observational Retrospective 9 173 Prop=0.430 (0.353, 0.0% |0.340,
0.509) 0.523
Objective Response Rate (ORR) RCT 4 781/480 RR=1.75(1.24, 2.47) 0.0% |1.00, 3.05
Non-Randomized Clinical Trial | 2 101/163 RR=1.19 (0.38, 3.72) 64.0% | NIt
Observational Prospective 3 204/126 RR=1.84 (0.39, 8.76) 79.7% | NI
Observational Retrospective | 3 147/233 RR=3.32(2.25, 4.89) 0.0% |1.42,7.77
Disease Control Rate (DCR) RCT 3 683/391 RR=1.20 (1.03, 1.40) 19.9% | 0.77, 1.88
Non-Randomized Clinical Trial | 3 133/180 RR=1.62 (0.83, 3.20) 58.8% | 0.14,
18.99
Observational Prospective 3 162/111 RR=1.26 (0.73, 2.18) 75.3% | 0.15,
10.47
Observational Retrospective | 4 180/249 RR=1.65 (1.02, 2.68) 74.7% | 0.34,7.94

TExtremely wide and not clinically interpretable.
HR, hazard ratio; Prop, proportion; RR, relative risk; Cl, confidence interval.

https://doi.org/10.1371/journal.pmed.1005125.t003

Across RCTs, the median PFS ranged from 2.3 to 6.0 months in the intervention arm. In detall, it was 2.3 versus 2.0
[14]; 5.5 versus 2.9 [35]; 6.0 versus 4.4 [36]; and 3.45 versus 2.80 [108] months, respectively, in the intervention and stan
dard of care arm (Table F in S1 Appendix).

Progression Free Survival ratio 21.3 (PFS ratio 21.3): The proportion of patients achieving a PFS ratio 21.3 ranged
from 33% to 43%, depending on study design. In RCTs, one study reported a proportion of 36.8% (95% CI [24.6, 48.6]).
In non-randomized clinical trials, the pooled proportion was 33.1% (95% CI [27.2, 39.3]; ?=48.3%). In prospective obser-
vational studies, the proportion was 38.1% (95% CI [33.5, 42.9]; ’=22.7%), and in retrospective studies, 43.0% (95% CI
[35.3, 50.9]; #=0.0%) (Fig 4).

Objective response rate (ORR): ORR was consistently higher with MTB-guided therapy, with RRs ranging from 1.19 to
3.32 depending on study design. The pooled RR in RCT was 1.75 (95% CI [1.24, 2.47]; p=0.001; 2=0.0%) and in retro-
spective studies, 3.32 (95% CI [2.25, 4.89]; p=0.765; ?=0.0%). Estimates from non-randomized clinical trials (RR 1.19,
95% C1[0.38, 3.72]; p=0.444; ’=64.0%) and prospective observational studies (RR 1.84, 95% ClI [0.39, 8.76]; p<0.001;
2=79.7%) showed greater variability across studies (Fig 5A).

Disease Control Rate (DCR): DCR was also higher among patients treated according to MTB recommendations, with
RR ranging from 1.20 to 1.65 depending on study design, although heterogeneity was generally high in non-randomized
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Study Hazard Ratio HR 95%Cl Weight
RCT

Le Tourneau, 2015 0.84 [0.60; 1.18] 18.6%
Schneider, 2021 0.72 [0.38;1.38] 5.1%
Andre, 2022 0.97 [0.67;1.39] 16.0%
Kramer, 2024 0.82 [0.62; 1.09] 26.7%
Marchetti, 2025 0.92 [0.72;1.19] 33.7%
Random effects model < 0.87 [0.76; 1.01] 100.0%
Prediction interval — [0.71; 1.07]
Heterogeneity: 1= 0%, p =0.899

Test for effect in subgroup: z =-1.82 (p = 0.069)

Non-Randomized Clinical Trial

Varnier, 2019 —— 0.93 [0.59; 1.44] 30.1%
Hlevjak, 2021 —i— 0.75 [0.45;1.27] 21.7%
Billon, 2022 — 0.60 [0.25;1.41] 8.1%
Louie, 2022 —— 0.85 [0.41;1.76] 11.2%

Random effects model 0.83 [0.65; 1.05] 100.0%
Prediction interval = [0.58; 1.17]
Heterogeneity: 1= 0%, p =0.919

Test for effect in subgroup: z =-1.54 (p = 0.124)

Debien, 2023 —— 0.85 [0.54; 1.34] 29.0%
<

Observational Prospective
Huang B, 2021 —— 0.12 [0.06; 0.28] 9.9%
Scheiter, 2022 —1 1.28 [0.76; 2.13] 12.3%
Charo, 2022 —— 0.46 [0.20; 1.04] 9.7%
Pinet, 2023 —®—— 1.04 [0.48;2.26] 10.1%
Mosteiro, 2023 — 0.32 [0.14;0.75] 9.6%
Passiglia, 2024 —a— 0.69 [0.40; 1.20] 12.0%
Kato, 2024 —a— 0.70 [0.35;1.41] 10.8%
Lau, 2024 —. 0.76 [0.50; 1.13] 13.2%
Mapendano, 2025 —a— 0.43 [0.26; 0.73] 12.3%
Random effects model = 0.56 [0.36; 0.86] 100.0%
Prediction interval ———— [0.13; 2.32]
Heterogeneity: 12=74.1%, p <0.001

Test for effect in subgroup: z =-2.61 (p = 0.009)

Observational Retrospective

Hoefflin, 2018 0.48 [0.27;0.87] 3.2%
Kato, S., 2020 0.69 [0.49;0.98] 9.6%
Niogret, 2021 0.48 [0.33;0.68] 8.8%
Ida, 2022 0.69 [0.46; 1.05] 6.8%

Slootbeek, 2022

Dorman, 2023

El Helali, 2023

Fukada, 2023

Repetto, 2023

Zhang, 2023

Ghanem, 2023

Boscolo Bielo, 2025

Random effects model
Prediction interval

Heterogeneity: ?= 10.8%, p = 0.340
Test for effect in subgroup: z =-8.80 (p < 0.001)

0.63 [0.53; 0.74] 39.3%
0.62 [0.46; 0.85] 12.2%
0.37 [0.20;0.71] 2.8%
- 0.84 [0.59; 1.20] 8.9%
0.43 [0.25;0.74] 3.9%
0.46 [0.20; 1.05] 1.7%
——  0.89 [0.40;2.00] 1.8%
——— 1.00 [0.36;2.79] 1.1%
0.62 [0.56; 0.69] 100.0%
[0.55; 0.70]
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Fig 2. Meta-analysis of overall survival (OS) stratified by study design. HR, hazard ratio; Cl, confidence interval. P-values were derived from
Cochran’s Q test (for heterogeneity) and Z-tests (Wald-type tests) for pooled effects.

https://doi.org/10.1371/journal.pmed.1005125.g002
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Study Hazard Ratio HR 95%Cl Weight
RCT

Le Tourneau, 2015 —a— 0.88 [0.65; 1.19] 18.9%
Andre, 2022 —— 0.77 [0.56; 1.06] 16.9%
Kramer, 2024 —— 0.72 [0.56; 0.92] 28.0%
Marchetti, 2025 — 0.66 [0.53;0.82] 36.2%
Random effects model < 0.73 [0.64; 0.84] 100.0%
Prediction interval — [0.59; 0.91]
Heterogeneity: 1= 0%, p = 0.493

Test for effect in subgroup: z = -4.64 (p < 0.001)

Non-Randomized Clinical Trial

Bertucci, 2021 - 0.81 [0.61; 1.06] 64.2%
Billon, 2022 — 0.55 [0.26;1.17] 15.1%
Louie, 2022 —— 0.53 [0.28;0.99] 20.7%
Random effects model = 0.70 [0.51; 0.96] 100.0%
Prediction interval [0.28; 1.77]
Heterogeneity: 1= 3.8%, p =0.354

Test for effect in subgroup: z = -2.24 (p = 0.025)

Observational Prospective

Dalton, 2017 — 0.71 [0.42;1.18] 14.2%
Charo, 2022 —_— 0.46 [0.25;0.84] 10.1%
Scheiter, 2022 —— 0.74 [0.48;1.12] 20.6%
Kato, 2024 — 0.77 [0.42;1.43] 9.8%
Lau, 2024 —i— 0.86 [0.61;1.22] 30.8%
Passiglia, 2024 — 0.70 [0.42; 1.15] 14.6%
Random effects model < 0.73 [0.60; 0.88] 100.0%
Prediction interval — [0.57; 0.94]
Heterogeneity: 1= 0%, p =0.675

Test for effect in subgroup: z =-3.21 (p = 0.001)

Observational Retrospective

Kato, S., 2020 —— 0.68 [0.51;0.90] 29.9%
Gambardella, 2021 e — 0.52 [0.30;0.92] 7.7%
Niogret, 2021 —— 0.56 [0.40; 0.77] 22.5%
Tarawneh, 2022 —_— 0.43 [0.24;0.77] 6.9%
Repetto, 2023 —— 0.68 [0.47;0.99] 17.2%
Ghanem, 2023 e E— 0.79 [0.38;1.65] 4.5%
Gremke, 2024 —— 0.60 [0.33;1.09] 6.8%
Boscolo Bielo, 2025 — = 1.25 [0.61;2.58] 4.6%
Random effects model <> 0.63 [0.54; 0.74] 100.0%

Prediction interval

Heterogeneity: 2= 0%, p = 0.444

Test for effect in subgroup: z =-5.75 (p < 0.001)
I

025 05 1

Fig 3. Meta-analysis of progression-free survival (PFS) stratified by study design. HR, hazard ratio; Cl, confidence interval. P-values were derived

[0.53; 0.76]

from Cochran’s Q test (for heterogeneity) and Z-tests (Wald-type tests) for pooled effects.

https://doi.org/10.1371/journal.pmed.1005125.g003

and observational studies. In RCT, the pooled RR was 1.20 (95% CI [1.03, 1.40]; p=0.018; 2=19.9%). In non-randomized
clinical trials, the RR was 1.62 (95% CI [0.83, 3.20]; p=0.088; ’=58.8%). In prospective observational studies, the RR
was 1.26 (95% CI1[0.73, 2.18]; p=0.017; 2=75.3%), and in retrospective studies, 1.65 (95% CI [1.02, 2.68]; p=0.008;

P=74.7%) (Fig 5B).
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Study Events Total Proportion 95%-Cl Weight
RCT

Belin, 2017 25 68 —— 0.368 [0.246; 0.486] 100.0%
Non-Randomized Clinical Trial

Massard, 2017 63 193 —a— 0.326 [0.262; 0.394] 20.1%
Sicklick, 2019 18 66 — 0.273 [0.171;0.387] 13.5%
Reda, 2020 12 48 — 0.250 [0.120; 0.378] 11.4%
Bertucci, 2021 32 89 — 0.360 [0.262; 0.462] 15.5%
Hlevjak, 2021 16 53 — 0.302 [0.184; 0.433] 12.0%
Billon, 2022 5 12 0.417 [0.171;0.697] 4.3%
Miller, 2022 27 50 — 0.540 [0.400; 0.677] 11.7%
Debien, 2023 13 49 — 0.265 [0.156; 0.401] 11.5%
Random effects model 560 < 0.331 [0.272; 0.393] 100.0%
Prediction interval — [0.184; 0.496]

Heterogeneity: 1% = 47%, p =0.067

Observational Prospective

Horak, 2021 115 300 - 0.383 [0.319; 0.436] 66.9%
Sultova, 2021 9 16 —_— 0.562 [0.315;0.794] 3.7%
Scheiter, 2022 9 26 —_— 0.346 [0.160; 0.543] 5.9%
Renovanz, 2023 20 64 —— 0.312 [0.203; 0.432] 14.4%
Lau, 2024 13 31 —_— 0.419 [0.248; 0.599] 7.0%
Tsibulak, 2025 6 9 0.667 [0.335;0.912] 2.1%
Random effects model 446 < 0.381 [0.335; 0.429] 100.0%
Prediction interval — [0.321; 0.444]
Heterogeneity: F= 22.6%, p = 0.264

Observational Retrospective

Parker, 2015 7 17 —_— 0.412 [0.198; 0.650] 9.9%
Hoefflin, 2018 8 14 —_— 0.571 [0.297; 0.830] 8.2%
Gambardella, 2021 8 24 —_— 0.333 [0.153; 0.537] 13.8%
Berclaz, 2023 6 10 —_— 0.600 [0.292; 0.860] 5.9%
Giacomini, 2023 9 19 —_— 0.474 [0.244; 0.707] 11.0%
Repetto, 2023 23 61 —— 0.377 [0.235; 0.503] 34.6%
Zhang D., 2023 7 12 —_— 0.583 [0.299; 0.836] 7.0%
Blobner, 2023 2 8§ ——mm——— 0.250 [0.008; 0.615] 4.8%
Dang, 2024 5 8 0.625 [0.261; 0.929] 4.8%
Prediction interval

[0.340; 0.523]
Heterogeneity: 12= 0%, p =0.539

Random effects model 173 S 0.430 [0.353; 0.509] 100.0%
T

I T T T 1
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Fig 4. Meta-analysis of progression-free survival ratio (PFS ratio) = 1.3 stratified by study design. Cl, confidence interval. P-values were derived
from Cochran’s Q test (for heterogeneity).

https://doi.org/10.1371/journal.pmed.1005125.9004

Sensitivity analysis: The leave-one-out sensitivity analysis did not identify any influential studies for PFS and
ORR. In contrast, four studies were found to be influential with respect to OS, PFS ratio, and DCR: Huang and
colleagues (2021) [57] for OS, Miller and colleagues (2022) [46] for the PFS ratio, Bertucci and colleagues (2021)
[42], and Scheiter and colleagues (2022) [62] for DCR. In each of these cases, the exclusion of the study resulted
in a notable reduction in heterogeneity, as shown in Tables G—K in S1 Appendix, without affecting the overall effect
estimate.

Meta-regression analyses showed that study design explained a substantial proportion of between-study heterogeneity
for OS (R?=79.2%) and ORR (R?=86.3%). Other examined covariates were not significantly associated with outcomes.
Residual heterogeneity was low for PFS and PFS ratio 21.3 (2 approximately 0%—30%). In contrast, residual heterogene-
ity remained high for DCR across models (/? approximately 60%—-80%) (Table L in S1 Appendix).
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A

MTB Comparator
Study Events Total Events Total Risk Ratio RR 95% CI Weight
RCT
Le Tourneau, 2015 4 98 3 89 — 1211 [0.279; 5.262] 5.5%
André, 2022 26 157 9 81 —T - 1.490 [0.734; 3.029] 23.4%
Kramer, 2024 58 326 9 110 —— 2175 [1.115;  4.241] 26.4%
Marchetti, 2025 35 200 20 200 —— 1.750 [1.047; 2.924] 44.7%
Random effects model 781 480 e 1.749 [1.241; 2.466] 100.0%
Prediction interval [r—— [1.002;  3.054]

Heterogeneity: P= 0%, p = 0.839
Test for effect in subgroup: z = 3.19 (p = 0.001)

Non-Randomized Clinical Trial

Bertucci, 2021 A7 89 35 140 —— 0.764 [0.457; 1.279] 63.3%
Billon, 2022 4 12 3 23 —1 2556 [0.680; 9.608] 36.7%
Random effects model 101 163 —_— 1190 [0.380; 3.724] 100.0%
Prediction interval [0.000; 106211.397]

Heterogeneity: 1% = 64%, p =0.096
Test for effect in subgroup: z = 0.30 (p = 0.765)

Observational Prospective

Scheiter, 2022 7 38 15 47 —— 0.577 [0.262; 1.270] 36.7%
Lau, 2024 27 90 fl 43 —®—> 12900 [1.812; 91.818] 24.7%
Passiglia, 2024 37 76 11 36 — 1593 [0.925; 2.745] 38.6%
Random effects model 204 126 —_— T ——— 1.839 [0.386; 8.755] 100.0%
Prediction interval [0.003; 1084.334]

Heterogeneity: 12 = 79.7%, p = 0.007
Test for effect in subgroup: z = 0.77 (p = 0.444)

Observational Retrospective

Niogret J., 2021 29 65 19 143 —— 3.358 [2.039; 5.529] 60.3%
Ghanem, 2023 8 15 2 20 ——> 5333 [1.319; 21572] 7.7%

Repetto, 2023 25 67 9 70 —— 2902 [1.464; 5.753] 32.0%
Random effects model 147 233 > 3.321  [2.254; 4.891] 100.0%
Prediction interval — [1.419; 7.770]

Heterogeneity: /12 = 0%, p = 0.744
Test for effect in subgroup: z = 6.07 (p < 0.001)

B

MTB Comparator
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
RCT
Andre, 2022 106 157 42 81 i 1.302 [1.028; 1.649] 30.6%
Kramer, 2024 21 326 66 110 = 1.079 [0.908; 1.282] 47.0%
Marchetti, 2025 74 200 55 200 - 1.345 [1.008; 1.796] 22.4%
Random effects model 683 391 1.201 [1.032; 1.397] 100.0%
Prediction interval —t— [0.765; 1.884]

Heterogeneity: 12 = 19.9%, p = 0.287
Test for effect in subgroup: z =2.37 (p = 0.018)

Non-Randomized Clinical Trial

Bertucci, 2021 31 89 47 140 - 1.038 [0.718; 1.498] 49.2%
Billon, 2022 7 12 5 23 —— 2.683 [1.079; 6.673] 28.2%
Louie, 2022 13 32 3 17 - 2.302 [0.759; 6.979] 22.6%
Random effects model 133 180 < 1.624 [0.825; 3.196] 100.0%
Prediction interval [0.139; 18.991]

Heterogeneity: /2 = 58.8%, p = 0.088
Test for effect in subgroup: z = 1.40 (p = 0.160)

Observational Prospective

Scheiter, 2022 19 38 30 47 - 0.783 [0.534; 1.150] 38.8%
Lau, 2024 61 90 18 43 - 1.619 [1.107; 2.368] 39.0%
Kato, 2024 15 34 5 21 - 1.853 [0.789; 4.350] 22.2%
Random effects model 162 111 = 1.259 [0.727; 2.180] 100.0%
Prediction interval —— [0.151; 10.472]

Heterogeneity: = 75.3%, p =0.017
Test for effect in subgroup: z = 0.82 (p = 0.412)

Observational Retrospective

Niogret J., 2021 40 65 43 143 - 2.047 [1.493; 2.805] 29.1%
Ghanem, 2023 11 15 13 20 — 1.128 [0.724; 1.758] 26.0%
Repetto, 2023 42 67 15 70 —— 2.925 [1.801; 4.752] 24.9%
Boscolo Bielo, 2025 14 33 T 16 —— 0.970 [0.490; 1.920] 20.0%
Random effects model 180 249 <= 1.651 [1.018; 2.676] 100.0%
Prediction interval — [0.343; 7.936]

Heterogeneity: = 74.7%, p = 0.008
Test for effect in subgroup: z =2.03 (p = 0.042)

|
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Fig 5. Meta-analysis of relative risk (RR) of Objective Response Rate (ORR) (A) and Disease Control Rate (B) stratified by study design.

Cl, confidence interval; RR, relative risk. P-values were derived from Cochran’s Q test (for heterogeneity) and Z-tests (Wald-type tests) for pooled effects.

https://doi.org/10.1371/journal.pmed.1005125.9005
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As illustrated in Figs A—E in S2 Appendix and Table M in S1 Appendix, funnel plots and Egger’s tests did not indicate
substantial asymmetry. Similarly, no clear indication of selective reporting was identified based on the test for excess sig-
nificance (Table N in S1 Appendix).

Results were consistent in analyses restricted to non-randomized studies in which survival time was measured from
treatment initiation, with no change in the direction of the pooled estimates for OS and PFS, nor in the proportion of PFS
ratio 21.3 (Figs F—H in S2 Appendix). Similar consistency was observed in analyses restricted to studies applying RECIST
1.1 criteria for ORR and DCR (Fig | in S2 Appendix). Similarly, sensitivity analyses excluding HRs reconstructed from
Kaplan—Meier curves confirmed the robustness of the findings, with no relevant changes in effect estimates (Figs J and K

in S2 Appendix).

Risk of bias assessment

Overall, the risk of bias for RCTs was judged to be low, except for one (14.3%) study that was rated as having “some
concerns” (Fig L in S2 Appendix). In contrast, the overall risk of bias for non-randomized clinical trials, prospective obser-
vational studies, and retrospective observational studies was predominantly rated as “serious” in nine studies (56.3%), 18
studies (90.0%), and 27 studies (77.1%), respectively (Table O in S1 Appendix). Most of the remaining studies were rated
as having moderate risk of bias, with the exception of four retrospective studies (11.4%) assessed as having a critical risk.
A detailed breakdown of ROBINS-I domain-level judgments is available in Table P in S1 Appendix.

All results remained robust after excluding studies judged to have serious or critical risk of bias, with no changes in the
direction of pooled effect estimates across outcomes and study designs, except for OS in prospective observational stud-
ies, which became non-significant (Figs M—P in S2 Appendix).

Discussion

This systematic review and meta-analysis aimed to assess the clinical impact of MTB-recommended therapies on patients
with cancer outcomes.

Based on 78 studies involving 9,195 patients, this analysis supports an association between MTB-based therapeutic
decision-making and improved clinical outcomes when restricting the results to high-quality studies, PFS benefits ranged
from 27% to 37%, and approximately one-third to 40% of patients achieved a PFS ratio 21.3. Comparable improvements
were observed also for ORR and DCR.

Importantly, while prospective and retrospective observational studies showed a significant improvement in OS, the
evidence from RCTs and non-randomized clinical trials remains uncertain.

This work represents the most extensive and comprehensive synthesis of evidence to date, providing information that
MTB-recommended therapies are associated with a reduced risk of disease progression, as well as improved objective
response and DCRs, but do not appear to clearly affect the risk of death.

The meta-analysis conducted by Gladstone and colleagues [13] included 34 studies involving 2,532 patients and
reported significant HRs of 0.46 (0.24, 0.88) for OS across seven studies, and 0.65 (0.41, 1.03) for PFS in three studies.
However, the authors did not stratify results by study design and did not include RCTs. In our review, we were able to
include a larger number of studies providing comparative data, and we additionally conducted a meta-analysis for RR of
ORR and DCR, likely due to our broader search strategy.

The results indicate clear differences on patients’ outcomes according to study design, with randomized evidence
suggesting benefits primarily in terms of disease progression and treatment response, with a more limited effect on
OS, whereas observational studies report favorable association between MTB-guided therapy and all the investigated
outcomes.

The heterogeneity observed in our review reflects the fragmented and still non-standardized nature of MTBs. Sig-
nificant efforts have been made in recent years to address these issues and to develop widely accepted guidelines for
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establishing and operating MTB [111,112]. Access to MTB-recommended therapies also differs across healthcare sys-
tems. In the United States, broader availability of clinical trials and off-label drugs may facilitate access [113], although this
often depends on funding and insurance coverage [114]. In contrast, European MTBs may face more restricted access to
certain drugs but tend to promote more equitable treatment allocation [115]. From a health system perspective, the imple-
mentation of MTBs raises important questions regarding sustainability and value. MTBs require substantial organizational
resources, multidisciplinary expertise, and access to complex diagnostic technologies. Health systems therefore face a
dilemma between the promise of more personalized care and the need to justify investment in MTBs against measurable
patient benefit. In this context, generating stronger clinical evidence, together with robust evaluations of cost-effectiveness
and implementation feasibility, is essential.

Several limitations of primary studies must be acknowledged. In non-randomized studies, comparator groups were
often poorly defined: in nearly half of the included studies, patients not receiving MTB-recommended therapies were
described in vague terms, often including individuals no longer eligible for treatment due to clinical deterioration or death.
This likely introduced substantial bias and may have exaggerated the observed benefit of MTB-guided therapy. In other
cases, comparators were treated according to physician discretion or local practice, adding further variability. In addition,
non-experimental studies were particularly susceptible to confounding, as they often lacked adequate adjustment for key
clinical factors such as disease severity, comorbidities, and prior therapies. Furthermore, many of these studies were at
risk of immortal time bias, as survival time was sometimes measured from a point preceding treatment initiation, while in
other cases the starting point for survival measurement was not clearly reported. Selection bias was also common, with
patients referred to MTBs differing systematically from those not referred, either because of more complex disease or
different performance status. These biases were often present even in studies rated as low risk in ROBINS-I, highlighting
the limitations of considering non-randomized evidence in supporting claims in favor of MTB impact on health outcomes.
Although sensitivity analyses excluding studies at serious or critical risk of bias did not materially alter the results, findings
from observational studies should still be interpreted with appropriate caution. Information bias further limited retrospective
studies that relied on medical records, with inconsistencies in reporting of whether MTB recommendations were imple-
mented, and how outcomes were measured. Most non-randomized evidence was judged to be at serious or critical risk of
bias, underscoring the importance of interpreting such evidence with caution. In this context, recent high-quality trials such
as the ROME study [108] represent a meaningful advancement in the evaluation of MTB efficacy under controlled con-
ditions. Our findings highlight a need for additional high-quality randomized evidence to more reliably define the clinical
impact of MTBs. Notably, the largest effect estimates were observed in retrospective and observational studies, whereas
RCTs showed more modest benefits, particularly for OS, likely reflecting methodological limitations of non-randomized
studies. Pls further support this interpretation, as in several analyses they were wide and included the null value, suggest-
ing that the effect in future studies may vary substantially across settings and may include no clinically relevant benefit.

Our meta-analysis has several methodological limitations. First, despite stratifying by study design and using
random-effects models, residual heterogeneity likely remains due to substantial clinical and methodological variability
across studies, including differences in patient populations, tumor types, sequencing technologies, comparator defini-
tions, and treatment contexts. Although stratified and meta-regression analyses suggested that study design accounted
for a relevant proportion of heterogeneity, other potentially important effect modifiers could not be fully explored because
of incomplete or inconsistent reporting across studies. In addition, study-level meta-regression is inherently limited using
aggregated data, which may introduce ecological bias and has limited statistical power, when the number of included
studies is small.

Second, in some studies, HRs for OS and PFS were not directly reported and had to be estimated from Kaplan—Meier
curves. While widely accepted, this introduces additional uncertainty, particularly when survival data were graphically
imprecise or lacked complete at-risk information. Nevertheless, this approach allowed inclusion of studies with incom-
plete reporting, potentially mitigating publication bias. However, sensitivity analyses excluding HRs reconstructed from
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Kaplan—Meier curves confirmed the robustness of the findings. Moreover, some outcomes (e.g., ORR, DCR) had to be
reconstructed from partially reported data, potentially affecting accuracy despite adherence to standardized definitions.
Interpretation of the PFS ratio also warrants caution, as it may be influenced by the selection of prior therapy and by meth-
odological biases inherent to observational settings, such as regression to the mean and informative censoring, thereby
introducing additional uncertainty in pooled estimates.

To reduce the potential impact of incomplete or selective reporting, we contacted the Principal Investigators of included
studies to request missing data or clarifications when protocol-specified outcomes were unavailable. We also contacted
the Principal Invedtigators of RCTs with expected results by 2025, as reported on ClinicalTrials.gov, in order to minimize
the risk of reporting bias due to unpublished data. Another important limitation concerns the potential for immortal time
bias in non-randomized studies, particularly when survival was measured from a time point preceding treatment initiation.
To address this, we conducted additional analyses restricted to studies that defined survival from the start of treatment.
Finally, although we performed meta-regression and sensitivity analyses to explore sources of heterogeneity and test the
robustness of the findings, the large proportion of non-randomized studies and few RCTs limit causal inference; therefore
the results should be interpreted as evidence of association.

In conclusion, this meta-analysis supports a clinical benefit of MTBs in the disease progression, objective and DCRs
from high-quality randomized and non-randomized studies, although it underlines that in absolute terms, the number of
months of disease-free gained in MTB-guided therapy patients is limited.

Evidence regarding OS remains uncertain, as MTB-guided therapies did not consistently demonstrate significant
improvements, particularly in RCTs, highlighting the need for cautious interpretation.

Methodological heterogeneity and limitations in the primary evidence, and uneven implementation of MTB across
settings further underscore this caution. Our review also points to the serious and critical risk of bias of observational
studies that attempt to address this research question. Future well-designed RCTs and standardized reporting practices
are essential to confirm these findings and to facilitate the effective integration of MTBs into clinical decision-making pro-
cesses and health system strategies.
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intervali RR, relative risk. P-values were derived from Cochran’s Q test (for heterogeneity) and Z-tests (Wald-type
tests) for pooled effects.
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