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Molecular Tumor Boards (MTBs) are pivotal in personalized cancer care. This systematic review and
meta-analysis included 34 studies out of 576 articles (2020-January 2024) involving 12,176 patients
across 26 major cancer entities. Of these, 20.8% (2,532 patients) received MTB-recommended
therapies, with 178 outcome measures reported, achieving a median overall survival (OS) of

13.5 months, progression-free survival (PFS) of 4.5 months, and an objective response rate (ORR) of
5-57%. A pooled PFS2/PFS1 ratio > 1.3 from 14 reports was observed in 38% (33-44%) of cases.
Comparative data showed improved outcomes for MTB-treated patients, with hazard ratios of 0.46
(0.28-0.76, p < 0.001) for OS in 19 and 0.65 (0.52-0.80, p < 0.001) for PFS in 3 studies. These results
highlight the benefits of MTB evaluations in improving outcomes for patients with solid tumors but also
emphasize the need for standardized evaluation criteria to enable robust comparisons across studies.

In recent decades, advances in cancer research have illuminated the genetic
foundations driving its initiation and progression. This understanding has
paved the way for groundbreaking advancements in cancer treatment and
the emergence of personalized medicine. With the invention of multi-omics
approaches, major advances in cancer genomic analysis and molecular
profiling have been accomplished, expanding the range of available targeted
therapies for cancer patients, especially those who have exhausted their
conventional treatment options'™. Personalized medicine in oncology
requires multiple processes. This 1nc1udes identifying particular biomarkers
or alterations with next-generation sequencing (NGS), searching vast
databases or literature, and discussing appropriate drugs or drug combi-
nations for each patient. These complex procedures stimulated the wide-
spread establishment of interdisciplinary molecular tumor boards (MTB).

The MTB team broadly reviews each patient’s unique characteristics,
complex molecular profiling, pathology, imaging, and clinical history to
identify targeted therapies by matching the drugs to the molecular altera-
tions or biomarkers detected, resulting in recommendations for molecular-
guided personalized cancer treatments”. Though complex and time-con-
suming, an MTB referral allows cancer patients and their attending physi-
cians to receive molecular cancer treatments outside established therapies
based on the latest scientific evidence, for example, Bitzer et al.’, Hoefflin
et al’, and Luchini et al”. MTB recommendations typically include the

suggestions of clinical studies, in-label, off-label, or matched experimental
treatments.

Clinical networks in precision oncology allow a constant improvement
of these complex procedures by sharing expertize and accelerating the
process so that individual hospitals may benefit from expert-agreed, con-
sistent decision-making and structured data capture® . Despite establishing
all the complex procedures along with its need for vast human and tech-
nological resources, there is no consensus on standardized, structured
assessments of benefits of MTB recommendations and their assumed
improvement over time. A systematic review of clinical outcomes of MTBs
by Larson et al.” identified 14 studies done until early 2020, pointing out the
need for better quality data and recommended standardization of approa-
ches and outcomes. The review focused on clinical outcome measures with
partial, complete, and overall response rates among patients referred to
MTBs but did not try to quantify the overall effect of the recommended
treatments on the patients.

An essential prerequisite to accessing reliable outcome data of MTBs is
to ensure the capture of high-quality, real-world data of the course of treated
patients’, which is not readily available in most published reports describing
MTB procedures and diagnostic results. With this background, we per-
formed a systematic review and meta-analysis with the primary objective of
assessing the effectiveness of MTB recommendations for cancer treatment
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strategies in terms of improvement of clinical outcomes among cancer
patients. The secondary objectives were to describe all outcome measures
reported and to identify gaps in the assessment of the effectiveness of MTBs.

Results

Study characteristics

The search identified 576 articles and 340 articles were screened after
removing duplicates to identify 34 MTB studies. Primary data on patient
outcomes for 12.176 patients referred to the MTB and 2.532 patients
(20.8%) who received MTB-recommended therapy (Fig. 1). More than half
of the studies were retrospective cohort or register based studies (18/34,
52.9%), while the others were either data from clinical trials or prospective
cohorts. The majority of studies (12, 35%) were from Germany followed by
France (6, 18%) and USA (7, 21%). 28 studies (82%) collected their data for a
period of at least 3 years. The main characteristics of the included studies are
presented in Table 1 and Supplementary Table 1. Patients with any
advanced cancer were included in 21 (62%) studies, while the others focused
on specific cancer types (breast/gynecological cancer, non-small cell lung
cancer (NSCLC), specific gastrointestinal and nervous system related can-
cers) and involved between 69 and 1.772 cancer patients. Overall, there were
26 major tumor entities mentioned (Supplementary Fig. 1), the most fre-
quent being breast (1.516, 14%), lung (1.273, 12%), upper gastro-intestinal
(GI) (928, 9%), lower GI (900, 8%), bone & soft tissue (876, 8%), biliary tract
(691, 6%), gynecologic (658, 6%), urinary tract and kidney (559, 5%),
pancreatic (511, 5%), neuroendocrine (468, 4%), and brain (462, 4%)
cancers.

Detailed information on the inclusion criteria for MTB presentation
was available in 29 of the 34 studies. These criteria, which guide the use of
next-generation sequencing (NGS) diagnostics and subsequent MTB eva-
luation, were as follows: advanced solid tumors irrespective of treatment line
(13/29), lack of further established therapeutic options (10/29), rare cancers
(7/29), disease progression during at least one line of prior therapy (5/29),
patient age <50 years (2/29), relapse following initial remission (1/29), and
recurrent glioma (1/29). Regarding the participants and their pivotal roles in
the MTB, 21 out of the 34 studies (62%) provided information on the
professional disciplines involved. Clinical and/or medical oncologists were
included in all 21 studies. Other key disciplines represented were pathology

(19/21), human or clinical genetics (15/21), bioinformatics and data science
(13/21), molecular biology or molecular pathology (13/21), basic or trans-
lational science (9/21), radiology (5/21), clinical pharmacology (4/21),
clinical trial coordination (4/21), and structural biology (1/21).

The median number of patients referred to MTB per study were 216
patients (range 69 to 1772 with IQR: 104-516; N = 34), of which a median
of 99 (range 32-1138 with IQR: 57-255; N =28) patients received
treatment recommendations by MTB per study and a median of 54
(range 9-362 with IQR: 24-86; N = 34) patients were treated according to
MTB recommendations. The median age of patients referred to MTBs
ranged between 45-64 years with the lower and upper limits between
1-54 years and 64-95 years respectively. The patients were followed up at
amedian interval of 8 (range 6-26; N = 20) weeks from the start of MTB-
recommended therapy, with 20 (59%) studies using the Response Eva-
luation Criteria in Solid Tumors (RECIST 1.1) criteria for assessment'”.
The median duration of patient follow-up was 11 months (IQR: 9-15;
N = 10) ranging between 7 and 36 months. Individual data for all patients
receiving MTB-recommended treatment was provided in 26 (77%)
studies, however, only 12 (35%) provided outcome data for all patients
and 9 (27%) only for a subset of patients.

19 (56%) of the 34 MTBs utilized prespecified actionability scales to
classify recommendations; 14 used the ESMO Scale for Clinical Action-
ability of molecular Targets (ESCAT)" alone or in combination with other
scales, such as NCT/DKTK from the National Center for Tumor Diseases
(NCT) and the German Cancer Consortium (DKTK)'®, while 5 used various
other actionability scales (Supplementary Table 1). Data on performance
status was provided in 17 (50%) studies, with ECOG being the most fre-
quently used scale (13, 38%). The turn-around time (TAT) with varying
definitions of this period was reported in 13 (38%) studies. Among 9 MTB
studies using similar definitions, the median TAT varied between
12-115 days.

Descriptive characteristics of included studies are presented in Sup-
plementary Table 1.

Outcomes among patients on MTB-recommended therapy
Overall, 186 outcome measures were reported with 42 (23%) related to
PES, 21 (11%) to OS, 23 (12%) to DCR, and 20 (11%) to ORR among

Fig. 1 | PRISMA flowchart for the search results and
selection process of the included studies.
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Table 2| Reported outcome measures among patients treated with MTB-recommended therapy and its details reported in the

included studies (N = 34)

Outcome measures Number of outcome measures Range Median (inter quartile range)
Partial response rate (%) 21 3-57 18 (13-29)
Complete response rate (%) 19 0-8 1(0-3)

Stable disease rate (%) 21 5-63 25 (22-32)
Defined as at least 8 weeks 10 15-63 24 (22-34)
Defined as at least 3 months 8 5-31 24 (5-31)
Defined as at least 6 months 2 26-30 -

Objective response rate (%) 20 5-57 22.5(12.5-30.5)
Disease control rate (%) 23 29-84 52 (36-55.3)
Median OS (months)* 20 2.2-35.1 13.5(10.9-19.5)
Median PFS (months)* 22 1.8-15 4.5 (2.8-6.5)
OS at 6 months (%) 1 62 -

PFS at 6 months (%) 3 2-79 28 (2-79)
Median PFS2/PFST1 ratio (pPFSR) 3 0.91-1.71 1.45(0.91-1.71)
PFS2/PFS1 ratio > 1.3 (%) (pPFSR.1 3) 14 25-67 36 (31-47)
Exceptional responder rate® 1 19.7

Median duration of response (months) 1 5.5

Median duration of clinical benefit (months) 1 4.8

Clinical benefit based on treatment duration (%) 1 37

#4 OS and 3 PFS outcome reports provided only hazard ratios from the survival models.
Exceptional responders received sequence-directed therapy for a duration of 12 months or longer.
OS overall survival, PFS progression free survival.

26, 22,23 and 20 studies, respectively. All outcome measures are listed in
Table 2 and Supplementary Table 2. Of note, PFS was the most fre-
quently studied outcome investigated in 26 of the 34 studies (77%). A
high variation was noticed in the required period to fulfill the criteria to
define SD, ranging between 6 weeks and 6 months (Table 2). Patients
with MTB-recommended therapies had a median OS of 13.5
(10.9-19.5) months and a median PFS of 4.5 (2.8-6.5) months. The ORR
ranged from 5% to 57% and DCR from 29% to 84%, with a median
partial response rate of 18% (range: 3%-57%) and complete response
rate of 1% (range: 0%-8%). The PFS at 6 months reported in 3 studies
were 2%, 28% and 79% respectively.

Figure 2 shows the CR-, PR-, and SD-rates along with the respective
cancer types, sample size and the starting year of the data collection. The
pooled estimates of the CR-, PR-, and SD-rates were 1% (95%CI: 0%-3%),
19% (95%CIL: 15%-24%), and 25% (95%CI: 21%-30%) respectively. The
pooled estimates of ORR and DCR were 21% (95%CIL: 16%-26%) and 45%
(95%CIL: 39%-52%) as shown in Fig. 3.The ratio of PFS on a MTB-
recommended treatment (PFS2) to the PFS on the last previous line of
therapy (PFS1) to assess whether patients benefitted from the treatment,
introduced by Von Hoff et al.”, was reported in 14 studies. A ratio of PFS2/
PFS1>1.3 to 1.5 is considered as clinical benefit'"®"” and proportion of
patients with PFS2/PFS1 ratio 21.3 (pPFSR>1.3) was found to vary
between 25 and 68% with a pooled estimate of 38% (33-44%) as seen in
Fig. 4.

An association of predefined actionability scales to clinical out-
comes was investigated in 7 (21%) studies (details are shown in Sup-
plementary Table 3). All 5 MTBs using ESCAT or NCT/DKTK scales
showed a larger benefit in survival or response rates among patients with
the highest level of evidence (ESCAT tier I/I or NCT/DKTK m1A-C), a
significant association of outcome parameters and evidence levels was
found in 4 of these studies. MTBs applying the OncoKB therapeutic level
of evidence (N=1) or a so-called University of Kentucky grading of
evidence scale (N = 1) could not establish an association of the outcomes
with the actionability scale. The effect of the performance status on
clinical outcomes was only studied in 3 studies. While multivariate
analyses by Gambardella et al.”’ found an independent positive

association of ECOG performance status on PFS2, Repetto and Crimini
et al.”' did not find any effect. An unadjusted positive effect of WHO
status on clinical outcome was reported by Reda et al.”>.

Effect measures in comparison to control groups

A comparison between patients with MTB-recommended treatments and
any control group was performed in 19 (56%) studies, and 3 studies had 2
comparison groups each. Overall, 5 different kinds of control groups were
reported: (i) patients who were not treated in accordance with the MTB
recommendations/ standard of care therapies (15 studies, 44%), (ii) patients
with no actionable driver / did not receive MTB recommendation (2 studies,
6%), (iii) patients who received a recommended treatment with a low study-
defined matching score (2 studies, 6%), (iv) MTB referred patients who were
not given any treatment (2 studies, 6%) or (v) patients not referred to the
MTB (1 study, 3%). The definitions of matching scores or matched therapies
varied slightly, though overlapping (details provided in Supplementary
Table 4).

In total, 38 separate comparisons were reported, including 12 hazard
ratios (4 PFS, 8 OS), 2 odds ratios (DCR) and 2 ratios (1 PFS, 1 OS) as effect
measures. The remaining 22 comparisons did not provide any effect mea-
sure but rather assessed statistical significance using standard tests: 6 for
median PES, 3 for PES-rate at 6 months, 7 for median OS, 1 for OS-rate at
6 months, 1 for median PFS2/PFSlratio, 2 for pPFSR;, 3, 1 for DCR, and 1
for CRR. Patients on MTB-recommended therapy numerically had a better
outcome in 36/38 (95%) comparisons. Of note, 24 (66.7%) of these com-
parisons reached statistical significance.

Meta-analysis of the HRs for OS estimated a pooled HR of 0.46 (0.28 to
0.76, p < 0.001) with an 12 of 73.2% (p = 0.001; Fig. 5A). Similarly, patients
receiving MTB recommended treatment had a significant better progres-
sion free survival (pooled HR of 0.65 (0.52 to 0.80, p < 0.001) with an I* < 1%
(p=0.38; Fig. 5B)).

The pPFSR.; ; was significantly higher among the MTB patients as
compared to control groups with a rate ratio of 1.7 and 4.2 in 2 studies as
shown in Fig. 6. There were 2 studies reporting HR of PFS among patients
with advanced or metastatic malignant disease and patients with advanced
colorectal cancer, both among US patients, reporting an unadjusted HR of
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Fig. 2 | Partial response, complete response and stable disease rates among

patients on MTB-recommended therapy. Red circle refers to cross cancer, purple
circle refers to GI cancer, green circle refers to breast cancer, blue circle refers to CNS
cancer, turquoise circle refers to NSCLC. The size of the circle represents the number
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0.68 (0.51 t0 0.90) and an adjusted HR 0f 0.41(0.21 to 0.81) respectively. The
median PFS was more than twice longer among the MTB patients as
compared to the control patients in 5 studies based in Italy, France, Spain,
Germany and USA (14.2 vs. 5months, 8.5 vs. 5.7 months, 6.5 vs.
2.8 months, 6.4 vs. 3 months, and 4.3 vs. 1.9 months), while it was similar in
data from advanced French cancer patients between 2016-2018 (2.5 vs.
2.4 months). Bertucci et al compared MTB and control groups of advanced
cancer patients from 2014-2019 in France according to best response
assessment. That study found a higher PES at 6 months with 79% vs. 41%
among patients with disease control (CR, PR or SD), 2% vs. 1% among those
with progressive disease (PD), and 28% vs. 16% overall”.

Meta-analysis for DCR showed a significant benefit among patients
receiving MTB recommended treatment with an odds ratio of 2.97
(1.44-6.09), p with an P <1% (p=0.001; Fig. 7). Patients with diverse
advanced or metastatic malignancy in the US provided an adjusted odds
ratio of 0.40 (0.24 to 0.67) while comparing those with a study-defined
matching score 250% versus <50%. Similarly, an adjusted odds ratio of 0.21
(0.04 to 1.06) for disease control of at least 6 months among US patients was
reported for advanced colorectal cancer on unmatched therapy (n=17) in
comparison with matched therapy (n = 34). Further comparisons reported a
significantly higher DCR among MTB patients (53% vs. 21%, p =0.019)
from 2012-2018 in the US with a high (=50%) versus low (<50%) matching
score and a 2% vs. 1% complete response rate among MTB patients
(p = 0.249) with a study-defined matched versus non-matched therapy from
2014-2019 in France.

Risk of bias assessment

Though all included studies provided relevant outcome measures of
interest, the impact of MTB on patient outcomes was not the primary
aim for some studies. With this background, 8 (24%) studies were
assessed to be of good quality, 24 (71%) medium and 2 (6%) of low

quality (Supplementary Fig. 2). Half the studies did not have a com-
parison group; those with comparison groups posed a high risk of bias in
the area of detection of confounders, adjustment for confounding and
statistical analysis. For questions regarding outcome assessment and
follow-up which included outcome definition, length of follow-up,
follow-up data, and incomplete follow-up, there was a low risk of bias for
>70% of the studies (Supplementary Fig. 3).

Discussion

With the widespread implementation of MTBs in routine oncology
practice™, there is a high unmet need to assess patients’ clinical benefit and
compare these parameters among various patient populations and periods.
To date, standardized parameters to validate these assessments are yet to be
proposed, and a consensus on the specificities of data, which needs to be
analyzed in this context, still needs to be defined.

Our investigation encountered highly heterogeneous estimates of effect
and outcome measures, reflecting the diverse cancer types, molecular
alterations, treatment protocols, hospital settings, and expertize availability
across the included studies. Despite these limitations, our analyses revealed
remarkable results. Patients with MTB-recommended therapies had a
median OS of 13.5 (10.9-19.5) months and a median PFS of 4.5
(2.8-6.5) months. From 38 separate comparisons between patients treated
according to MTB recommendations and any control group, 36 had a
numerically better outcome, with 67% reaching statistical significance.
Importantly, our systematic review and meta-analysis, evaluating the
impact of molecular tumor boards on clinical outcomes of cancer patients
compared to study-defined control groups, found a significant positive
effect in terms of OS, PFS, and DCR. Addressing methodological concerns
regarding the definition of relevant control groups, our meta-analysis of OS
data revealed a 54% lower hazard of dying compared to those not treated
according to MTB recommendations. Even the intra-patient comparison of
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(A)

Events per 100

First Author Year Country observations Objective response rate 95%-Cl Weight
Renovanz, Kurz, and Rieger 2023 Germany —— 465 [1.32;11.52] 6.1%
Debien 2023 France ——— 8.16 [1.57;19.04] 5.3%
Tarawneh 2022 Germany —+——— 9.09 [248;24.69] 4.7%
Louie and Kato 2022 USA —— 11.76 [3.95;27.80] 4.7%
Hlevnjak, Schulze, and Elgaafary 2021 Germany  —+—— 12.50 [5.50;23.12] 5.7%
Bitzer and Ostermann 2020 Germany ——+—— 12.00 [3.08;31.47] 4.2%
Lamping and Benary 2020 Germany —e 156.38 [5.72;30.46] 5.0%
Bertucci 2021 France . 18.09 [11.03;27.44] 6.2%
Cobain and Wu 2021 USA —a 20.45 [13.15;27.87] 6.5%
Boiléve 2023  France —— 21.05 [7.76;45.75] 3.7%
Koopman 2020 Netherlands —=— 23.73 [13.93;36.71] 5.6%
Martin-Romano 2022  France — 26.47 [17.96;34.05] 6.5%
Helali 2023  China —— 28.57 [17.17;39.45] 5.9%
Hoefflin 2021 Germany —a 28.95 [19.11;40.49] 5.9%
Bayle and Belcaid 2023  France — 31.97 [23.69;40.97] 6.4%
Repetto and Crimini 2023 Italy — e 32.89 [22.35;44.59] 5.9%
Fukada 2023  Japan — 35.56 [20.82;51.27] 5.2%
Ladekarl 2023 Denmark — 37.50 [16.77;63.89] 3.4%
Zhang 2023 Germany —_— & 57.14 [29.78;80.95] 3.1%
Random effects model < 21.07 [16.25; 26.30] 100.0%
Prediction interval — [ 4.77; 44.05]
Heterogeneity: 12 = 75.4%, p < 0.0001
20 40 60 80
B
( ) Events per 100
First Author Year Country observations Disease control rate 95%-Cl Weight
Kato and Kim 2020 USA = 23.40 [18.22;28.82] 5.6%
Koopman 2020 Netherlands ———— 28.81 [17.07;41.90] 4.9%
Tarawneh 2022 Germany ——— 30.30 [16.06; 48.73] 4.3%
Renovanz, Kurz, and Rieger 2023 Germany — 32.56 [22.80;43.51] 5.2%
Hlevnjak, Schulze, and Elgaafary 2021 Germany —— 32.81 [21.91;45.74] 4.9%
Bertucci 2021  France — 32.98 [23.46;43.40] 52%
Bitzer and Ostermann 2020 Germany ——+—— 36.00 [18.39;57.38] 3.9%
Louie and Kato 2022 USA — 38.24 [22.17;56.44] 4.3%
Louie and Kato 2022 USA — 38.75 [28.06; 50.30] 5.1%
Scheiter 2022 Germany — 40.43 [26.69; 55.66] 4.7%
Debien 2023  France — 42.86 [28.62;57.86] 4.7%
Lamping and Benary 2020 Germany — 46.15 [30.44;62.60] 4.5%
Cobain and Wu 2021 USA — 50.00 [41.17;58.83] 5.4%
Hoefflin 2021 Germany - 53.95 [41.83;66.03] 5.1%
Bayle and Belcaid 2023  France Y 54.10 [44.53;63.94] 5.4%
Repetto and Crimini 2023 Italy e 55.26 [43.41;66.69] 5.1%
Fukada 2023  Japan i 57.78 [42.22;72.15] 4.6%
Martin-Romano 2022  France —a 60.29 [51.57;68.81] 5.4%
Zhang 2023 Germany —_— 64.29 [35.93;85.31] 3.1%
Helali 2023 China — 64.94 [53.24;75.69] 5.1%
Boiléve 2023  France —_— 84.21 [60.12;95.46] 3.6%
Random effects model > 45.29 [38.58; 52.07] 100.0%
Prediction interval [17.45; 74.77]
Heterogeneity: /% = 85.1%, p < 0.0001 f T T !
20 40 60 80

Fig. 3 | Forest plots of objective response and disease control rates among patients
on MTB-recommended therapy in the included studies. Panel (A) presents
objective response rates and (B) presents disease control rates. The point and the
horizontal line represent the observed study estimate and its confidence interval. The

size of the gray square box varies according to the weightage given to the estimate.
The gray diamond represents the pooled estimate, and its length symbolizes its
confidence interval. The vertical reference line indicates no effect. The red line
represents the prediction interval.

MTB-guided therapies with the previous therapy, reflected by over a 30%
increase of PFS2 over PFS1 (pPFSR., 3)'*", showed a significant improve-
ment compared to non-MTB-recommended therapies.

The investigated publications reflect an effort to quantify the benefit of
precision medicine within the investigated period. However, a critical
finding of our systematic review is a need for enhanced standardization in
endpoints and reporting of outcome measures. Important aspects to be
considered in outcome selection are the type of response to MTB-guided
therapies regarding sensitivity or resistance and the clinical magnitude of
benefits’. The currently available evidence included important survival
estimates such as PFS and OS, with PFS reported more often than OS. There
was a high variation in the statistics reported; for example, the authors

reported PFS at 6 months, median PES, or overall PFS. Outcome measures
quantifying treatment responses such as DCR and ORR among patients
receiving MTB-recommended treatments could be estimated only in 68%
and 59% of the studies, respectively. Though we restricted our meta-analysis
to predefined parameters, we documented all the reported clinical outcome
measures and picked up subtle to considerable differences in the definitions
of endpoints of interest, such as criteria used to define SD varying between -
at least 6 weeks, 8 weeks, 3 months, or 6 months. Such discrepancies add to
the background noise of an already heterogeneous multidimensional data.
Furthermore, only 62% of the studies provided patient level data on out-
comes. Standardization efforts of study designs, data collation, analytical
techniques, and reporting are much needed now when increasing evidence
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Events per 100

First Author Year Country observations pPFS2/PFS1>=1.3 95%-Cl Weight
Debien 2023 France —a— 26.53 [15.27;41.17] 8.4%
Blobner 2023 Germany : 25.00 [5.77;64.05] 2.5%
Hlevnjak, Schulze, and Elgaafary 2021 Germany —— 30.19 [18.34;44.34] 8.7%
Renovanz, Kurz, and Rieger 2023 Germany — 31.25 [20.60;44.13] 9.4%
Gambardella 2021 Spain —a— 33.33 [16.31;55.21] 5.6%
Bertucci 2021 France —a— 34.04 [22.24;44.03] 10.9%
Scheiter 2022 Germany —a— 34.62 [16.51;55.79] 5.9%
Horak, Heining, Kreutzfeldt, and Hutter 2021 Germany .- 35.67 [29.30;40.96] 14.1%
Repetto and Crimini 2023  ltaly —a 37.50 [24.86;50.51] 9.4%
Sultova 2020 Germany 44.44 [16.53;76.50] 2.7%
Giacomini 2023  ltaly — 47.37 [25.20;70.51] 4.8%
Sultova 2021 Germany — 56.25 [30.73;78.98] 4.2%
Miller and Hutchcraft 2022 USA —a— 60.00 [45.09;74.00] 8.5%
Boileve 2023 France —a— 68.42 [43.03;89.59] 4.8%
Random effects model S 4 38.44 [32.67; 44.37] 100.0%
Prediction interval [22.21; 56.00]
Heterogeneity: 12 = 51.7%, p = 0.0128 I J I !

20 40 60 80

Fig. 4 | Forest plot of proportion of PFS2/PFS1 ratio greater than or equal to 1.3
among patients on MTB-recommended therapy. The point and the horizontal line
represent the observed study estimate and its confidence interval. The size of the gray
square box varies according to the weightage given to the estimate. The gray

diamond represents the pooled estimate, and its length symbolizes its confidence
interval. The vertical reference line indicates no effect. The red line represents the
prediction interval.

(A)
First Author Year Country
Huang 2021 USA
Mosteiro, Azuara, Villatoro, and Alay 2023 Spain
Helali 2023 China
Repetto and Crimini 2023 ltaly
Kato and Kim 2020 USA
Louie and Kato 2022 USA
Pinet and Durand 2023 France

Random effects model (HK)
Prediction interval
Heterogeneity: 12 = 73.2%, p = 0.0010

(B)

Hazard Ratio HR 95%-Cl Weight

0.12 [0.05;0.26] 12.8%

—a— 0.32 [0.14;0.75] 12.6%

— 0.37 [0.20;0.71] 14.7%

— 0.43 [0.25;0.74] 15.6%

ey 0.69 [0.49;0.98] 17.3%

T 0.85 [0.41;1.76] 13.7%

- 1.04 [0.48;2.26] 13.3%

O 0.46 [0.24; 0.88] 100.0%

——— [0.09; 2.37]

I T T 1
0.1 051 2 10

First Author Year Country Hazard Ratio HR 95%-Cl Weight
Louie and Kato 2022 USA 0.41 [0.21;0.81] 10.1%
Repetto and Crimini 2023 ltaly — 0.68 [0.47;0.99] 32.9%
Kato and Kim 2020 USA - 0.68 [0.51;0.90] 57.0%
Random effects model (HK) <> 0.65 [0.41; 1.03] 100.0%
Prediction interval — [0.40; 1.03]
Heterogeneity: /12 = 0.0%, p = 0.3798
0.5 1 2

Fig. 5 | Forest plot of hazard ratios comparing overall and progression free sur-
vival among patients on MTB-recommended therapy to the comparison group.
Panel (A) presents overall survival and (B) presents progression free survival. The
point and the horizontal line represent the observed study estimate and its

confidence interval. The size of the gray square box varies according to the weightage
given to the estimate. The gray diamond represents the pooled estimate, and its
length symbolizes its confidence interval. The vertical reference line indicates no
effect. The red line represents the prediction interval.

is reported through available multiple data sources and advanced data
collections.

Actionability scales that define clinical evidence-based criteria to
prioritize alterations, in contrast to relying solely on expert opinions, were
reported in 19 of the 34 analyzed studies. However, an association between
evidence levels and outcome parameters was investigated in only 7 of these
studies. Notably, all studies that analyzed ESCAT or NCT/DKTK evidence
levels demonstrated a greater benefit in survival or response rates among
patients with the highest evidence levels.

Considering all the studies we included in this meta-analysis, excluding
patients from the analysis and selecting a relevant control group pose
challenges in assessing the benefit without any bias. Prospective cohort
studies with appropriate comparison groups represent the minimum
requirement for proper evaluation of effectiveness. Among the 34 studies
included in this analysis, only 19 reported control groups for their
investigations®*******. Patients in these control groups were either not
treated according to the MTB recommendation, MTB referred patients with
no actionable driver, not referred to the MTB, or grouped according to a
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predefined matching score for the MTB-guided therapy. Disparate defini-
tions of these control groups hinder inter-study comparison and pooling of
results.

Potential control groups for the study of MTB effectiveness can be
chosen at different levels (Supplementary Fig. 4); however, each choice
comes with different challenges. A comparison with patients not referred to
MTB or patients with MTB recommendations but treated with an alter-
native therapy or best supportive care (BSC) may have primarily induced a
bias towards a worse performance status. Moreover, the therapy line to be
used to compare patients not referred to the MTB needs to be clarified;
maybe the most suitable comparison group to investigate a potential benefit
for MTB presentations is patients without an MTB recommendation.
However, even for this comparison, a clear baseline, e.g., the date of the first
new therapy regime after the MTB recommendation, has to be thoroughly
defined. Additionally, in heterogeneous patient groups such as “all comers”
with advanced disease, selecting the right control group becomes critical.
Potential control groups could include patients with similar histology but no
actionable mutation, or patients with a similar alteration but without access
to the recommended treatment. Each of these options carries inherent
challenges, such as biological variability between tumors or differences in
treatment access, which must be accounted for during study design. Fur-
thermore, the absence of actionable alterations seems to influence the
prognosis of patients at least in some tumor entities, as e.g. recently reported
by Nakamura et al.”. External or synthetic control arms primarily derived
from real-world data to supplement the comparison in oncological
research”’ are a new development considered in precision medicine and may
also be applicable to MTB research as well*'. Most of these study designs
demand using propensity scores to adjust and minimize any confounding
owing to control selection processes.

Standardization of patient flow and reimbursement for molecular
profiling and MTB structures, as exemplified by the Centers for Persona-
lized Medicine in Germany’, is imperative. Benefit assessments from care
providers” and patients’ perspectives, including quality-of-life endpoints, are
warranted. This meta-analysis advances beyond Larson et al."” by providing
amore detailed summary and analysis of outcome measures, an overview of
MTB inclusion criteria and actionability scales, as well as an analysis of
control group outcomes. Altogether, our analysis should stimulate the

First Author Year Country Odds Ratio OR 95%-Cl
Bertucci 2021 France —a 1.70 [1.10; 2.60]
Gambardella 2021 Spain —+—— 4.20 [1.50; 11.60]
M L l
0.1 0s 1 2 10

Fig. 6 | Forest plot of odds ratio of PFS2/PFS1 ratio greater than or equal to 1.3
among patients on MTB-recommended therapy as compared to the

comparison group. The point and the horizontal line represent the observed study
estimate and its confidence interval. The size of the gray square box varies according
to the weightage given to the estimate. The vertical reference line indicates no effect.

First Author Year Country

Kato and Kim 2020 USA
Repetto and Crimini 2023 ltaly
Louie and Kato 2022 USA

Random effects model (HK)
Prediction interval

discussion on defining parameters that should be reported in MTB-cohort
analysis, e.g., by an interdisciplinary consensus conference.

Our systematic review may be limited by the inclusion criteria focusing
on thelarge sample size and the number of genes studied, potentially leading
to homogenized results. However, having a minimum sample size and a
defined study period is crucial to reflect the standard functionality of MTBs.
The concentration of studies in high-income countries potentially limits
generalizability; however, it reflects the historical establishment of MTBs
and advancements in precision oncology research in this context.

In conclusion, our systematic review and meta-analysis based on the
evidence base between 2020 and early 2024 show that MTBs positively
impact the course of patients with advanced solid tumors. Notably 67% of
the reported clinical outcomes from various MTB studies showed significant
benefits. Importantly, this study identifies a significant positive effect of
MTBs on the clinical outcomes of cancer patients, including Progression-
Free Survival (PFS), Overall Survival (OS) and disease control rates (DCR).
Even in comparison with previous therapies, MTB-guided treatments
exhibit significant improvement in PFS2 over PFS1 (pPFSR.;;). Our
findings underline the need for a structured evaluation and reporting of
MTB benefits, which requires particular focus. We recommend discussing a
consensus for assessing relevant parameters that should be standardized
between MTB groups. This approach could tremendously improve MTB
research, including comparing MTB-guided therapies between patient
cohorts, regional areas, or available drug regimens.

Methods

This review was performed following Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses guidelines for systematic reviews and
the protocol registered in PROSPERO under CRD42023404806.

Literature search and selection process

An extensive literature search was conducted on February 1st, 2023, and
later updated in October 2024 in PubMed and Web Of Science in accor-
dance with the Cochrane Handbook of Systematic reviews using the search
terms “molecular tumor board” OR “molecular tumor board” OR “precision
medicine tumor board” OR “precision medicine tumor board” to identify all
articles published between January Ist, 2020 and January 31st, 2024.
Interventional or observational studies based on primary data on MTBs
reporting outcomes of clinical, economic or any other impact published in
English were included. Additionally, previous systematic reviews and
references were combed through to identify any missed articles. Studies
involving <50 patients, with molecular profiling based on <300 genes and
focus on acute hematological cancer patients were excluded.

Title and abstract screening followed by full text screening were con-
ducted by two reviewers (JB and PB) and discrepancies sorted out through
discussion with MTB experts (PM, MB). The researchers were not blinded
to study authors or location. Data from included articles were entered onto a
standardized pre-formatted data sheet, cross-verified, and inconsistencies
sorted out by consensus. Data related to publication, target population,

Odds Ratio OR 95%-Cl Weight
. = 2.50 [1.50; 4.20] 64.8%
— 3.92 [1.82; 8.49] 29.0%

——'7 4.80 [0.90; 25.00] 6.2%

2.97 [1.44; 6.09] 100.0%
[1.19; 7.37]

Heterogeneity: 12 = 0.0%, p = 0.5354 '
0.1

Fig. 7 | Forest plot of odds ratio of disease control rates among patients on MTB-
recommended therapy as compared to the comparison group. The point and the
horizontal line represent the observed study estimate and its confidence interval. The
size of the gray square box varies according to the weightage given to the estimate.

T I |
051 2 10

The gray diamond represents the pooled estimate, and its length symbolizes its
confidence interval. The vertical reference line indicates no effect. The red line
represents the prediction interval.
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study design, MTB-recommended therapy, follow-up, clinical outcomes
and comparison of outcome measures were extracted.

Data synthesis and meta-analysis

Primary outcomes were objective response rate (ORR), disease control rate
(DCR), overall survival (OS) and progression free survival (PES). ORR was
defined as percentage of patients who achieved partial (PR) or complete
response (CR) among patients receiving MTB-directed therapy. DCR was
defined as percentage of patients who achieved stable disease (SD), partial
response (PR), or complete response (CR) among patients receiving MTB-
directed therapy. Variance estimates were calculated for the outcome
measures whenever possible. Pooled estimates of outcome measures were
obtained using random effects meta-analysis and heterogeneity studied
using I-squared statistic when outcome or effect measures were available for
3 or more studies. Adjusted and unadjusted hazard ratios (HR) were log
transformed for meta-analysis. The rates are presented as median and inter
quartile range (IQR). The effect measures in the form of HR, odds ratio (OR)
or rate ratio (RR) are presented as the estimate with 95% confidence
intervals (CI). Heterogeneity was assessed using I-squared (I2). One study
was excluded from the analysis of effect measures in comparison to the
control group since the comparison group included patients on existing
standard therapies, which was excluded for the MTB cohort”. Quality of
eligible studies were assessed using Joanna Briggs quality assessment criteria
(JBI)** adapted to studies reporting outcomes from MTB-based data. Ethical
approval was not required as all data are based on published studies. All
statistical analyses were carried out using Stata version 15.1".

Data availability
The datasets used in the current study as well as the codes used for meta-
analysis are available from the corresponding author on reasonable request.
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