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• As of late 2025, approximately 48 % of all FDA-approved oncology drugs require molecular profiling
• Precision oncology continues to expand, with biomarker-driven approvals and guideline updates shaping 

treatment strategies across cancer types.
• NGS-based assays, including tissue and blood-based, are central to identifying actionable genomic 

alterations.
• Blood-based methods are highlighted as emerging for early cancer detection and longitudinal disease 

monitoring.
• The landscape of precision oncology includes non-traditional biomarkers and complex genomic signatures 

beyond simple single-gene mutations.
• Expanded indications for targeted agents across tumour types underscore the need for comprehensive 

molecular profiling at diagnosis.
• NGS enables detection and anticipation of treatment resistance, informing adaptive therapeutic strategies.
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INCIDENCE AND EPIDEMIOLOGY

Details on incidence and epidemiology are covered in the
Supplementary Material Section 1, available at https://doi.
org/10.1016/j.annonc.2022.12.009.

DIAGNOSIS, PATHOLOGY AND MOLECULAR BIOLOGY

Diagnostic procedures

Details on diagnostic procedures are covered in the
SupplementaryMaterial Section2, available at https://doi.org/
10.1016/j.annonc.2022.12.009. See Supplementary Figure S1,
available at https://doi.org/10.1016/j.annonc.2022.12.009 for
a flow chart on diagnosis and testing biopsy/cytology samples
in stage IV non-small-cell lung cancer (NSCLC).

Pathology and molecular biology

Biomarker testing is essential to identify subgroups of NSCLC
with oncogenic drivers that can be therapeutically targeted.
These drivers are mainly found in lung adenocarcinomas
(LUADs). Demonstration of the specific molecular alteration
is necessary to tailor treatmentwith the appropriate targeted

therapy. The frequency of oncogenic drivers in NSCLC as well
as general discussion of testing strategy and methodology,
including the use of liquid biopsies, can be found in the
Supplementary Material Section 3, available at https://doi.
org/10.1016/j.annonc.2022.12.009.

Many parameters might determine which tests are
required; pre-eminent amongst them is access to appro-
priate drugs.1 Testing is mandatory for oncogenic drivers for
which drugs are approved for routine usage. Broader testing
may be used to support early drug access or clinical trials.2,3

For personalised therapy approaches, European Society for
Medical Oncology (ESMO) Scale for Clinical Actionability of
molecular Targets (ESCAT) classifications4 need to be
considered (Supplementary Table S1, available at https://
doi.org/10.1016/j.annonc.2022.12.009).

Clinically-relevant EGFR gene mutations in NSCLC include
substitutions, deletions and insertions in exons 18-21 that
activate the tyrosine kinase and variably confer sensitivity
or resistance to available epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs) or other drugs.3,5

The most common alterations conferring sensitivity to
first- to third-generation TKIs are the exon 21 L858R sub-
stitution and exon 19 deletion mutations. At a minimum
when resources or material are limited, these mutations
should be evaluated. The next most common alteration is a
large group of exon 20 insertions mostly resistant to current
EGFR TKIs but sensitive to some emerging agents (discussed
in the treatment paragraph including EGFR exon 20 in-
sertions). Other mutations, including in exon 18, variably
sensitise, while some mutations confer resistance and may

*Correspondence to: ESMO Guidelines Committee, ESMO Head Office, Via
Ginevra 4, CH-6900 Lugano, Switzerland
E-mail: clinicalguidelines@esmo.org (ESMO Guidelines Committee).
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NGS as standard testing for advanced disease in NSCLC

• EGFR mutation [I, A]
• ALK rearrangements [I, A]
• ROS1 rearrangements [II, A]
• BRAF V600 mutation [II, A]
• NTRK rearrangements [II, A].
• MET ex14 skip mutations, MET amplifications, RET 

rearrangements, KRAS G12C and HER2 mutations [II, A].
• NGS for molecular testing are preferable [III, A].
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abstract

PURPOSE Metastatic castration-resistant prostate cancer (mCRPC) remains a lethal disease with current
standard-of-care therapies. Homologous recombination repair (HRR) gene alterations, including BRCA1/2
alterations, can sensitize cancer cells to poly (ADP-ribose) polymerase inhibition, which may improve outcomes
in treatment-naı̈ve mCRPC when combined with androgen receptor signaling inhibition.

METHODSMAGNITUDE (ClinicalTrials.gov identifier: NCT03748641) is a phase III, randomized, double-blinded
study that evaluates niraparib and abiraterone acetate plus prednisone (niraparib 1 AAP) in patients with
(HRR1, n 5 423) or without (HRR2, n 5 247) HRR-associated gene alterations, as prospectively determined
by tissue/plasma-based assays. Patients were assigned 1:1 to receive niraparib 1 AAP or placebo 1 AAP. The
primary end point, radiographic progression-free survival (rPFS) assessed by central review, was evaluated first
in the BRCA1/2 subgroup and then in the full HRR1 cohort, with secondary end points analyzed for the full
HRR1 cohort if rPFS was statistically significant. A futility analysis was preplanned in the HRR2 cohort.

RESULTS Median rPFS in the BRCA1/2 subgroup was significantly longer in the niraparib 1 AAP group
compared with the placebo 1 AAP group (16.6 v 10.9 months; hazard ratio [HR], 0.53; 95% CI, 0.36 to 0.79;
P 5 .001). In the overall HRR1 cohort, rPFS was significantly longer in the niraparib 1 AAP group compared
with the placebo1 AAP group (16.5 v 13.7 months; HR, 0.73; 95% CI, 0.56 to 0.96; P5 .022). These findings
were supported by improvement in the secondary end points of time to symptomatic progression and time to
initiation of cytotoxic chemotherapy. In the HRR2 cohort, futility was declared per the prespecified criteria.
Treatment with niraparib 1 AAP was tolerable, with anemia and hypertension as the most reported grade $ 3
adverse events.

CONCLUSION Combination treatment with niraparib 1 AAP significantly lengthened rPFS in patients with
HRR1 mCRPC compared with standard-of-care AAP.

J Clin Oncol 41:3339-3351. © 2023 by American Society of Clinical Oncology

Creative Commons Attribution Non-Commercial No Derivatives 4.0 License

INTRODUCTION

Metastatic castration-resistant prostate cancer (mCRPC)
remains a lethal disease, highlighting a need for new
therapies.1-3 Alterations in homologous recombination
repair (HRR)–associated genes, present in up to ap-
proximately 30% of mCRPC, have been associated with
poor prognosis and resistance to current systemic
therapies.4-8 Deleterious gene alterations, particularly in
BRCA1/2, can sensitize prostate cancer cells to inhibition
of poly (ADP-ribose) polymerase (PARP) through a
mechanism of synthetic lethality.4,9 Inhibition of andro-
gen receptor signaling can also result in downregulated
expression of DNA repair genes and sensitize prostate
cancer cells to PARP inhibition.10,11 Therefore, we hy-
pothesized that targeting both oncogenic pathways
concurrently may improve outcomes in patients with and
without HRR alterations.10,12

Niraparib, a potent and highly selective inhibitor of
PARP-1 and PARP-2, is approved in the United States,
Canada, Europe, and China in select patients for several
indications, including ovarian, fallopian tube, and pri-
mary peritoneal cancers.13-17 In the phase II GALAHAD
trial (ClinicalTrials.gov identifier: NCT02854436), an
objective response rate (ORR) of 34.2% with niraparib
monotherapy as third-line or higher therapy was
achieved in patients with mCRPC, measurable metas-
tases, and BRCA1/2 pathogenic alterations.18 Abirater-
one acetate (AA) plus prednisone (AAP) is a standard
first-line therapy that improves progression-free survival
(PFS) and overall survival (OS) in patients with mCRPC.1

The daily combination dose of niraparib in combination
with AA was established as 200/1,000 mg, respectively,
plus prednisone on the basis of achieving maximum
concentration and area under the curve values within the
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with the placebo1 AAP group (16.5 v 13.7 months; HR, 0.73; 95% CI, 0.56 to 0.96; P5 .022). These findings
were supported by improvement in the secondary end points of time to symptomatic progression and time to
initiation of cytotoxic chemotherapy. In the HRR2 cohort, futility was declared per the prespecified criteria.
Treatment with niraparib 1 AAP was tolerable, with anemia and hypertension as the most reported grade $ 3
adverse events.
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INTRODUCTION

Metastatic castration-resistant prostate cancer (mCRPC)
remains a lethal disease, highlighting a need for new
therapies.1-3 Alterations in homologous recombination
repair (HRR)–associated genes, present in up to ap-
proximately 30% of mCRPC, have been associated with
poor prognosis and resistance to current systemic
therapies.4-8 Deleterious gene alterations, particularly in
BRCA1/2, can sensitize prostate cancer cells to inhibition
of poly (ADP-ribose) polymerase (PARP) through a
mechanism of synthetic lethality.4,9 Inhibition of andro-
gen receptor signaling can also result in downregulated
expression of DNA repair genes and sensitize prostate
cancer cells to PARP inhibition.10,11 Therefore, we hy-
pothesized that targeting both oncogenic pathways
concurrently may improve outcomes in patients with and
without HRR alterations.10,12

Niraparib, a potent and highly selective inhibitor of
PARP-1 and PARP-2, is approved in the United States,
Canada, Europe, and China in select patients for several
indications, including ovarian, fallopian tube, and pri-
mary peritoneal cancers.13-17 In the phase II GALAHAD
trial (ClinicalTrials.gov identifier: NCT02854436), an
objective response rate (ORR) of 34.2% with niraparib
monotherapy as third-line or higher therapy was
achieved in patients with mCRPC, measurable metas-
tases, and BRCA1/2 pathogenic alterations.18 Abirater-
one acetate (AA) plus prednisone (AAP) is a standard
first-line therapy that improves progression-free survival
(PFS) and overall survival (OS) in patients with mCRPC.1

The daily combination dose of niraparib in combination
with AA was established as 200/1,000 mg, respectively,
plus prednisone on the basis of achieving maximum
concentration and area under the curve values within the
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INTRODUCTION

Metastatic castration-resistant prostate cancer (mCRPC)
remains a lethal disease, highlighting a need for new
therapies.1-3 Alterations in homologous recombination
repair (HRR)–associated genes, present in up to ap-
proximately 30% of mCRPC, have been associated with
poor prognosis and resistance to current systemic
therapies.4-8 Deleterious gene alterations, particularly in
BRCA1/2, can sensitize prostate cancer cells to inhibition
of poly (ADP-ribose) polymerase (PARP) through a
mechanism of synthetic lethality.4,9 Inhibition of andro-
gen receptor signaling can also result in downregulated
expression of DNA repair genes and sensitize prostate
cancer cells to PARP inhibition.10,11 Therefore, we hy-
pothesized that targeting both oncogenic pathways
concurrently may improve outcomes in patients with and
without HRR alterations.10,12

Niraparib, a potent and highly selective inhibitor of
PARP-1 and PARP-2, is approved in the United States,
Canada, Europe, and China in select patients for several
indications, including ovarian, fallopian tube, and pri-
mary peritoneal cancers.13-17 In the phase II GALAHAD
trial (ClinicalTrials.gov identifier: NCT02854436), an
objective response rate (ORR) of 34.2% with niraparib
monotherapy as third-line or higher therapy was
achieved in patients with mCRPC, measurable metas-
tases, and BRCA1/2 pathogenic alterations.18 Abirater-
one acetate (AA) plus prednisone (AAP) is a standard
first-line therapy that improves progression-free survival
(PFS) and overall survival (OS) in patients with mCRPC.1

The daily combination dose of niraparib in combination
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phosphatase, and presence of visceral disease at baseline)
in the multivariate model underscores the benefit of nir-
aparib 1 AAP (Data Supplement).

Niraparib 1 AAP showed consistent benefits in the
patient-relevant secondary and exploratory end points
across HRR alterations. In the HRR1 cohort, niraparib
1 AAP delayed TCC (HR, 0.59; 95% CI, 0.39 to 0.89;
P 5 .011; Fig 4A) and TSP (HR, 0.69; 95% CI, 0.47 to
0.99; P 5 .04; Fig 4B), which was also observed in the
BRCA1/2 subgroup (Figs 4C and 4D). At this preplanned
interim analysis, the significance boundary of .0001
(O’Brien-Fleming method) was notmet by either end point.
OS data are immature at this first interim analysis, with
46.3% of the required events for final analysis (Fig 4E; Data
Supplement). The prespecified multivariate analysis of OS,
adjusting for baseline variables, favored the niraparib1 AAP
arm in the HRR1 cohort (0.77; 95% CI, 0.53 to 1.12; Data
Supplement). Additionally, niraparib 1 AAP prolonged time

to PSA progression and led to higher ORR in the HRR1 and
BRCA1/2 groups (Fig 5). Time to PSA progression and
rPFS were strongly correlated, with an overall r 5 0.67
(95% CI, 0.56 to 0.75). In the HRR1 cohort, patient-
reported quality of life (QoL) changes over time between
treatment arms were similar as determined by FACT-P total
score (Data Supplement).

HRR2 cohort. In the futility analysis, 233 HRR2 patients
(niraparib 1 AAP, n 5 117; placebo 1 AAP, n 5 116)
were evaluated for the composite end point of time to PSA
progression and/or rPFS (HR, 1.09; 95% CI, 0.75 to 1.57;
P5 .66; Data Supplement) and the individual end points of
rPFS and time to PSA progression (Data Supplement). On
the basis of the prespecified criteria, futility was declared for
the HRR2 cohort in August 2020, which was closed
to further enrollment on the basis of Independent Data
Monitoring Committee recommendations. All patients in the
HRR2 cohort were unblinded, and patients randomly
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FIG 2. Kaplan-Meier estimates of rPFS. (A) rPFS of the subgroup of patients withBRCA1/2 alterations as assessed by blinded independent central
review. (B) rPFS of the overall HRR1 cohort as assessed by blinded independent central review. (C) Prespecified sensitivity analysis of rPFS of
patients with BRCA1/2 alterations by investigator assessment. (D) rPFS of the overall HRR1 cohort by investigator assessment. AAP, abiraterone
acetate plus prednisone; HR, hazard ratio; HRR, homologous recombination repair; NIRA, niraparib; PBO, placebo; PFS, progression-free
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MAGNITUDE: Niriparib in combination with 
abiraterona in mCRPC

TALAPRO-2 : Talazoparib in combination with 
enzalutamide in mCRPC
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ABSTRACT

ASCO Guidelines provide recommendations with comprehensive review and analyses of the relevant
literature for each recommendation, following the guideline development process as outlined in the
ASCO Guidelines Methodology Manual. ASCO Guidelines follow the ASCO Conflict of Interest Policy
for Clinical Practice Guidelines.
Clinical Practice Guidelines and other guidance (“Guidance”) provided by ASCO is not a compre-
hensive or definitive guide to treatment options. It is intended for voluntary use by clinicians and
should be used in conjunction with independent professional judgment. Guidance may not be
applicable to all patients, interventions, diseases or stages of diseases. Guidance is based on review
and analysis of relevant literature, and is not intended as a statement of the standard of care. ASCO
does not endorse third-party drugs, devices, services, or therapies and assumes no responsibility for
any harm arising fromor related to the use of this information. See complete disclaimer in Appendix 1
and 2 (online only) for more.

PURPOSE To evaluate evidence on germline and somatic genomic testing for patients
with metastatic prostate cancer and provide recommendations.

METHODS A systematic review by a multidisciplinary panel with patient represen-
tation was conducted. The PubMed database was searched from January
2018 to May 2024. Articles were selected for inclusion if they reported on
patients with metastatic prostate cancer who received a germline or so-
matic genomic test and/or made comparisons between those tests, re-
ported detection rates, prognostic information, or treatment implications.

RESULTS A total of 1,713 paperswere identified in the literature search. After applying
the eligibility criteria, 14 remained: eight systematic reviews and six
clinical trials.

RECOMMENDATIONS Patientswithmetastatic prostate cancer should undergo both germline and
somatic DNA sequencing using panel-based assays. These tests can guide
the use of poly(ADP-ribose) polymerase inhibitors, which have a survival
benefit in metastatic castration-resistant prostate cancer. In addition,
germline testing may have screening implications for additional cancers
for patients and cascade testing implications for family members. The data
supporting when to perform repeat testing and optimal tissue type to use
(eg, primary tumor v metastatic biopsy versus circulating tumor DNA
[ctDNA] testing) are more limited, but this panel recommends considering
retesting in patients whose results were previously negative or uninfor-
mative, and to consider either a metastatic biopsy or ctDNA when a sig-
nificant change in clinical status occurs. Next-generation genomic
sequencing findings that are associated with prognostic only (and not
predictive) value should not be used to guide treatment outside of a clinical
trial.
Additional information is available at www.asco.org/genitourinary-
cancer-guidelines.
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were captured for every proposed recommendation alongwith
17 written comments received. A total of 100% of the five
respondents either agreed or agreedwith slightmodifications
to the recommendations and none of the respondents dis-
agreed. Expert Panel members reviewed comments from all
sources and determined whether to maintain original draft
recommendations, revise with minor language changes, or
consider major recommendation revisions.

A guideline implementability review was conducted. Based
on this review, revisions were made to the draft to clarify
recommended actions for clinical practice.

All changeswere incorporated into thefinalmanuscript prior
to ASCO Evidence BasedMedicine Committee (EBMC) review
and approval. All ASCO guidelines are ultimately reviewed
and approved by the Expert Panel and the ASCO EBMC before
submission to the Journal of Clinical Oncology for editorial
review and consideration for publication.

Guideline Updating

The ASCO Expert Panel and guidelines staff will work with
co-chairs to keep abreast of any substantive updates to the
guideline. Based on formal review of the emerging literature,
ASCO will determine the need to update. The ASCO Guide-
lines Methodology Manual (available at www.asco.org/
guideline-methodology) provides additional information
about the guideline update process. This is the most recent
information as of the publication date.

RESULTS

From the trials obtained in this search, the administration of
a poly(ADP-ribose) polymerase (PARP) inhibitor such as
olaparib, talazoparib, niraparib, or rucaparib demonstrated
improvement in radiographic progression-free survival in
patients with metastatic prostate cancer with homologous
recombination deficiency (HRD; Data Supplement, Table S4,
online only). For complete results, Key Outcomes of Interest
are provided in the Data Supplement. The PROfound trial
demonstrated an overall survival benefit of olaparib com-
pared to androgen receptor pathway inhibitor (ARPI) switch
to abiraterone or enzalutamide for patients with metastatic
castration-resistant prostate cancer (mCRPC) with HRD.4

Characteristics of Studies Identified in the
Literature Search

A total of 1,713 papers were identified in the literature search.
After applying the eligibility criteria, 144-17 remained,
comprising eight5-12 systematic reviews and six trials.4,13-17

Those 14 papers form the evidentiary basis for the guideline
recommendations.

The identified trials were published between 2020 and 2024.
The randomized trials compared similar interventions. The

primary outcome for all the trials was progression-free
survival as assessed by radiographic or image-based
means. Characteristics of the included studies are in the
Data Supplement (Table S1a): Characteristics of Studies
Identified in the Search of the Literature: Systematic Re-
views, and the Data Supplement (Table S1b): Characteristics
of Studies Identified in the Search of the Literature: Trials.

Evidence Quality Assessment

The quality of evidence was assessed for each outcome of
interest. This rating includes factors such as study design,
consistency of results, directness of evidence, precision,
publication bias, and magnitude of effect, assessed by one
reviewer. Evidence quality ratings for the outcomes of in-
terest are provided in the Data Supplement (Table S3): Study
Quality Assessment. Refer to Appendix Table A2 for defi-
nitions for the quality of the evidence, and the Methodology
Manual for more information.

Of the six trials,4,13-17 four (TALAPRO-2,13 MAGNITUDE,14

PROpel,15 and PROfound4) were deemed to have a high
certainty level and two (BRCAAWAY and TRITON-316) a
moderate level of certainty. Rationale for the moderate
determination in the two trials was around small sample size
(BRCAAWAY) and blinding and/or concealment (BRCAAWAY
and TRITON3).

Evidence Summary

The evidence base that informed the recommendations
comprised eight5-12 systematic reviews and six trials.4,13-17

When looking at the evidence obtained in totality, the tri-
als showed that the administration of a PARP inhibitor (such
as olaparib, talazoparib, niraparib, or rucaparib) results in
increases in progression-free survival in patients with
mCRPC as measured by radiographic or other imaging
means. The most compelling evidence was found in the
PROFOUND trial, which demonstrated an overall survival
benefit for patients with mCRPC with HRD, for the PARP
inhibitor, olaparib, when compared to ARPI switch to
abiraterone or enzalutamide.4 A consistent observation
across these studies is that the BRCA1/2 alteration subsets
were most predictive of favorable PARP inhibitor outcomes.

RECOMMENDATIONS

All recommendations are available in Table 1.

General Considerations

The recommendations provided in this guideline are pred-
icated on the following:

• The patient has a life expectancy of more than 6 months
• The patient is a candidate for systemic treatment
• Appropriate germline and somatic testing, including ex-

pertise in interpretation, is readily available.

750 | © 2025 by American Society of Clinical Oncology
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Who should receive somatic testing with NGS technologies? 

Those patients with metastatic prostate cancer (both CSPC and CRPC) should undergo somatic testing with NGS. 

Evidence quality: High

Strength of recommendation: Strong

NGS as standard testing for advanced disease. 
From NSCLC to other tumor types
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Median PFS, months (95% CI) 

ALP + FUL (n = 169)    11.0 (7.5–14.5) 

PBO + FUL (n = 172)    5.7 (3.7–7.4) 

PIK3CA-mutant cohort

HR (95% CI) 0.65 (0.50–0.85)
p value 0.00065

1:1, stratified by the presence 
of liver/lung metastases and 

prior CDK4/6 inhibitor 
treatment

Primary endpoint
• PFS in the PIK3CA-mutant 

cohort (locally assessed)

Secondary endpoints include
• OS (PIK3CA-mutant cohort)
• PFS (PIK3CA-non-mutant 

cohort)
• PFS (PIK3CA mutation in 

ctDNA)
• OS (PIK3CA-non-mutant 

cohort)
• ORR/CBR
• Safety

ALP 300 mg q.d. p.o. 
+ FUL 500 mg i.m.a

(n = 169)

PBO 
+ FUL 500 mg i.m.a

(n = 172)

R

PIK3CA-
non-mutant 

cohort
(n = 231)

ALP 300 mg q.d. p.o. 
+ FUL 500 mg i.m.a

(n = 115)

PBO
+ FUL 500 mg i.m.a

(n = 116)

R

Men or postmenopausal 
women with HR+ HER2− 
ABC
• Recurrence/progression 

on/after prior AI 
treatment

• Identified PIK3CA status 
(in archival or fresh tumor 
tissue)

• Measurable disease or
≥ 1 predominantly lytic 
bone lesion

• ECOG performance 
status ≤ 1

(N = 572)

PIK3CA-
mutant 
cohort

(n = 341)

SOLAR-1: Alpelisib in 2L hormone-
sensitive PI3KCAmut HR+ HER2- BC

Turner, NC et al. NEJM 2024

INAVO120: Inavolisib in 1L hormone-
resistant PI3KCAmut HR+ HER2- BC

Turner, NC et al. NEJM 2023

CAPITELLO291: Capivasertib in 2L 
hormone-sensitive PI3K/AKT/PTEN 
altered HR+ HER2- BC

NGS as standard testing for advanced disease. 
From NSCLC to other tumor types

André F, et al. N Engl J Med. 2019;380:1929-40.



Rationale to qualify ESR1m as a predictive biomarker for the use of SERDs

NGS as standard testing for advanced disease. 
From NSCLC to other tumor types

Emerald trial: Elacestrant VERITAC2 trial: 
Vepdegestrant

EMBER3 trial: 
Imlunestrant

evERA trial: 
Giredestrant 

Campone, M et al. NEJM 2025 Jhaveri, KL et al. NEJM 2025 Mayer, EL et al. ESMO 2025Bidard, FC et al. J Clin Oncol 2022

vvvv

SERENA6 trial: 
Camizestrant 

Camizestrant for ESR1m breast cancer during first-line treatment Clinical Trial Protocol

Step one: ESR1m detection phase

1L standard of care treatment with AI (letrozole or anastrozole) +  CDK4/6i (palbociclib or abemaciclib)a

Step two: double-blind, randomized treatment phase

Study treatmenta

Switch to camizestrant
(75 mg OD)

Maintain same CDK4/6i

Add placebo for AI

Randomizationd 1:1 n ≈ 300

Screening (n = 3000)b

Key inclusion criteria

Histologically confirmed
HR+/HER2- ABC

Received ≥6 months of 1L AI
(letrozole or anastrozole)
plus CDK4/6i (palbociclib or
abemaciclib) therapy for
ABC with no evidence of 
disease progression
ECOG PS of 0 or 1

No prior exposure to
camizestrant, fulvestrant or
an investigational endocrine
therapy (in any setting)

Tumor imaging per standard
of care

Centrally tested plasma
ctDNA for ESR1 status

ESR1m

ESR1m surveillance

Every 2–3 treatment
cycles

Second screeningc

ESR1m detected by central
testing of ctDNA

Evaluable disease

No evidence of disease
progression by investigator
assessment
ECOG PS of 0 or 1

Adequate organ and marrow
function

Continue AI
Maintain same CDK4/6i

Add placebo for
camizestrantNegative Positive

Discontinuation upon
disease progression

•

•

•

•

•

•

•

•

•

Key inclusion criteria

Figure 2. SERENA-6 trial schema.
aPremenopausal/perimenopausal women or male participants (if medically indicated) receive a concurrent monthly
luteinizing-hormone-releasing hormone agonist (goserelin or leuprorelin).
bPatients who are screen failures for STEP 1 can be rescreened.
cPatients who are screen failures for STEP 2 can be rescreened after consultation with the Global Study Team.
dRandomization will be stratified by: disease site (visceral disease vs non-visceral disease); ESR1m status (detectable at
first versus subsequent ctDNA tests); time from initiation of CDK4/6i + AI to randomization (<18 months vs ≥18
months); CDK4/6i.
1L: First-line; ABC: Advanced breast cancer; AI: Aromatase inhibitor; CDK4/6i: Inhibitor of cyclin-dependent kinase
4/6; ctDNA: Circulating tumor DNA; ECOG: Eastern Cooperative Oncology Group; ESR1m: Estrogen receptor 1 gene
mutation; HER2-: Human epidermal growth factor receptor 2-negative; HR+: Hormone receptor-positive; OD: Once
daily; PS: Performance status.

camizestrant dose reduction [46,47]. No clinically significant drug–drug interactions have been observed when
camizestrant 75 mg is dosed with palbociclib or abemaciclib [46,47].

Across SERENA-1 and SERENA-2, low grade AEs of visual effects and heart rate reduction were reported, and are
known to be associated with camizestrant [46–49,52]. In SERENA-1, all possibly camizestrant-related (investigator-
assessed) AEs of visual effects and heart rate reduction with camizestrant 75 mg as either monotherapy or in
combination with palbociclib or abemaciclib were Grade 1 (visual effects that do not interfere with activities of
daily living and asymptomatic heart rate decrease), except in three patients who experienced Grade 2 visual effects
that resolved without dose reduction (one patient treated with camizestrant plus palbociclib and two patients treated
with camizestrant plus abemaciclib) [46–48]. Ophthalmological review of patients reporting visual effects yielded no
evidence of physical abnormalities [48].

Design
Study design
SERENA-6 (NCT04964934) is a ctDNA-guided phase III, randomized, double-blind study that examines the
efficacy and safety of switching the endocrine therapy partner of CDK4/6i therapy from an AI to camizestrant when
ESR1m is detected in ctDNA, but before clinical or radiological disease progression as per investigator assessment.
The study has two steps, as summarized in Figure 2.

In STEP ONE, patients who had received an AI plus CDK4/6i for at least 6 months are screened for the first
set of inclusion and exclusion criteria (Table 2). Those who are eligible are tested for the presence of ESR1m in
ctDNA every 2–3 treatment cycles (8–12 weeks) while continuing to receive SOC first-line therapy (an AI plus a
CDK4/6i). In STEP ONE, continuous ctDNA monitoring will occur until disease progression is detected. At this
point, the patient will either discontinue standard first-line treatment and exit the study, or ESR1m is detected, at

future science group www.futuremedicine.com 565

Bidard, FC et al. NEJM 2025
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PFMG2025–integrating genomic medicine into the national
healthcare system in France
PFMG2025 contributorsa

Summary
Integrating genomic medicine into healthcare systems is a health policy challenge that requires continuously
transferring scientific advances into clinics and ensuring equal access for patients. France was one of the first
countries to integrate genome sequencing into clinical practice at a nationwide level, with the ambition to provide
more accurate diagnostics and personalized treatments. Since 2016, the French government has invested €239M in
the 2025 French Genomic Medicine Initiative (PFMG2025) which has so far focused on patients with rare diseases
(RD), cancer genetic predisposition (CGP) and cancers. PFMG2025 has addressed numerous challenges to set up an
operational organizational framework. As of December the 31st 2023, 12,737 results were returned to prescribers for
RD/CGP patients (median delivery time: 202 days, diagnostic yield: 30.6%) and 3109 for cancer patients (median
delivery time: 45 days). PFMG2025’s future priorities encompass ensuring economic sustainability, strengthening
links with research, empowering patients and practitioners, and fostering collaborations with European partners.

Funding As of December the 31st 2023, €239M have been invested by the French government.

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Genomic medicine; PFMG2025; French genomic medicine initiative; Rare diseases; Cancer
predisposition; Cancers; Genome sequencing

Introduction
Several genomic characterization programs at a popu-
lation level, funded either exclusively through public
grants or a mix of public and private funding, were set
up from the 2010s with the aim of identifying the ge-
netic determinants of human diseases by sequencing
healthy participants or clinical cohorts.1–5 Although most
of these programs considered the integration of
personalized medicine into their healthcare system as a
goal, only a minority of them have achieved this so far
(UK, Sweden, Denmark).2 The clinical aims are to pro-
vide more accurate and timely diagnostics, strengthen
prevention and improve patient outcome by the devel-
opment of targeted treatments. In 2015, the French
National Alliance for Life Sciences and Health (Aviesan)
was commissioned by the French government to launch
in 2016 the 2025 French Genomic Medicine Initiative
(Plan France Médecine Génomique 2025–PFMG2025).
The ambitions of this initiative were to integrate
genomic medicine into the healthcare system within a
research-care continuum, by ensuring the transfer of
scientific advances to the clinic, and to provide fair

access to innovation for all patients nationwide.6

Whereas several national genomics programs were
initially based on large translational research programs
with secondary transfer to patient care, its original
approach was to directly implement genomic medicine
in clinical practice and to make healthcare data available
for research purposes. PFMG2025 revolved therefore
around four main objectives: (i) implementing genome
sequencing (GS) in clinical practice, (ii) providing
therapeutic benefits for patients through a comprehen-
sive exploration of diseases, (iii) developing the capacity
to handle massive datasets in the routine and research
settings, and (iv) addressing ethical and socio-economic
challenges. France has opted for GS rather than exome
sequencing (ES) because it is a more comprehensive
approach in the clinical as well as in the research
setting, and gradual reduction in costs has made it more
affordable. This initiative encompassed specific in-
frastructures: (i) a reference center for innovation,
assessment, and transfer (CRefIX); (ii) a network of GS
clinical laboratories (FMGlabs) and prescribers capable
of phenotyping, sampling, sequencing, providing clin-
ical interpretation and returning results of thousands of
genomes per year; and (iii) a national facility for secure
data storage and intensive calculation (Collecteur Analy-
seur de Données–CAD). The first years of the initiative
focused on patients with rare diseases/cancer genetic
predisposition (RD/CGP) and cancers (liquid and solid

aList of authors: Appendix 2–5.
For the French translation of the abstract see Supplementary materials
section.
*Corresponding author. Institut Thématique – Technologies pour la
Santé, Inserm, BIOPARK, 8, rue de la croix Jarry, Paris 75013, France.
E-mail address: christel.thauvin@inserm.fr (C. Thauvin-Robinet).
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Summary
Integrating genomic medicine into healthcare systems is a health policy challenge that requires continuously
transferring scientific advances into clinics and ensuring equal access for patients. France was one of the first
countries to integrate genome sequencing into clinical practice at a nationwide level, with the ambition to provide
more accurate diagnostics and personalized treatments. Since 2016, the French government has invested €239M in
the 2025 French Genomic Medicine Initiative (PFMG2025) which has so far focused on patients with rare diseases
(RD), cancer genetic predisposition (CGP) and cancers. PFMG2025 has addressed numerous challenges to set up an
operational organizational framework. As of December the 31st 2023, 12,737 results were returned to prescribers for
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healthy participants or clinical cohorts.1–5 Although most
of these programs considered the integration of
personalized medicine into their healthcare system as a
goal, only a minority of them have achieved this so far
(UK, Sweden, Denmark).2 The clinical aims are to pro-
vide more accurate and timely diagnostics, strengthen
prevention and improve patient outcome by the devel-
opment of targeted treatments. In 2015, the French
National Alliance for Life Sciences and Health (Aviesan)
was commissioned by the French government to launch
in 2016 the 2025 French Genomic Medicine Initiative
(Plan France Médecine Génomique 2025–PFMG2025).
The ambitions of this initiative were to integrate
genomic medicine into the healthcare system within a
research-care continuum, by ensuring the transfer of
scientific advances to the clinic, and to provide fair

access to innovation for all patients nationwide.6

Whereas several national genomics programs were
initially based on large translational research programs
with secondary transfer to patient care, its original
approach was to directly implement genomic medicine
in clinical practice and to make healthcare data available
for research purposes. PFMG2025 revolved therefore
around four main objectives: (i) implementing genome
sequencing (GS) in clinical practice, (ii) providing
therapeutic benefits for patients through a comprehen-
sive exploration of diseases, (iii) developing the capacity
to handle massive datasets in the routine and research
settings, and (iv) addressing ethical and socio-economic
challenges. France has opted for GS rather than exome
sequencing (ES) because it is a more comprehensive
approach in the clinical as well as in the research
setting, and gradual reduction in costs has made it more
affordable. This initiative encompassed specific in-
frastructures: (i) a reference center for innovation,
assessment, and transfer (CRefIX); (ii) a network of GS
clinical laboratories (FMGlabs) and prescribers capable
of phenotyping, sampling, sequencing, providing clin-
ical interpretation and returning results of thousands of
genomes per year; and (iii) a national facility for secure
data storage and intensive calculation (Collecteur Analy-
seur de Données–CAD). The first years of the initiative
focused on patients with rare diseases/cancer genetic
predisposition (RD/CGP) and cancers (liquid and solid
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Fig. 1: Major hallmarks of the framework for genomic medicine in France. (A) PFMG2025 organization: Overview of the PFMG2025 initiative
in a research-care continuum (left). The interactions between the 3 main specific infrastructures are illustrated, with diagnostic reports sent
from the two first FMGlabs (AURAGEN and SeqOIA) to patients for diagnosis and/or personalized treatment, data transfer to the national
facility for secure data storage and intensive calculation (Collecteur Analyseur de Données–CAD) for research with the technical support of the
reference center for innovation, assessment, and transfer (CRefIX). Several working groups dedicated to ethical, legal and society issues, medico-
economic evaluation, training and education, industries, communication, international affairs were set up. Four pilot research projects were
launched, in research settings. The genomic healthcare pathway from prescription to delivery of the result to the patient (right). The genomic
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Fig. 2: Diagnostic yield in patients with rare diseases and cancer genetics (RD/CGP) and somatic variants in cancers. (A) Diagnostic yields
(purple) and VUS levels (mauve) presented per subgroup of RD/CGP pre-indications, after exclusion of subgroups with less than 100 patients;
(CNS: central nervous system disorders, MND: malformations and/or neurodevelopmental disorders, IAI: immunological and autoinflammatory
diseases). (B) Retrospective study of the first 2734 consecutive prescriptions for RD/CGP: Diagnostic yields (purple) and VUS levels (mauve)
regarding the number of individuals sequenced in a family (solo, duo, trio and four and more). (C) Retrospective study of the first 2734
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• 3109 results were returned to 
prescribers, resulting in a rate of
92.3% on 2023. 

• This number increased 
significantly between 2022-2023
(+45.4%). 

NGS as standard testing for advanced disease in NSCLC



Perioperative NSCLC trials show early-stage outcomes are now biomarker- and timing-dependent 

Moving timing for NGS testing to early stage cancer
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BACKGROUND
Platinum-based chemotherapy is the recommended adjuvant treatment for patients 
with resectable, ALK-positive non–small-cell lung cancer (NSCLC). Data on the ef-
ficacy and safety of adjuvant alectinib as compared with chemotherapy in patients 
with resected ALK-positive NSCLC are lacking.

METHODS
We conducted a global, phase 3, open-label, randomized trial in which patients with 
completely resected, ALK-positive NSCLC of stage IB (tumors ≥4 cm), II, or IIIA (as clas-
sified according to the seventh edition of the Cancer Staging Manual of the American Joint 
Committee on Cancer and Union for International Cancer Control) were randomly 
assigned in a 1:1 ratio to receive oral alectinib (600 mg twice daily) for 24 months 
or intravenous platinum-based chemotherapy in four 21-day cycles. The primary end 
point was disease-free survival, tested hierarchically among patients with stage II or 
IIIA disease and then in the intention-to-treat population. Other end points included 
central nervous system (CNS) disease–free survival, overall survival, and safety.

RESULTS
In total, 257 patients were randomly assigned to receive alectinib (130 patients) or 
chemotherapy (127 patients). The percentage of patients alive and disease-free at 
2 years was 93.8% in the alectinib group and 63.0% in the chemotherapy group 
among patients with stage II or IIIA disease (hazard ratio for disease recurrence 
or death, 0.24; 95% confidence interval [CI], 0.13 to 0.45; P<0.001) and 93.6% and 
63.7%, respectively, in the intention-to-treat population (hazard ratio, 0.24; 95% 
CI, 0.13 to 0.43; P<0.001). Alectinib was associated with a clinically meaningful 
benefit with respect to CNS disease–free survival as compared with chemotherapy 
(hazard ratio for CNS disease recurrence or death, 0.22; 95% CI, 0.08 to 0.58). Data 
for overall survival were immature. No unexpected safety findings were observed.

CONCLUSIONS
Among patients with resected ALK-positive NSCLC of stage IB, II, or IIIA, adjuvant 
alectinib significantly improved disease-free survival as compared with platinum-
based chemotherapy. (Funded by F. Hoffmann–La Roche; ALINA ClinicalTrials.gov 
number, NCT03456076.)
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CNS disease recurrence or death was 0.22 (95% 
CI, 0.08 to 0.58) in favor of alectinib (Fig. 3). After 
disease recurrence, at least one subsequent treat-
ment was given to 13 patients in the alectinib 
group and 43 patients in the chemotherapy group 
(Table S4), most frequently alectinib (4 patients 
and 29 patients, respectively).

At the data-cutoff date, data for overall sur-
vival were immature, with a 2.3% event–patient 
ratio; six events (deaths) were included in the 
analysis of overall survival: two in the alectinib 

group and four in the chemotherapy group. An 
additional patient in the chemotherapy group died, 
but data for this patient were censored owing to 
incomplete date of death recorded.

 Safety
The safety-evaluable population included 128 pa-
tients who received alectinib and 120 patients 
who received chemotherapy. The median duration 
of treatment for the safety-evaluable population 
was 23.9 months with alectinib and 2.1 months 

Figure 1. Disease-free Survival among Patients with Stage II or IIIA Disease and in the Intention-to-Treat Population.

The intention-to-treat population included patients with stage IB, II, or IIIA disease who had undergone randomization. Disease staging 
was based on the seventh edition of the Cancer Staging Manual of the American Joint Committee on Cancer and Union for International 
Cancer Control (AJCC–UICC). The widths of the confidence intervals (indicated by shaded areas) have not been adjusted for multiplicity 
and may not be used in place of hypothesis testing. Tick marks indicate censored data. NE denotes could not be estimated.
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BACKGROUND
Among patients with resected, epidermal growth factor receptor (EGFR)–mutated, 
stage IB to IIIA non–small-cell lung cancer (NSCLC), adjuvant osimertinib therapy, 
with or without previous adjuvant chemotherapy, resulted in significantly longer 
disease-free survival than placebo in the ADAURA trial. We report the results of 
the planned final analysis of overall survival.

METHODS
In this phase 3, double-blind trial, we randomly assigned eligible patients in a 1:1 
ratio to receive osimertinib (80 mg once daily) or placebo until disease recurrence 
was observed, the trial regimen was completed (3 years), or a discontinuation crite-
rion was met. The primary end point was investigator-assessed disease-free survival 
among patients with stage II to IIIA disease. Secondary end points included dis-
ease-free survival among patients with stage IB to IIIA disease, overall survival, 
and safety.

RESULTS
Of 682 patients who underwent randomization, 339 received osimertinib and 343 
received placebo. Among patients with stage II to IIIA disease, the 5-year overall 
survival was 85% in the osimertinib group and 73% in the placebo group (overall 
hazard ratio for death, 0.49; 95.03% confidence interval [CI], 0.33 to 0.73; P<0.001). 
In the overall population (patients with stage IB to IIIA disease), the 5-year overall 
survival was 88% in the osimertinib group and 78% in the placebo group (overall 
hazard ratio for death, 0.49; 95.03% CI, 0.34 to 0.70; P<0.001). One new serious 
adverse event, pneumonia related to coronavirus disease 2019, was reported after 
the previously published data-cutoff date (the event was not considered by the in-
vestigator to be related to the trial regimen, and the patient fully recovered). Ad-
juvant osimertinib had a safety profile consistent with that in the primary analysis.

CONCLUSIONS
Adjuvant osimertinib provided a significant overall survival benefit among patients 
with completely resected, EGFR-mutated, stage IB to IIIA NSCLC. (Funded by Astra-
Zeneca; ADAURA ClinicalTrials.gov number, NCT02511106.)
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not started a first subsequent treatment or died 
(Fig. 4). The median time to first subsequent treat-
ment or death in the placebo group was 34.7 
months (95% CI, 28.8 to 44.6). The hazard ratio 
for first subsequent treatment or death in the over-
all population was 0.28 (95% CI, 0.22 to 0.35).

Safety

At the final analysis of disease-free survival 
data, when all patients had completed or discon-
tinued the trial regimen, an updated safety 
analysis was published26,28; the safety profile of 
osimertinib with extended follow-up26,28 was 

Figure 1. Overall Survival among Patients with Stage II to IIIA Disease and in the Overall Population.

Panel A shows the Kaplan–Meier estimates of overall survival among patients with stage II to IIIA disease. Panel B 
shows the Kaplan–Meier estimates of overall survival in the overall population of patients with stage IB to IIIA dis-
ease. The median duration of follow-up for overall survival in patients with stage II to IIIA disease whose data were 
censored was 61.7 months (range, 0 to 82) in the osimertinib group and 60.4 months (range, 1 to 86) in the placebo 
group. The median duration of follow-up for overall survival in censored patients in the overall population whose 
data were censored was 61.5 months (range, 0 to 82) in the osimertinib group and 61.5 months (range, 1 to 86) in 
the placebo group. At this final analysis of overall survival, a two-sided P value of less than 0.0497 was considered 
to indicate statistical significance. Tick marks indicate censored data. Data for patients not known to have died at 
the time of the analysis were censored at the last recorded date on which the patient was known to be alive.
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BACKGROUND
Standard treatment with neoadjuvant nivolumab plus chemotherapy significantly 
improves outcomes in patients with resectable non–small-cell lung cancer (NSCLC). 
Perioperative treatment (i.e., neoadjuvant therapy followed by surgery and adjuvant 
therapy) with nivolumab may further improve clinical outcomes.

METHODS
In this phase 3, randomized, double-blind trial, we assigned adults with resectable 
stage IIA to IIIB NSCLC to receive neoadjuvant nivolumab plus chemotherapy or 
neoadjuvant chemotherapy plus placebo every 3 weeks for 4 cycles, followed by 
surgery and adjuvant nivolumab or placebo every 4 weeks for 1 year. The primary 
outcome was event-free survival according to blinded independent review. Secondary 
outcomes were pathological complete response and major pathological response ac-
cording to blinded independent review, overall survival, and safety.

RESULTS
At this prespecified interim analysis (median follow-up, 25.4 months), the percent-
age of patients with 18-month event-free survival was 70.2% in the nivolumab 
group and 50.0% in the chemotherapy group (hazard ratio for disease progression 
or recurrence, abandoned surgery, or death, 0.58; 97.36% confidence interval [CI], 
0.42 to 0.81; P<0.001). A pathological complete response occurred in 25.3% of the 
patients in the nivolumab group and in 4.7% of those in the chemotherapy group 
(odds ratio, 6.64; 95% CI, 3.40 to 12.97); a major pathological response occurred 
in 35.4% and 12.1%, respectively (odds ratio, 4.01; 95% CI, 2.48 to 6.49). Grade 3 
or 4 treatment-related adverse events occurred in 32.5% of the patients in the 
nivolumab group and in 25.2% of those in the chemotherapy group.

CONCLUSIONS
Perioperative treatment with nivolumab resulted in significantly longer event-free 
survival than chemotherapy in patients with resectable NSCLC. No new safety signals 
were observed. (Funded by Bristol Myers Squibb; CheckMate 77T ClinicalTrials.gov 
number, NCT04025879.)

A BS TR AC T

Perioperative Nivolumab  
in Resectable Lung Cancer

T. Cascone, M.M. Awad, J.D. Spicer, J. He, S. Lu, B. Sepesi, F. Tanaka, J.M. Taube, 
R. Cornelissen, L. Havel,* N. Karaseva, J. Kuzdzal, L.B. Petruzelka, L. Wu, 
J.-L. Pujol, H. Ito, T.-E. Ciuleanu, L. de Oliveira Muniz Koch, A. Janssens, 

A. Alexandru, S. Bohnet, F.V. Moiseyenko, Y. Gao, Y. Watanabe, 
C. Coronado Erdmann, P. Sathyanarayana, S. Meadows-Shropshire, S.I. Blum, 

and M. Provencio Pulla, for the CheckMate 77T Investigators†  

Original Article

CME

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org on February 15, 2026. 

 Copyright © 2024 Massachusetts Medical Society. All rights reserved, including those for text and data mining, AI training, and similar technologies.

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 390;19 nejm.org May 16/23, 20241756

The authors’ full names, academic de-
grees, and affiliations are listed in the Ap-
pendix. Dr. Cascone can be contacted at 
 tcascone@  mdanderson . org or at the Uni-
versity of Texas M.D. Anderson Cancer 
Center, 1515 Holcombe Blvd., Unit 432, 
Houston, TX 77030.

*Deceased.

†A complete list of the CheckMate 77T 
investigators is provided in the Supple-
mentary Appendix, available at NEJM.org.

This article was updated on May 16, 2024, 
at NEJM.org.

N Engl J Med 2024;390:1756-69.
DOI: 10.1056/NEJMoa2311926
Copyright © 2024 Massachusetts Medical Society.

BACKGROUND
Standard treatment with neoadjuvant nivolumab plus chemotherapy significantly 
improves outcomes in patients with resectable non–small-cell lung cancer (NSCLC). 
Perioperative treatment (i.e., neoadjuvant therapy followed by surgery and adjuvant 
therapy) with nivolumab may further improve clinical outcomes.

METHODS
In this phase 3, randomized, double-blind trial, we assigned adults with resectable 
stage IIA to IIIB NSCLC to receive neoadjuvant nivolumab plus chemotherapy or 
neoadjuvant chemotherapy plus placebo every 3 weeks for 4 cycles, followed by 
surgery and adjuvant nivolumab or placebo every 4 weeks for 1 year. The primary 
outcome was event-free survival according to blinded independent review. Secondary 
outcomes were pathological complete response and major pathological response ac-
cording to blinded independent review, overall survival, and safety.

RESULTS
At this prespecified interim analysis (median follow-up, 25.4 months), the percent-
age of patients with 18-month event-free survival was 70.2% in the nivolumab 
group and 50.0% in the chemotherapy group (hazard ratio for disease progression 
or recurrence, abandoned surgery, or death, 0.58; 97.36% confidence interval [CI], 
0.42 to 0.81; P<0.001). A pathological complete response occurred in 25.3% of the 
patients in the nivolumab group and in 4.7% of those in the chemotherapy group 
(odds ratio, 6.64; 95% CI, 3.40 to 12.97); a major pathological response occurred 
in 35.4% and 12.1%, respectively (odds ratio, 4.01; 95% CI, 2.48 to 6.49). Grade 3 
or 4 treatment-related adverse events occurred in 32.5% of the patients in the 
nivolumab group and in 25.2% of those in the chemotherapy group.

CONCLUSIONS
Perioperative treatment with nivolumab resulted in significantly longer event-free 
survival than chemotherapy in patients with resectable NSCLC. No new safety signals 
were observed. (Funded by Bristol Myers Squibb; CheckMate 77T ClinicalTrials.gov 
number, NCT04025879.)

A BS TR AC T

Perioperative Nivolumab  
in Resectable Lung Cancer

T. Cascone, M.M. Awad, J.D. Spicer, J. He, S. Lu, B. Sepesi, F. Tanaka, J.M. Taube, 
R. Cornelissen, L. Havel,* N. Karaseva, J. Kuzdzal, L.B. Petruzelka, L. Wu, 
J.-L. Pujol, H. Ito, T.-E. Ciuleanu, L. de Oliveira Muniz Koch, A. Janssens, 

A. Alexandru, S. Bohnet, F.V. Moiseyenko, Y. Gao, Y. Watanabe, 
C. Coronado Erdmann, P. Sathyanarayana, S. Meadows-Shropshire, S.I. Blum, 

and M. Provencio Pulla, for the CheckMate 77T Investigators†  

Original Article

CME

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org on February 15, 2026. 

 Copyright © 2024 Massachusetts Medical Society. All rights reserved, including those for text and data mining, AI training, and similar technologies.

n engl j med 390;19 nejm.org May 16/23, 20241762

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

7 col
36p6

7 col
474 pt

P
er

ce
n

ta
g

e 
o

f 
P

at
ie

n
ts

100

80

90

70

60

40

30

10

50

20

0
0 6 12 15 18 21 2724 

Months

B Subgroup Analyses for Event-free Survival

A Event-free Survival

Hazard ratio for disease
progression or death,
0.58 (97.36% CI, 0.42–0.81)

P<0.001

Nivolumab
Chemotherapy

229
232

173
165

3

208
204

141
118

9

157
138

134
106

115
78

89
59

46
29

30

20
19

33

7
10

36

4
6

39

2
1

42

0
0

69
44

Nivolumab
Chemotherapy

229
232

NR (28.9–NR)
18.4 (13.6–28.1)

No. of
Patients

Median Event-free
Survival (95% CI)

No. at Risk

Nivolumab

Chemotherapy

mo

0.5000.250 1.000 2.000 4.000

Chemotherapy
Better

Nivolumab
Better

Overall
Age

<65 yr
≥65 yr

Sex
Male
Female

Geographic region
North America
Europe
Asia

ECOG performance-status score 
0
1

Baseline disease stage
II
III

Node stage
N0
N1
N2

Single-station
Multistation

Tumor histology
Squamous
Nonsquamous

Smoking status
Current or former smoker
Never smoked

Tumor PD-L1 expression
<1%
≥1%

1–49%
≥50%

Neoadjuvant platinum chemotherapy
Cisplatin
Carboplatin

Nivolumab
(N=229)

No. of
Patients  

Unstratified Hazard Ratio for Disease Progression or Death
(95% CI)Median Event-free Survival

Chemotherapy
(N=232)

Subgroup

mo
461

69

0.125

0.59 (0.44–0.79)NR (28.9–NR) 18.4 (13.6–28.1)

NR (13.2–NR) 0.43 (0.21–0.88)

202 NR (24.4–NR) 0.55 (0.36–0.85)16.7 (11.0–28.2) 
259 NR (28.9–NR) 0.61 (0.41–0.91)20.1 (11.2–NR)

327 NR (28.9–NR) 0.53 (0.37–0.75)16.7 (10.2–NR)
134 30.2 (19.7–NR) 0.71 (0.41–1.20)18.8 (14.7–35.1)

44 30.2 (7.9–NR) 0.59 (0.25–1.38)9.4 (6.2–22.0)
250 NR (27.0–NR) 0.61 (0.40–0.92)23.7 (15.1–NR)
115 NR (24.2–NR) 0.47 (0.26–0.86)13.9 (8.1–NR)

288 NR (27.0–NR) 0.57 (0.39–0.83)20.1 (12.6–NR)
173 29.0 (22.6–NR) 0.61 (0.39–0.97)17.3 (10.6–35.1)

162 NR (22.6–NR) 0.81 (0.46–1.43)NR (24.2–NR)
297 30.2 (26.9–NR) 0.51 (0.36–0.72)13.4 (9.8–17.7)

167 NR (24.2–NR) 0.80 (0.48–1.32)NR (15.8–NR)
108 NR (24.4–NR) 0.58 (0.29–1.16)28.1 (17.0–NR)
182 30.2 (26.9–NR) 0.46 (0.30–0.70)10.0 (8.1–15.1)
112 30.2 (18.2–NR) 0.49 (0.29–0.84)10.0 (6.5–18.4)

10.0 (8.0–18.8)

234 NR (NR–NR) 0.46 (0.30–0.72)17.0 (10.2–NR)
227 28.9 (21.4–NR) 0.72 (0.49–1.07)18.4 (13.6–28.1)

417 NR (29.0–NR) 0.54 (0.40–0.74)17.0 (11.4–28.1)
44 19.7 (3.7–NR) 1.32 (0.54–3.20)25.0 (13.9–NR)

186 29.0 (21.4–NR) 0.73 (0.47–1.15)19.8 (13.9–NR)
256 NR (28.9–NR) 0.52 (0.35–0.78)15.8 (9.3–35.1)
159 30.2 (20.0–NR) 0.76 (0.46–1.25)28.1 (11.0–NR)
97 NR (NR–NR) 0.26 (0.12–0.55)8.0 (6.3–23.7)

97 27.0 (21.3–NR) 0.61 (0.35–1.08)15.8 (8.8–28.1)
347 NR (29.0–NR) 17.3 (12.6–35.1) 0.53 (0.37–0.75)

73.4
(66.8–78.9)

59.2
(52.2–65.6)

70.2
(63.4–76.0)

50.0
(42.9–56.7)

84.6
(79.1–88.8)

79.9
(73.8–84.7)

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org on February 15, 2026. 

 Copyright © 2024 Massachusetts Medical Society. All rights reserved, including those for text and data mining, AI training, and similar technologies.

Alina trial ADAURA trial CheckMate 77T trial



SPECIAL ARTICLE

Early and locally advanced non-small-cell lung cancer: ESMO Clinical 
Practice Guideline for diagnosis, treatment and follow-up✫

A. Zer1, M.-J. Ahn2, F. Barlesi3, L. Bubendorf4, D. De Ruysscher5,6, P. Garrido7, O. Gautschi8,9, L. E. Hendriks10, 
P. A. Jänne11, K. M. Kerr12, C. Mascaux13, T. Mitsudomi14, S. Peters15, C. Rolfo16, A. Sacher17, S. Senan18, P. Ugalde19 & 
N. B. Leighl17, on behalf of the ESMO Guidelines Committee∗

1Department of Medical Oncology, Rambam Health Care Campus, Rappaport Faculty of Medicine, Technion-Israel Institute of Technology, Haifa, Israel; 2Samsung 
Medical Center, Sungkyunkwan University School of Medicine, Seoul, South Korea; 3Gustave Roussy, University Paris-Saclay, Villejuif, France; 4Institute of Pathology 
and Medical Genetics, University Hospital Basel, Basel, Switzerland; 5Department of Radiation Oncology (Maastro), Research Institute for Oncology and Reproduction 
(GROW), Maastricht University Medical Center, Maastricht; 6Department of Radiotherapy, Erasmus MC Cancer Institute, University Medical Center, Rotterdam, The 
Netherlands; 7Medical Oncology Department, Hospital Universitario Ramon y Cajal, IRYCIS, Madrid, Spain; 8Department of Oncology, Cantonal Hospital of Lucerne, 
Lucerne; 9Faculty of Medicine, University of Berne, Berne, Switzerland; 10Department of Pulmonary Diseases, Research Institute for Oncology and Reproduction 
(GROW), Maastricht University Medical Center, Maastricht, The Netherlands; 11Lowe Center for Thoracic Oncology, Department of Medical Oncology, Dana-Farber 
Cancer Institute, Boston, USA; 12Department of Pathology, Aberdeen Royal Infirmary, NHS Grampian, Aberdeen, UK; 13Department of Pulmonology, Les Hôpitaux 
Universitaires de Strasbourg, Strasbourg, France; 14Department of Innovative Medicine, Faculty of Medicine, Izumi City General Hospital, Kindai University, Osaka, 
Japan; 15Oncology Department, Centre Hospitalier Universitaire Vaudois (CHUV), Lausanne, Switzerland; 16Division of Medical Oncology, The Arthur G. James 
Comprehensive Cancer Center, Columbus, USA; 17Princess Margaret Cancer Centre, University of Toronto, Toronto, Canada; 18Department of Radiation Oncology, 
Amsterdam University Medical Centres, Vrije University, Amsterdam, The Netherlands; 19Division of Thoracic Surgery, Brigham and Women’s Hospital, Harvard 
Medical School, Boston, USA 

Available online 28 August 2025

Key words: diagnosis, early non-small-cell lung cancer (NSCLC), guideline, staging, treatment

INCIDENCE AND EPIDEMIOLOGY

Every year, >2.2 million people are diagnosed with lung 
cancer and >1.8 million people die of the disease,1 making 
it the leading cause of cancer-related death in men and 
women worldwide. A reduction in male lung cancer mor-
tality, including in some European Union countries, has 
been reported along with reduced smoking rates;2 how-
ever, lung cancer mortality in European women continues 
to rise.2

Tobacco smoking, including second-hand exposure, re-
mains the most important risk factor for lung cancer. Up to 
30% of smokers develop lung cancer, and 90% of all lung 
cancer cases are caused by active smoking or second-hand 
exposure.3,4 Other known risk factors include exposure to 
radon or asbestos, previous radiotherapy (RT) to the lungs 
and air pollution.

There are currently no specific recommendations for 
genetic counselling and germline testing for patients with 

lung cancer. A recent study in the United States, however, 
revealed that ∼15% of patients with lung cancer had 
pathogenic germline variants, most commonly BRCA2, fol-
lowed by CHEK2, ATM, TP53, BRCA1 and germline EGFR 
mutations.5 To date, there are no recommendations for 
lung cancer screening in healthy carriers of these 
mutations.

Screening for lung cancer

Lung cancer screening using low-dose (LD) computed to-
mography (CT) has been implemented in many countries, 
based on the results of the National Lung Screening Trial 
(NLST)6 and the NELSON trial.7 These studies reported a 
relative reduction in lung cancer-related mortality of ≥20% 
in past and current smokers aged 50-74 years with a history 
of ≥15 pack years in the NELSON study and ≥30 pack years 
in the NLST.6,7 LD-CT screening in the NLST increased lung 
cancer diagnosis by a factor of 2.7 and led to a 6.7% 
reduction in all-cause mortality, and in the NELSON trial, 
screening reduced the proportion of lung cancers diag-
nosed at stage IV (lung cancer identified in 0.86% of par-
ticipants). In the United States, where lung cancer 
screening is publicly reimbursed, uptake remains low at 
∼16%.8 Improved implementation strategies and 
screening accuracy with multiomic biomarkers as well as 
identification of risk factors beyond smoking are needed. 

*Correspondence to: ESMO Guidelines Committee, ESMO Head Office, Via 
Ginevra 4, CH-6900 Lugano, Switzerland 

E-mail: clinicalguidelines@esmo.org (ESMO Guidelines Committee). 
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tality, including in some European Union countries, has 
been reported along with reduced smoking rates;2 how-
ever, lung cancer mortality in European women continues 
to rise.2

Tobacco smoking, including second-hand exposure, re-
mains the most important risk factor for lung cancer. Up to 
30% of smokers develop lung cancer, and 90% of all lung 
cancer cases are caused by active smoking or second-hand 
exposure.3,4 Other known risk factors include exposure to 
radon or asbestos, previous radiotherapy (RT) to the lungs 
and air pollution.

There are currently no specific recommendations for 
genetic counselling and germline testing for patients with 

lung cancer. A recent study in the United States, however, 
revealed that ∼15% of patients with lung cancer had 
pathogenic germline variants, most commonly BRCA2, fol-
lowed by CHEK2, ATM, TP53, BRCA1 and germline EGFR 
mutations.5 To date, there are no recommendations for 
lung cancer screening in healthy carriers of these 
mutations.

Screening for lung cancer

Lung cancer screening using low-dose (LD) computed to-
mography (CT) has been implemented in many countries, 
based on the results of the National Lung Screening Trial 
(NLST)6 and the NELSON trial.7 These studies reported a 
relative reduction in lung cancer-related mortality of ≥20% 
in past and current smokers aged 50-74 years with a history 
of ≥15 pack years in the NELSON study and ≥30 pack years 
in the NLST.6,7 LD-CT screening in the NLST increased lung 
cancer diagnosis by a factor of 2.7 and led to a 6.7% 
reduction in all-cause mortality, and in the NELSON trial, 
screening reduced the proportion of lung cancers diag-
nosed at stage IV (lung cancer identified in 0.86% of par-
ticipants). In the United States, where lung cancer 
screening is publicly reimbursed, uptake remains low at 
∼16%.8 Improved implementation strategies and 
screening accuracy with multiomic biomarkers as well as 
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• EGFR testing for stage IB-IIIC NSCLC [I-A].
• ALK testing for resectable stage II-IIIA NSCLC [I-A].
• PD-L1 testing for stage II-III NSCLC being considered for pre- or

perioperative ChT—ICI [IV, A].
• Recommended biomarker testing should be carried out as soon 

as possible as part of the preoperative evaluation [IV, A]. 
• NGS testing can be recommended, if feasible [V, B].

Moving timing for NGS testing to early stage cancer



Molecular classification (POLE-mutated [POLEmut], mismatch repair deficient [MMRd], no 
specific molecular profile [NSMP], or p53-abnormal [p53abn] endometrial
carcinomas) should be done for all types of endometrial carcinoma
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ESGO–ESTRO–ESP guidelines for the management of 
patients with endometrial carcinoma: update 2025
Nicole Concin, Xavier Matias-Guiu, David Cibula, Nicoletta Colombo, Carien L Creutzberg, Jonathan Ledermann, Mansoor Raza Mirza, 
Ignace Vergote, Nadeem R Abu-Rustum, Tjalling Bosse, Cyrus Chargari, Sophie Espenel, Anna Fagotti, Christina Fotopoulou, Sonia Gatius, 
Antonio González-Martin, Sigurd Lax, Bar Levy, Domenica Lorusso, Gabriella Macchia, Christian Marth, Philippe Morice, Ana Oaknin, 
Maria Rosaria Raspollini, Richard Schwameis, Jalid Sehouli, Alina Sturdza, Alexandra Taylor, Anneke Westermann, Pauline Wimberger, 
François Planchamp, Remi A Nout

In 2023, based on advances in the understanding of the pathological and molecular features of endometrial carcinoma, 
an updated International Federation of Gynaecology and Obstetrics (FIGO) staging system was published, aiming to 
better define prognostic groups and identify relevant treatment subgroups by including factors reflecting tumour 
biology (histological subtypes, lymphovascular space invasion, and molecular classification) alongside refinements of 
anatomical factors (peritoneal carcinomatosis and lymph node metastasis). As part of its mission to improve the 
quality of care for people with gynaecological cancers, the European Society of Gynaecological Oncology (ESGO), 
European Society for Radiotherapy and Oncology (ESTRO), and the European Society of Pathology (ESP) updated the 
ESGO–ESTRO–ESP evidence-based guidelines published in 2021 by incorporating this revised FIGO staging and the 
large body of new evidence addressing the management of endometrial carcinoma. The development process of these 
guidelines was based on a systematic literature review and critical appraisal process involving an international 
multidisciplinary development group consisting of 30 experts from relevant disciplines (gynaecological oncology, 
radiation oncology, medical oncology, and pathology). A patient representative was also included. Before publication, 
the guidelines were reviewed by 225 independent international practitioners in cancer care delivery and three patient 
representatives from Asia, Europe, North Africa, North America, the Middle East, and South America to ensure a 
global perspective. These guidelines comprehensively cover diagnosis, management, follow-up, and patient education. 
Management includes surgical and adjuvant therapy according to the stage of the disease, and metastatic and 
recurrent disease. The management algorithms and the principles of radiotherapy and pathological evaluation are 
also defined.

Introduction
Endometrial carcinoma is the sixth most commonly 
diagnosed cancer in females worldwide, with 
417 000 new cases and 97 000 deaths in 2020.1 In Europe, 
the estimated number of new cases of endometrial 
carcinoma was 124 874 in 2022, with 30 272 deaths, and 
the incidence is rising due to the ageing population and 
increasing prevalence of obesity.2–5 Prevalence estimates 
differ substantially between countries and crude 
prevalence is more than two times higher in the highest 
prevalence countries compared with the lowest 
prevalence countries. In early 2020, the EUROCARE-6 
study reported the estimated number of endometrial 
carcinoma survivors in Europe to be 123 000 within the 
past 2 years, 159 000 within the past 2–5 years, and 
650 000 for more than 5 years (long-term survivors).6 
People aged 75 years or older comprised a substantial 
proportion of those living after a diagnosis of 
endometrial carcinoma. The prevalence and risk of 
comorbidities and metabolic syndrome increase with 
age and could be partly responsible for the decline in 
overall survival with age. However, age by itself is 
a prognostic factor; increased age has been associated 
with more aggressive tumour features and is 
independently and causally related to worse oncological 
outcomes.7 Differences in patient characteristics and 
histopathological features of the disease affect patient 
prognosis and the recommended treatment approach.

The European Society of Gynaecological Oncology 
(ESGO), the European Society of Radiotherapy and 
Oncology (ESTRO), and the European Society of 
Pathology (ESP) developed and published guidelines for 
the management of patients with endometrial 
carcinoma in 2021.8 Due to advances in the 
understanding of the pathological and molecular 
features of endometrial carcinoma since the 2009 
International Federation of Gynaecology and Obstetrics 
(FIGO) staging system, it was updated in 2023.9 The 
update aimed to more precisely define prognostic 
groups and identify relevant treatment subgroups by 
including factors that reflect tumour biology 
(histological subtypes, lymphovascular space invasion, 
and molecular classification) and refinements of 
anatomical factors (peritoneal carcinomatosis and 
lymph node metastasis).9 As part of its mission to 
improve the quality of care for people with gynaecological 
cancers, ESGO, ESTRO, and ESP have now updated 
these joint evidence-based guidelines in endometrial 
carcinoma and added new topics to cover comprehensive 
diagnosis, management, follow-up, and patient 
education. These updated guidelines consider the large 
body of new evidence in this field and incorporate the 
revised 2023 FIGO staging, which reflects the improved 
understanding of the complex nature of the different 
types of endometrial carcinoma and their underlying 
biological behaviour.
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ESGO–ESTRO–ESP guidelines for the management of 
patients with endometrial carcinoma: update 2025
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In 2023, based on advances in the understanding of the pathological and molecular features of endometrial carcinoma, 
an updated International Federation of Gynaecology and Obstetrics (FIGO) staging system was published, aiming to 
better define prognostic groups and identify relevant treatment subgroups by including factors reflecting tumour 
biology (histological subtypes, lymphovascular space invasion, and molecular classification) alongside refinements of 
anatomical factors (peritoneal carcinomatosis and lymph node metastasis). As part of its mission to improve the 
quality of care for people with gynaecological cancers, the European Society of Gynaecological Oncology (ESGO), 
European Society for Radiotherapy and Oncology (ESTRO), and the European Society of Pathology (ESP) updated the 
ESGO–ESTRO–ESP evidence-based guidelines published in 2021 by incorporating this revised FIGO staging and the 
large body of new evidence addressing the management of endometrial carcinoma. The development process of these 
guidelines was based on a systematic literature review and critical appraisal process involving an international 
multidisciplinary development group consisting of 30 experts from relevant disciplines (gynaecological oncology, 
radiation oncology, medical oncology, and pathology). A patient representative was also included. Before publication, 
the guidelines were reviewed by 225 independent international practitioners in cancer care delivery and three patient 
representatives from Asia, Europe, North Africa, North America, the Middle East, and South America to ensure a 
global perspective. These guidelines comprehensively cover diagnosis, management, follow-up, and patient education. 
Management includes surgical and adjuvant therapy according to the stage of the disease, and metastatic and 
recurrent disease. The management algorithms and the principles of radiotherapy and pathological evaluation are 
also defined.

Introduction
Endometrial carcinoma is the sixth most commonly 
diagnosed cancer in females worldwide, with 
417 000 new cases and 97 000 deaths in 2020.1 In Europe, 
the estimated number of new cases of endometrial 
carcinoma was 124 874 in 2022, with 30 272 deaths, and 
the incidence is rising due to the ageing population and 
increasing prevalence of obesity.2–5 Prevalence estimates 
differ substantially between countries and crude 
prevalence is more than two times higher in the highest 
prevalence countries compared with the lowest 
prevalence countries. In early 2020, the EUROCARE-6 
study reported the estimated number of endometrial 
carcinoma survivors in Europe to be 123 000 within the 
past 2 years, 159 000 within the past 2–5 years, and 
650 000 for more than 5 years (long-term survivors).6 
People aged 75 years or older comprised a substantial 
proportion of those living after a diagnosis of 
endometrial carcinoma. The prevalence and risk of 
comorbidities and metabolic syndrome increase with 
age and could be partly responsible for the decline in 
overall survival with age. However, age by itself is 
a prognostic factor; increased age has been associated 
with more aggressive tumour features and is 
independently and causally related to worse oncological 
outcomes.7 Differences in patient characteristics and 
histopathological features of the disease affect patient 
prognosis and the recommended treatment approach.

The European Society of Gynaecological Oncology 
(ESGO), the European Society of Radiotherapy and 
Oncology (ESTRO), and the European Society of 
Pathology (ESP) developed and published guidelines for 
the management of patients with endometrial 
carcinoma in 2021.8 Due to advances in the 
understanding of the pathological and molecular 
features of endometrial carcinoma since the 2009 
International Federation of Gynaecology and Obstetrics 
(FIGO) staging system, it was updated in 2023.9 The 
update aimed to more precisely define prognostic 
groups and identify relevant treatment subgroups by 
including factors that reflect tumour biology 
(histological subtypes, lymphovascular space invasion, 
and molecular classification) and refinements of 
anatomical factors (peritoneal carcinomatosis and 
lymph node metastasis).9 As part of its mission to 
improve the quality of care for people with gynaecological 
cancers, ESGO, ESTRO, and ESP have now updated 
these joint evidence-based guidelines in endometrial 
carcinoma and added new topics to cover comprehensive 
diagnosis, management, follow-up, and patient 
education. These updated guidelines consider the large 
body of new evidence in this field and incorporate the 
revised 2023 FIGO staging, which reflects the improved 
understanding of the complex nature of the different 
types of endometrial carcinoma and their underlying 
biological behaviour.Moving timing for NGS testing to early stage cancer
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gest risk factor.6-8 In a post hoc exploratory 
analysis, we examined the effect of ctDNA-neg-
ative status on recurrence-free survival among 
patients with low-risk or high-risk disease and 

T3 or T4 tumors. Among ctDNA-negative pa-
tients, 3-year recurrence-free survival was higher 
among patients with clinical low-risk cancers 
than among those with high-risk cancers (96.7% 

Figure 2. Outcomes with ctDNA-Guided as Compared with Standard Management in the Intention-to-Treat Population.

Panel A shows the absolute difference in recurrence-free survival over time between the ctDNA-guided and standard-
management groups; shading indicates the 95% confidence interval. The noninferiority margin of −8.5 percentage 
points for the primary end point of recurrence-free survival at 2 years is indicated by the dashed red line; the I bar 
indicates the 95% confidence interval at 2 years, the lower bound of which (−4.1 percentage points) lies above −8.5 
percentage points, which confirms noninferiority of ctDNA-guided management to standard management. Kaplan–
Meier estimates of recurrence-free survival according to the assigned management group are shown in Panel B. Tick 
marks indicate censored data. At 3 years, 91.7% of the patients in the ctDNA-guided group and 92.4% of those in 
the standard-management group were alive without disease recurrence.
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DYNAMIC trial: ctDNA-guided approach to adjuvant chemotherapy for stage II 
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Biomarker Testing Approaches, Treatment Selection, and Cost of Care
Among Adults With Advanced Cancer
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Abstract

IMPORTANCE Clinical guidelines recommend biomarker testing to identify patients eligible for
targeted therapy. However, evidence suggests that biomarker testing rates are below guideline
recommendations, which has been associated with worsened clinical outcomes, including
overall survival.

OBJECTIVES To identify patients with newly diagnosed advanced cancer receiving
comprehensive genomic profiling (CGP), non-CGP, or no biomarker testing and to explore the
change in rates of testing over time and compare targeted therapy rates and health care costs
during first-line therapy.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study used the deidentified
Optum Labs Data Warehouse, a claims database of longitudinal health information on commercial
health plan and Medicare Advantage enrollees, to identify patients diagnosed with advanced cancer
between January 1, 2018, and January 1, 2022. The study included 26 311 adults with newly
diagnosed advanced cancer (breast, colorectal, gastric, non–small cell lung, ovarian, and pancreatic)
and continuous enrollment in a commercial or Medicare Advantage health plan for 12 months before
and 6 months after their first advanced cancer diagnosis. Data were analyzed between February 1,
2023, and March 31, 2024.

EXPOSURE Biomarker testing.

MAIN OUTCOMES AND MEASURES Evidence of biomarker testing, the receipt of targeted therapy
during first-line therapy, and per-patient, per-month (PPPM) costs during first-line therapy.

RESULTS Among 26 311 patients (mean [SD] age, 68 [11] years; 62% female; 70% Medicare
Advantage enrollees), molecular testing rates were suboptimal (35% had evidence of molecular
testing), but testing rates increased across time for most cancer types (from 32% in 2018 to 39% in
2021-2022). Patients with non–small cell lung cancer and colorectal cancer with CGP testing were
more likely to receive targeted therapy (odds ratio [OR], 1.57; 95% CI, 1.31-1.90; P < .001) compared
with patients who received non-CGP testing (OR, 2.34; 95% CI, 1.58-3.47; P < .001). Costs among
patients with CGP testing were not statistically different from those with non-CGP testing (cost ratios
of 1.03; 95% CI, 0.91-1.17 [P = .63] for breast cancer, 0.98; 95% CI, 0.89-1.09 [P = .71] for colorectal
cancer, 1.10; 95% CI, 0.87-1.40 [P = .42] for gastric cancer, 1.06; 95% CI, 1.00-1.13 [P = .054] for
non–small cell lung, 0.94; 95% CI, 0.76-1.15 [P = .55] for ovarian cancer, and 1.00; 95% CI, 0.83-1.21
[P = .98] for pancreatic cancer).

(continued)

Key Points
Questions How does the use of
targeted therapy during the initial line of
therapy compare for patients with no
biomarker testing, non–comprehensive
genomic profiling (CGP) testing, and
CGP testing?

Findings In this cohort study using
claims data from 26 311 adults with 1 of 6
types of advanced cancer, biomarker
testing rates were suboptimal although
increased over time. There were no
differences in costs during first-line
therapy between patients who received
CGP testing vs patients who received
non-CGP testing across evaluated
cancer types.

Meaning These findings highlight the
need for improved access to
biomarker testing.
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Figure 2. Biomarker Testing Rates Before First- and Second-Line Therapy
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BC indicates breast cancer; CGP, comprehensive genomic profiling; CRC, colorectal cancer; GC, gastric cancer; NSCLC, non–small cell lung cancer; OC, ovarian cancer; PC,
pancreatic cancer.
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Figure 3. Biomarker Testing Across Time
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The years 2021 and 2022 were combined into a single category because the dataset did include the full calendar year. BC indicates breast cancer; CGP, comprehensive genomic
profiling; CRC, colorectal cancer; GC, gastric cancer; NSCLC, non–small cell lung cancer; OC, ovarian cancer; PC, pancreatic cancer.
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Comprehensive Genomic Profiling (CGP) as standard for NGS 
biomarker testing in cancer

• 26,311 patients
• Testing rates increased across time for most cancer types (from 

32% in 2018 to 39% in 2021-22). 
• NSCLC and CRC patients with CGP testing were more likely to 

receive targeted therapy (OR, 2.34) compared with patients who 
received non-CGP testing. 

• Costs among patients with CGP testing were not different from 
those with non-CGP testing for breast, colorectal, gastric, NSCLC, 
ovarian, and pancreatic cancer. 
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platform for patients with
advanced cancer
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The Belgian Approach for Local Laboratory Extensive Tumor Testing (BALLETT) study assessed the
feasibility of using comprehensive genomic profiling (CGP) in clinical decision-making for patientswith
advanced cancers. This multi-center study enrolled 872 patients from 12 Belgian hospitals. CGPwas
performedon tumor tissues using a standardizedCGPpanel (523 genes) across nine laboratorieswith
success in 93% of patients and a median turnaround time of 29 days. Actionable genomic markers
were identified in81%ofpatients, substantially higher than the21%usingnationally reimbursed, small
panels. A national molecular tumor board (nMTB) recommended treatments for 69% of patients, with
23% receiving matched therapies. Reasons for non-compliance were highly variable across clinical
sites. Overall, BALLETT demonstrates the feasibility of implementing decentralized CGP and its
potential to identify actionable targets in most patients with advanced cancers. BALLETT reinforces
CGP’s utility and emphasizes the importance of collaboration, standardization, and addressing
implementation challenges.

The complexity and heterogeneity of advanced-stage cancer in the context
of increasing availability of biomarker-specific and tumor-agnostic systemic
therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
nucleotide variants (SNVs), short insertions and deletions (indels), copy-
number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
barriers17. In a recent European Society for Medical Oncology (ESMO)
study, Bayle et al. highlighted the low access to CGP across Europe18. Small
NGSpanels aremorewidelyuseddue to their lowercost and complexity, but
the scope for identifying actionable targets is also smaller.While techniques
like whole exome sequencing, whole genome sequencing, and whole
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performedon tumor tissues using a standardizedCGPpanel (523 genes) across nine laboratorieswith
success in 93% of patients and a median turnaround time of 29 days. Actionable genomic markers
were identified in81%ofpatients, substantially higher than the21%usingnationally reimbursed, small
panels. A national molecular tumor board (nMTB) recommended treatments for 69% of patients, with
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sites. Overall, BALLETT demonstrates the feasibility of implementing decentralized CGP and its
potential to identify actionable targets in most patients with advanced cancers. BALLETT reinforces
CGP’s utility and emphasizes the importance of collaboration, standardization, and addressing
implementation challenges.

The complexity and heterogeneity of advanced-stage cancer in the context
of increasing availability of biomarker-specific and tumor-agnostic systemic
therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
nucleotide variants (SNVs), short insertions and deletions (indels), copy-
number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
barriers17. In a recent European Society for Medical Oncology (ESMO)
study, Bayle et al. highlighted the low access to CGP across Europe18. Small
NGSpanels aremorewidelyuseddue to their lowercost and complexity, but
the scope for identifying actionable targets is also smaller.While techniques
like whole exome sequencing, whole genome sequencing, and whole
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Comprehensive Genomic Profiling (CGP) as standard for NGS 
biomarker testing in cancer

nMTB treatment recommendations
Of the 756 patients with successful CGP analysis, 524 (69%) received at least
one treatment recommendation by the nMTB based on their CGP profiles
(Supplementary Fig. S7). The full list of biomarker—drug classmatches that
resulted in a treatment recommendation is provided in Supplementary
Table S4. This table also includes the type of highest-priority treatment
recommendation and the actionability according to ComPerMed versus
CGP at the patient level.

Most often, this concerned a recommendation to participate in a
biomarker-driven clinical trial (n = 422). The remaining treatment recom-
mendations were approved treatments (n = 58), off-label drug use (n = 34),
or participation in amedical needprogram(n = 10) (Fig. 1b). For 92patients
(15%), actionable CGP results were identified, but no treatment recom-
mendation could be made by the nMTB, mainly due to a lack of drug
approval in Belgium (e.g., for PI3K inhibitors) or clinical trials in Belgiumor
Europe. An overview of the actionable variants that did not lead to a
treatment recommendation is provided in Supplementary Table S5.

Uptake of treatment recommendations
Treatment recommendation uptake information was collected from the
participating hospitals for 454 patients. For 104 of 454 patients (23%), the
nMTB treatment recommendation was implemented. The main reasons
recommendations were not followed included the choice of the treating
physician (27%), unavailability of a trial within an acceptable distance
(21%), and rapid clinical deterioration of the patient (12%).

Both the rate of recommendation uptake and the reasons recom-
mendations were not followed differed significantly between the partici-
pating hospitals (p < 0.0001 by chi-squared test, Fig. 4, Supplementary Fig.
S8). The highest uptake was observed for hospital #7, where only patients
with lung cancer were included. Conversely, at hospital #, 40% of the nMTB

Table 1 | Characteristics of all patients with successful CGP

Age at inclusion, years

Median 62

Range 21–88

Sex

Male 330 (44%)

Female 426 (56%)

ECOG performance status

0 136 (18%)

1 343 (45%)

2 32 (4%)

Missing 245 (32%)

Metastasis at inclusion

No (locally advanced) 94 (12%)

Yes 662 (88%)

Missing 0 (0%)

Number of metastatic sites

Median 2

Range 1–20

Missing 96

Number of previous therapy lines for advanced disease

Median 1

Range 0–11

Missing 0

Fig. 1 | Patient characteristics and study flow. aGeneral overview of the BALLETT study recruitment, success rate, and recommendations. bOverview of the participants’
characteristics and tumor types.
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feasibility of using comprehensive genomic profiling (CGP) in clinical decision-making for patientswith
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The complexity and heterogeneity of advanced-stage cancer in the context
of increasing availability of biomarker-specific and tumor-agnostic systemic
therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
nucleotide variants (SNVs), short insertions and deletions (indels), copy-
number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
barriers17. In a recent European Society for Medical Oncology (ESMO)
study, Bayle et al. highlighted the low access to CGP across Europe18. Small
NGSpanels aremorewidelyuseddue to their lowercost and complexity, but
the scope for identifying actionable targets is also smaller.While techniques
like whole exome sequencing, whole genome sequencing, and whole
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performedon tumor tissues using a standardizedCGPpanel (523 genes) across nine laboratorieswith
success in 93% of patients and a median turnaround time of 29 days. Actionable genomic markers
were identified in81%ofpatients, substantially higher than the21%usingnationally reimbursed, small
panels. A national molecular tumor board (nMTB) recommended treatments for 69% of patients, with
23% receiving matched therapies. Reasons for non-compliance were highly variable across clinical
sites. Overall, BALLETT demonstrates the feasibility of implementing decentralized CGP and its
potential to identify actionable targets in most patients with advanced cancers. BALLETT reinforces
CGP’s utility and emphasizes the importance of collaboration, standardization, and addressing
implementation challenges.

The complexity and heterogeneity of advanced-stage cancer in the context
of increasing availability of biomarker-specific and tumor-agnostic systemic
therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
nucleotide variants (SNVs), short insertions and deletions (indels), copy-
number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
barriers17. In a recent European Society for Medical Oncology (ESMO)
study, Bayle et al. highlighted the low access to CGP across Europe18. Small
NGSpanels aremorewidelyuseddue to their lowercost and complexity, but
the scope for identifying actionable targets is also smaller.While techniques
like whole exome sequencing, whole genome sequencing, and whole
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recommendations were followed. Reasons for the variability of uptake
across hospitals are not known.

Incidental findings of likely germline variants
In 90 patients (12%), a variant in a cancer susceptibility gene (CSG) was
identified, as evaluated bymolecular geneticists at the local laboratories and
the nMTB. The detection of a CSG variant, along with the assessment of its
potential germline origin, was documented in the BALLETT nMTB report
and communicated to the treatingphysician to initiate appropriate germline
follow-up and clinical genetic counseling. Reanalysis of the data according
to the recently updated ESMO recommendations for germline-focused
analysis of tumor-only sequencing23 revealed 123 CSG variants in 113
patients (15%), fulfilling the ESMO criteria considering all 40 ESMO CSG
genes and all tumor types (Supplementary Fig. S9).

Discussion
While the clinical benefit of CGP has been substantiated in various
publications6–15, unlocking its full potential to maximize benefit in patients
with cancer requires broad and equitable access to diagnostic technologies
and innovative drugs17. Presently, obstacles to accessing genomic profiling
include the substantial costs associated with comprehensive genomic
testing—often not covered by existing reimbursement systems—the
absence of a feasible pathway for generating evidence to support
reimbursement decisions by national healthcare systems, and the
complexity of genomic data that necessitates collaborative, multi-
disciplinary efforts and education of healthcare workers. By setting up
BALLETT in a multi-stakeholder approach involving industry, the
national healthcare institutions (represented by Sciensano), and a large
group ofmultidisciplinary healthcareworkers across Belgium,we aimed
to overcome these challenges. We also sought to enhance access by
securing financial support from industrial partners, thereby paving the
way for the introduction of CGP in real-world clinical oncology. During
the ~2.5-year study period, this approach allowed to provide CGP
analyses for 814 patients with advanced cancer, recruited in a large
number of Belgian oncology centers (n = 12). Through this study,
patients received CGP-based treatment recommendations from the
dedicated nMTB, which was set up by the PRECISION group of BSMO,
with the support of Sciensano.

Actionable genomic markers and CGP-based treatment recommen-
dations were provided for 81% and 69% of patients, respectively. These

results are in line with other precision oncology projects6–15. Furthermore,
using standard-of-care diagnostic gene panels in Belgium (ComPerMed),
actionable results would have been found in only 21%of patients, compared
to 81% with full CGP analysis, demonstrating CGP’s superior potential for
tailored treatment recommendations.

We also describe the large collaborative effort of nineNGS laboratories
involved in the project. We demonstrate the feasibility of implementing a
fully standardized CGP approach, including variant classification and
clinical interpretation, across these nine laboratories, thereby ensuring
broad accessibility for Belgian patients. The uniform CGP success rates
observed across the nineNGS labs, with one exceptionpossibly attributed to
local variability factors, underscore the importance and feasibility of
implementing robust quality control systems. Addressing factors such as
inter-operator differences and variability in sample preparation and DNA/
RNA extraction processes is essential to guarantee the accuracy and relia-
bility of CGP results throughout the entire workflow.

The intensive collaboration of all involved NGS labs to collectively
deliver high-quality and consistent CGP results undoubtedly enhanced the
knowledge and expertise of all laboratory personnel involved, effectively
addressing challenges posed by the complexity of genomic data and tech-
nology. Similarly, discussing all patients with their CGP results in the nMTB
was found to be crucial, not only to allow standardization and prioritization
of appropriate treatment recommendations in line with similar projects6–15,
but also to serve as a valuable framework for education, exchangeof expertise,
and increasing awareness of oncologists and other healthcare workers. The
project, therefore, has contributed to strengthening the confidence of both
laboratory personnel and oncologists during local multidisciplinary patient
discussions, benefiting patients across the Belgian territory.

Findings of potential germline genetic alterations in 15% of cases
highlight an additional layer of benefit from CGP. The nMTB’s recom-
mendation for referral to germline genetic testing and counseling under-
scores the potential for early identification of patients and families at risk,
enabling the timely implementation of cancer preventivemeasures. Follow-
up studies are crucial to evaluate the long-term impact on patients, their
families, and the healthcare budget, aligningwith the broader discussions in
the literature on the ethical implications andoutcomesof germline testing in
oncology24,25.

While the BALLETT study has played a pivotal role in overcoming
obstacles associated with precision oncology in Belgium, as was anticipated
by BSMO, it is crucial to recognize and address several limitations and
persistent challenges. Effectively overcoming these challenges is essential for
the sustainable introduction of CGP in healthcare systems.

One major challenge lies in the difficulty of accessing innovative
treatments.Although (potentially) actionable geneticmarkersweredetected
for 81% of patients, 15% of them did not receive a treatment recommen-
dation. Three primary reasons could be suggested. Firstly, drug accessibility
after European Medicines Agency (EMA) approval might be delayed. A
recent study on drug access in six European countries found that the time to
access may differ in different countries of the E.U. and that hospitals in
Belgium had slower access than Italy and France26. Secondly, clinical trials
involvingmatched drugsmay be conducted exclusively abroad, possibly not
even within Europe. This underscores the importance of expert review by
nMTB members actively involved in conducting clinical trials. An up-to-
date clinical trial database for trials active in Belgium, as was recently
established (cancertrials.be), will increase the usefulness of MTB recom-
mendations. Of note, the BSMO PRECISION initiative might have itself
played a role in attracting more clinical trials to Belgium19. Thirdly, in
contrast to other countries where large clinical trials are being conducted to
facilitate access to and evaluate the effectiveness of targeted and immu-
notherapy drugs, such as theDRUP trial in theNetherlands27, a comparable
large-scale initiative is lacking in Belgium. In anticipation of establishing a
similar pan-cancer multi-drug basket trial in Belgium, leveraging the
insights and experience gained from BALLETT would be essential, as suc-
cessful implementation of such an initiative would require widespread
access to CGP.
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Of the 69% of patients who received a CGP-based treatment
recommendation, 23% received the matched treatment. A prominent
reason for deviation was the physician’s choice, often due to prioritizing
another treatment strategy. Thismight be attributed to the high frequency
of variants with low potential clinical evidence (tier IID), often matched
with less attractive Phase I/II clinical trials. Secondly, patients frequently
rejected the recommendation, particularly if theproposed clinical trialwas
not available within an acceptable distance. This represents an additional
challenge in accessing novel drugs and clinical trials and may underscore
the need for a broader roll-out of clinical studies across Europe and across
the country. In addition, our findings support the need for decentralized
clinical trials, which would, however, require a major shift in the con-
sideration, implementation, and conduct of cancer clinical trials28. Dete-
riorating health was another reason for deviation from nMTB
recommendations, suggesting the need for NGS-informed treatment
selection earlier in a patient’s disease course. Implementing CGP at
diagnosis for all patients with advanced cancer could support better
treatment strategies and early genome-directed therapies, rather than
using them as a last resort. Window-of-opportunity treatments, given

before exhausting standard options, could increase both the uptake and
efficacy of these therapies.

Notably, the uptake of the treatment recommendations differed greatly
among participating hospitals, with no uptake in one hospital. Reasons for
this finding should be explored. Possibilities include lack of awareness and
training of physicians and limited availability of an adequate clinical study
infrastructure in the hospital, among other factors. These observations
highlight the need for training in precision oncology and should drive
national and local efforts toward improved clinical trial infrastructure and
access.

Another major challenge encountered in this study involved standar-
dizing treatment recommendations within the nMTB. The custom-
designed app for providing clear data visualization to nMTB members
emerged as indispensable, facilitating structured and harmonized discus-
sions (Supplementary Fig. S10).Matching drugs and clinical trials to targets
primarily involved manual searches of online databases and consultation
with two different tertiary NGS data analysis systems that were available for
the study. While these systems provide automated matching of targets to
drugs and clinical trials, manual filtering and consideration of trial options

all patients
(n=756)

patients with actionable
findings using CGP
(n=616)

patients with actionable
findings in ComPerMed
(n=160)

Pr
os

ta
te

 c
ar

ci
no

m
a

C
er

vi
ca

l c
ar

ci
no

m
a

U
te

ru
s 

ca
nc

er
U

ro
th

el
ia

l C
ar

ci
no

m
a

C
ol

or
ec

ta
l c

ar
ci

no
m

a
O

va
ria

n 
ca

rc
in

om
a

Pa
nc

re
as

 c
an

ce
r

N
eu

ro
en

do
cr

in
e 

tu
m

or
C

ho
la

ng
io

ca
rc

in
om

a
Ki

dn
ey

 c
an

ce
r

G
IS

T
G

as
tri

c 
ca

rc
in

om
a

Br
ea

st
 c

ar
ci

no
m

a
Lu

ng
 c

an
ce

r
M

es
ot

he
lio

m
a

Th
ym

om
a

Es
op

ha
ge

al
 c

ar
ci

no
m

a
Th

yr
oi

d 
ca

rc
in

om
a

Sa
rc

om
a

Sk
in

 c
an

ce
r

Sa
liv

ar
y 

gl
an

d 
ca

rc
in

om
a

H
ea

d 
an

d 
N

ec
k 

ca
rc

in
om

a
U

ve
al

 M
el

an
om

a
Br

ai
n 

G
lio

m
a

C
U

P
M

is
ce

lla
ne

ou
s 

ca
nc

er

AR
JAK2

RPS6KB1
BRAF

ERBB3
ESR1
NRG1
MDM4

PIK3CA
FGFR2

KIT
PDGFRA

FGFR3
RET

CDK4
CCNE1
ERBB2

CDK6
FGFR1
MDM2

MET
EGFR
MYC

CCND1

EWSR1
NTRK2
NTRK3

ROS1
ALK

BRAF
EGFRvIII

ESR1
NRG1

FGFR2
FGFR3

RET
FGFR1

MET

HRD
MSI

TMB

Am
pl

ifi
ca

tio
ns

G
en

e 
fu

si
on

s/
sp

lic
e 

ev
en

ts

Pr
os

ta
te

 c
ar

ci
no

m
a

C
er

vi
ca

l c
ar

ci
no

m
a

U
te

ru
s 

ca
nc

er
U

ro
th

el
ia

l C
ar

ci
no

m
a

C
ol

or
ec

ta
l c

ar
ci

no
m

a
O

va
r ia

n 
ca

rc
in

om
a

Pa
nc

re
as

 c
an

ce
r

N
eu

ro
en

do
c r

in
e 

tu
m

or
C

ho
la

ng
io

ca
rc

in
om

a
Ki

dn
ey

 c
an

ce
r

G
IS

T
G

as
tri

c 
ca

rc
in

om
a

Br
ea

st
 c

ar
ci

no
m

a
Lu

ng
 c

an
ce

r
M

es
ot

he
lio

m
a

Th
ym

om
a

Es
op

ha
ge

al
 c

ar
ci

no
m

a
Th

yr
oi

d 
ca

rc
in

om
a

Sa
rc

om
a

Sk
in

 c
an

ce
r

Sa
liv

ar
y 

gl
an

d 
ca

rc
in

om
a

H
ea

d 
an

d 
N

ec
k 

ca
rc

in
om

a
U

ve
al

 M
el

an
om

a
Br

ai
n 

G
lio

m
a

C
U

P
M

is
ce

lla
ne

ou
s 

ca
nc

er

BARD1
BCOR
CDK4

CREBBP
CTLA4
EP300
ESR1
EZH2

FANCC
FGFR1
GEN1
IDH2

MAP3K1
MET

MRE11
MSH2
MSH3

NOTCH2
PARP1

PIK3C2G
POLE

RAD51D
SETD2
SPOP

SRC
STK11

VHL
ATR

EGFR
FANCL
FGFR2
HRAS

KIT
MTOR
PMS2

RAD51B
RAD51C

RET
CDH1

FANCA
MAP2K1

PALB2
RAD50

RAD54L
FGFR3

IDH1
NF2

PTCH1
TSC1

BRIP1
ERBB3

NBN
NRAS

ERBB2
KDM6A

MLH1
SMARCA4

TP53
TSC2
AKT1

CDK12
CHEK2

MSH6
BAP1
BRAF

BRCA1
FBXW7
BRCA2

ARID1A
ATRX

CDKN2A
NF1

PTEN
ATM

KRAS
PIK3CA

Va
ria

nt
s

fraction of patients

20%

40%

60%

0%

82%
100%

Ac
tio

na
bi

lit
y

a

b

Fig. 3 | Overview of actionable findings. a Frequency of actionable genomic alterations and biomarkers across different tumor types in the BALLETT study. bComparison
of actionability using CGP versus standard-of-care gene panels in Belgium.

https://doi.org/10.1038/s41698-025-00858-0 Article

npj Precision Oncology | �����������(2025)�9:66� 5

Actionability using CGP vs standard-of-
care gene panels in Belgium 

• 12 Belgian hospitals and nine laboratories
• BALLETT study using a decentralized 523-gene CGP

panel
• CGP identified actionable genomic markers in 81% 

of patients, far exceeding the ~21% rate seen with 
small, nationally reimbursed panels.

• Successful in 93% of advanced cancer patients 
• Median TAT of 29 days



Of the 69% of patients who received a CGP-based treatment
recommendation, 23% received the matched treatment. A prominent
reason for deviation was the physician’s choice, often due to prioritizing
another treatment strategy. Thismight be attributed to the high frequency
of variants with low potential clinical evidence (tier IID), often matched
with less attractive Phase I/II clinical trials. Secondly, patients frequently
rejected the recommendation, particularly if theproposed clinical trialwas
not available within an acceptable distance. This represents an additional
challenge in accessing novel drugs and clinical trials and may underscore
the need for a broader roll-out of clinical studies across Europe and across
the country. In addition, our findings support the need for decentralized
clinical trials, which would, however, require a major shift in the con-
sideration, implementation, and conduct of cancer clinical trials28. Dete-
riorating health was another reason for deviation from nMTB
recommendations, suggesting the need for NGS-informed treatment
selection earlier in a patient’s disease course. Implementing CGP at
diagnosis for all patients with advanced cancer could support better
treatment strategies and early genome-directed therapies, rather than
using them as a last resort. Window-of-opportunity treatments, given

before exhausting standard options, could increase both the uptake and
efficacy of these therapies.

Notably, the uptake of the treatment recommendations differed greatly
among participating hospitals, with no uptake in one hospital. Reasons for
this finding should be explored. Possibilities include lack of awareness and
training of physicians and limited availability of an adequate clinical study
infrastructure in the hospital, among other factors. These observations
highlight the need for training in precision oncology and should drive
national and local efforts toward improved clinical trial infrastructure and
access.

Another major challenge encountered in this study involved standar-
dizing treatment recommendations within the nMTB. The custom-
designed app for providing clear data visualization to nMTB members
emerged as indispensable, facilitating structured and harmonized discus-
sions (Supplementary Fig. S10).Matching drugs and clinical trials to targets
primarily involved manual searches of online databases and consultation
with two different tertiary NGS data analysis systems that were available for
the study. While these systems provide automated matching of targets to
drugs and clinical trials, manual filtering and consideration of trial options
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Fig. 3 | Overview of actionable findings. a Frequency of actionable genomic alterations and biomarkers across different tumor types in the BALLETT study. bComparison
of actionability using CGP versus standard-of-care gene panels in Belgium.
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are still required to ensure relevance and adequacy considering the patient’s
cancer history. The development of a comprehensive, user-friendly, up-to-
date, and effective decision support tool is crucial to aid healthcare profes-
sionals in interpreting complex genomic data and formulating evidence-
based treatment recommendations. Such a tool would enhance the effi-
ciency of the decision-making process and contribute to the harmonization
of CGP-based interventions.

Using thefindings of thepresent study to inform theBelgianhealthcare
system about reimbursement decisions also remains a challenge. In future
work, wewill explorewhether patients have experienced benefits in terms of
their PFS ratio upon the completion of patient follow-up. However, the
likelihood of observing significantly improved clinical outcomes will be
challenged by the fact that only a minority of patients received thematched
treatment. Convincing stakeholders ideally also involves presenting data on
compelling economic outcomes. Itwaspreviously reported thatNGS testing
led to annual cost savings of 25000 USD per patient due to reduced drug
costs resulting from enrollment in clinical trials29. However, the cost-
efficiency of CGP remains unclear and is a major barrier to reimbursement
in many countries. In this study, the cost of CGP was estimated at 1.831,94
euros per test (incl. VAT).Going forward, the BALLETT study databasewill

further be utilized for healthcare technology assessment in collaboration
with theNetherlandsCancer Institute (NKI, Amsterdam) as part of the EU-
funded Can.Heal project (Can.Heal - Building the EU genomics platform
(canheal.edu)). These efforts aim to clarify the economic impact of CGP.

In conclusion, the BALLETT study not only reinforces the clinical
utility of CGP in identifying actionable targets but also emphasizes the
importance of collaborative efforts, standardized approaches, and com-
prehensive decision-making frameworks. It offers a potential framework for
decentralized CGP implementation in other regions, though feasibility
depends on local challenges and infrastructure. As precision oncology
continues to evolve, ourfindings contribute to the growingbodyof literature
advocating for integrating CGP into routine clinical practice. Addressing
challenges related to innovative drug access, standardizing treatment
recommendations with decision support tools, and evidence generation is
imperative for the sustained integration of CGP into the Belgian healthcare
system.

Methods
Study design and ethical approval
The PRECISION working group of BSMO designed the clinical study pro-
tocol which is available at clinicaltrials.gov (NCT05058937). The study was
conducted under the precepts established in the Declaration of Helsinki,
GoodClinical Practice guidelines, and all applicable regulatory requirements.

The study was approved by the local ethical committees of the 12
participating clinical sites (Supplementary Table S1) and confirmed after
central review by the central ethical committee (Commission for Medical
Ethics, University Hospital Ghent, EC study reference BC-08269). For
registration of the study data, an electronic Case Report Form (eCRF) was
developed on the Castor EDC platform (Amsterdam, The Netherlands).

Clinical sites and patients
Patients were recruited from 12 Belgian hospitals, comprising 4 university
hospitals and 8 general hospitals. All participating hospitals have a clinical
trial infrastructure, though the level of activity and extent of capabilitiesmay
vary. Patients eligible for the project were adults (>18 y) with any solid
tumor type, metastasized or locally advanced, either at diagnosis or at
progression on a standard-of-care treatment. Early treatment lines were
preferred to maximize the chance of therapeutic clinical trial enrollment.
Patients were required to have a life expectancy of >12 weeks, an Eastern
Cooperative Oncology Group (ECOG) Performance Status of ≤2, and no
severe hematopoietic, renal, and/or hepatic dysfunction as assessed by the
local principal investigator. Patients had to have a tissue biopsy available of
less than two years old containing >10% tumor cells for CGP analysis. The
number of enrolled breast, colorectal, and lung cancer cases was capped at
120 per tumor type to ensure a significant number of patients with less
prevalent tumor types. An initial number of 864 slots were available. All
patients gavewritten informedconsent for the study. Patientswere recruited
from May 2021 to October 2023.

CGP by the BALLETT NGS laboratory consortium
A consortium of nine Belgian NGS laboratories was installed. Every week,
one CGP run of eight or 16 samples pooled from the 12 participating sites
was performed, alternating in one of the nine NGS laboratories. These
laboratories comply with the ISO15189 standard formedical laboratories as
assessed by the Belgian Accreditation Instance and are recognized by the
Belgian healthcare authorities to perform NGS for clinical oncology. The
consortium had weekly meetings to discuss technical aspects and patient
results and to promote standardization of testing and variant classification,
which needs to be performed according to the Belgian ComPerMed
guidelines (Commission Personalized Medicine)30.

For optimal standardization, the commercial, off-the-shelf TruSight
Oncology 500 CGP kit (TSO500) (Illumina, Inc., San Diego, CA) was used
in all laboratories. This kit was previously thoroughly validated for its
diagnostic implementation by one of the BALLETT laboratories (Jessa
Hospital, Hasselt). Methodology and validation results were described
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Fig. 4 | Treatment recommendations and uptake. a Relative distribution of
treatment recommendation types across tumor types. b Uptake rate of the nMTB
recommendations and reasons for deviation from recommendations across parti-
cipating hospitals in the BALLETT study. MNP medical need program.
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The complexity and heterogeneity of advanced-stage cancer in the context
of increasing availability of biomarker-specific and tumor-agnostic systemic
therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
nucleotide variants (SNVs), short insertions and deletions (indels), copy-
number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
barriers17. In a recent European Society for Medical Oncology (ESMO)
study, Bayle et al. highlighted the low access to CGP across Europe18. Small
NGSpanels aremorewidelyuseddue to their lowercost and complexity, but
the scope for identifying actionable targets is also smaller.While techniques
like whole exome sequencing, whole genome sequencing, and whole
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of increasing availability of biomarker-specific and tumor-agnostic systemic
therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
nucleotide variants (SNVs), short insertions and deletions (indels), copy-
number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
barriers17. In a recent European Society for Medical Oncology (ESMO)
study, Bayle et al. highlighted the low access to CGP across Europe18. Small
NGSpanels aremorewidelyuseddue to their lowercost and complexity, but
the scope for identifying actionable targets is also smaller.While techniques
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The complexity and heterogeneity of advanced-stage cancer in the context
of increasing availability of biomarker-specific and tumor-agnostic systemic
therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
nucleotide variants (SNVs), short insertions and deletions (indels), copy-
number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
barriers17. In a recent European Society for Medical Oncology (ESMO)
study, Bayle et al. highlighted the low access to CGP across Europe18. Small
NGSpanels aremorewidelyuseddue to their lowercost and complexity, but
the scope for identifying actionable targets is also smaller.While techniques
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therapy provide significant challenges in treatment decision-making for
patients with advanced disease. Over the past decade, the advent of com-
prehensive genomic profiling (CGP) through next-generation sequencing
(NGS) has emerged as a promising avenue to unravel the intricate genomic
landscape of tumors, offering unprecedented insights into the continuously
broadening spectrum of potential therapeutic targets1. Next, to single-
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number variants (CNVs), and gene fusions, CGP also refers to the assess-
mentof genomic signatureswith increasing relevance inpredicting response
to targeted drugs and immunotherapy drugs such as microsatellite
instability (MSI), tumor mutational burden (TMB), and homologous
recombinationdeficiency (HRD)2–5. The incorporationof genomicdata into

clinical decision-making has consistently proven effective in customizing
treatment approaches for individual patients, marking the advent of pre-
cision oncology6–15. A recent, comprehensive review demonstrated that
progression-free survival (PFS) and overall survival (OS) were significantly
longer among patients who were matched to targeted treatment across
tumor types, confirming that genomeprofiling-based treatment canhave an
impact on survival across tumor types16.

Despite positive evidence for the clinical efficacy of CGP in numerous
studies,widespread adoption is hinderedbybudgetary constraints andother
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study, Bayle et al. highlighted the low access to CGP across Europe18. Small
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• A national MTB provided treatment recommendations for 69%, 
and 23% received matched therapies.

• CGP can uncover germline variants in ~15% of cases, informing 
genetic counseling
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Economic Evaluation of Comprehensive Genomic Profiling
in an Advanced Solid Cancer Population
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Abstract

IMPORTANCE Developments in genomic profiling introduced larger gene panels with decreasing
sequencing costs. Although the feasibility of comprehensive genomic profiling (CGP) has been
demonstrated, its health economic impact remains uncertain.

OBJECTIVE To provide insights into the costs related to clinical implementation of CGP-based
advice in a large prospective cohort.

DESIGN, SETTING, AND PARTICIPANTS In this economic evaluation of a prospective Belgian
multicenter observational study (Belgian Approach of Local Laboratory Extensive Tumor Testing
[BALLETT]), a decision tree was designed to illustrate costs and outcomes adopting a diagnostic time
horizon. The evaluation also included a future evaluation scenario comparing standard-of-care
diagnostics with upfront CGP. This study included patients with advanced solid tumors enrolled in the
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entire study population and individual tumor types.

EXPOSURE CGP followed by molecular tumor board (MTB) discussions to formulate treatment
recommendations.

MAIN OUTCOMES AND MEASURES Model outcomes were total diagnostic costs and the
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these cost-consequence ratios are most influenced by diagnostic cost and the uptake of MTB
recommendations. In the scenario comparing upfront CGP and standard-of-care diagnostics, the
incremental diagnostic cost to match a treatment was estimated to be slightly lower (€13 936).
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Abstract

IMPORTANCE Developments in genomic profiling introduced larger gene panels with decreasing
sequencing costs. Although the feasibility of comprehensive genomic profiling (CGP) has been
demonstrated, its health economic impact remains uncertain.

OBJECTIVE To provide insights into the costs related to clinical implementation of CGP-based
advice in a large prospective cohort.
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[BALLETT]), a decision tree was designed to illustrate costs and outcomes adopting a diagnostic time
horizon. The evaluation also included a future evaluation scenario comparing standard-of-care
diagnostics with upfront CGP. This study included patients with advanced solid tumors enrolled in the
BALLETT study between May 1, 2021, and October 31, 2023. Analyses were conducted using the
entire study population and individual tumor types.

EXPOSURE CGP followed by molecular tumor board (MTB) discussions to formulate treatment
recommendations.

MAIN OUTCOMES AND MEASURES Model outcomes were total diagnostic costs and the
percentage of patients with actionable targets, MTB recommendations, and matched treatments.
Incremental cost-consequence ratios were calculated.

RESULTS A total of 814 patients with advanced tumors (mean [SD] age, 60.8 [12.3] years; 452
female [55.5%]) participated in the study. The mean diagnostic costs for patients of the BALLETT
cohort were €2147. Actionable targets were identified in 621 patients (76%), MTB recommendations
were provided in 529 patients (65%), and 123 patients (15%) received a matched treatment. The
diagnostic cost to match a CGP-matched treatment was €14 249. This cost varied between specific
tumor types (€9952 for lung cancer to €20 377 for colon cancer). Sensitivity analyses showed that
these cost-consequence ratios are most influenced by diagnostic cost and the uptake of MTB
recommendations. In the scenario comparing upfront CGP and standard-of-care diagnostics, the
incremental diagnostic cost to match a treatment was estimated to be slightly lower (€13 936).

CONCLUSIONS AND RELEVANCE This economic evaluation of CGP in patients with advanced
cancer estimated the diagnostic cost to match a treatment. CGP-matched treatment cost and benefit
requirements were estimated under which CGP was cost-effective, thereby providing health care
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probability of matching a treatment for CGP was based on matched treatments provided during the
BALLETT study and SOC phase, informed by retrospective treatment data covering the time before
enrollment. For SOC diagnostics, this probability consisted only of matched treatments provided
during the SOC phase before BALLETT enrollment. Weighted mean diagnostic costs for SOC
diagnostics were estimated based on diagnostic guidelines and cost estimations of NGS panels (mean
diagnostic cost, €403 [US $463]).19 Patients in whom CGP informed successive treatments (first
on-label followed by investigational matched treatment) contributed twice to the outcome matched
treatments. This analysis was conducted for the entire BALLETT population and for a subgroup only
considering patients with a current indication for upfront SOC diagnostics because this was not true
for all patients. eMethods 2 in Supplement 1 lists more details on this analysis.

Results

Base-Case Model Output
A total of 814 patients with advanced tumors (mean [SD] age, 60.8 [12.3] years; 452 [55.5%] female
and 362 [44.5%] male) participated in the study. Using the decision tree to summarize outcomes for
the BALLETT cohort, CGP resulted in at least one actionable target in 621 patients (76%), MTB
recommendations in 529 patients (65%), and an MTB-recommended matched treatment in 123
patients (15%), at a mean diagnostic cost of €2147 (US $2469) (Table). Although the cost to identify
a patient with an actionable target was €2816 (US $3238) (ICCR), the ICCR to identify a patient with
a CGP-matched treatment increased to €14 249 (US $16 386). Mean diagnostic costs remained
relatively stable among the tumor types, whereas benefits varied. Patients with actionable targets
were relatively most present in breast (105 [88%]) and lung cancer (66 [87%]). Matched treatments
were seen most in lung cancer (16 [21%]) and less in colon cancer (9 [10%]). Hence, the ICCR to
match a targeted treatment was €9952 (US $11 445) for lung cancer, whereas it was more than 2
times higher for colon cancer (€20 377 [US $23 434]). The predefined WTP threshold of €5000 per
matched treatment was exceeded in all base-case analyses.

Table. Base-Case and Scenario Analysis Resultsa

Variable
No. of
patients

Diagnostic costs, €

Actionable targets,
% (ICCR, €)

MTB recommendations,
% (ICCR, €)

Total matched
treatments, %
(ICCR, €)

On-label
matched
treatments, %

Mean
diagnostic
cost

Total
diagnostic
cost, €

Base-case analysis CGP

All tumor types 814 2147 1 747 684 76 (2816) 65 (3302) 15 (14 249) 4

Lung cancer 76 2095 159 232 87 (2413) 82 (2568) 21 (9952) 9

Breast cancer 120 2144 257 221 88 (2450) 73 (2923) 18 (11 846) 7

Colon cancer 86 2089 179 647 76 (2764) 63 (3327) 10 (20 377) 0

Sarcoma 53 2273 120 445 55 (4153) 40 (5735) 15 (15 568) 0

Scenario analysis

Upfront SOC 814 429 349 235 37 NA 26 26

Upfront CGP 814 2152 1 751 943 81 (3925) 66 (NA)b 38 (13 936)c 27

Upfront SOC with indication for
SOC diagnostics

422 828 349 235 51 NA 32 32

Upfront CGP with indication for
SOC diagnostics

422 2157 910 307 85 (3857) 74 (NA)b 44 (10 483)c 33

Abbreviations: CGP, comprehensive genomic profiling; ICCR, incremental cost-consequence ratio; MTB, molecular tumor board; NA, not applicable; SOC, standard of
care diagnostics.
a Total costs and percentage of patients with clinical outcomes of interest for the base-case and scenario analysis. Actionable targets were percentage of patients with at least one

tier 1A or 1B or 2C or 2D classified actionable target identified. MTB recommendations were percentage of patients with at least one recommendation formulated in the national
MTB, translating actionable targets into actionable clinical decisions. Matched treatments were percentage of patients who actually received a matched treatment following the
proposed MTB recommendation. To convert to euros to US dollars, multiply by 1.15.

b No ICCR calculated as this outcome was not estimated for the SOC strategy.
c In the scenario analysis, patients who received both an on-label matched treatment and an investigational or off-label matched treatment were counted twice toward the

percentage of matched treatments outcome.
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Comprehensive Genomic Profiling (CGP) as standard for NGS 
biomarker testing in cancer • Lower cost per matched treatment in cancers with higher frequencies of 

actionable biomarkers (e.g., NSCLC) suggests greater cost-effectiveness 
potential in certain tumor subgroups 

• Mean diagnostic cost per patient in the BALLETT cohort was 
approximately €2,147. Diagnostic costs to identify a patient with a 
matched therapy reached €14,249 (with individual tumor variation, e.g., 
~€9,952 for lung, ~€20,377 for colon). 

• These figures exceed common hypothetical willingness-to-pay thresholds
(e.g., €5,000 per matched treatment), highlighting the cost challenges of 
CGP implementation.
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Whole-genome landscapes of 1,364 breast 
cancers

Ryul Kim1,12, Jonghan Yu2,12, Joonoh Lim1, Brian Baek-Lok Oh1, Seok Jin Nam2, Seok Won Kim2, 
Jeong Eon Lee2, Byung Joo Chae2, Ji-Yeon Kim3, Ga Eun Park4, Bong Joo Kang4, Pill Sun Paik5, 
Soo Yeon Bae6, Chang Ik Yoon6, Young Joo Lee6, Dooreh Kim6, Kabsoo Shin7, Ji Eun Lee7, 
Jun Kang8, Ahwon Lee8, Erin Connolly-Strong1, Sangmoon Lee1, Bo Rahm Lee1, Yuna Lee1, 
Ki Jong Yi1, Young Oh Kwon1, In Hwan Chun1, Junggil Park1, Jihye Kim1, Chahyun Choi1, 
Jong Yeon Shin1, Hyungjung Lee1, Minji Kim1, Hansol Park1, Ilecheon Jeong1, Boram Yi1, 
Won-Chul Lee1, Jeong Seok Lee1,9, Woo Chan Park6, Sung Hun Kim4, Yoon-La Choi10, 
Jeongmin Lee4,11 ✉, Young Seok Ju1,9 ✉ & Yeon Hee Park3 ✉

Breast cancer remains a major global health challenge1. Here, to comprehensively 
characterize its genomic landscape and the clinical significance of genomic 
characteristics, we analysed whole-genome sequences from 1,364 clinically 
annotated breast cancers, with transcriptome data available for most cases. Our study 
expands the repertoire of oncogenic alterations and identifies novel driver genes, 
recurrent gene fusions, structural variants and copy number alterations. Timing 
analyses on copy number alterations suggest that genomic instability emerges 
decades before tumour diagnosis, and offer insights into early initiation of tumorigenesis. 
Pattern-driven genomic features, including mutational signatures2, homologous 
recombination deficiency3, tumour mutational burden and tumour heterogeneity 
scores4, were associated with clinical outcomes, highlighting their potential utility  
as predictive biomarkers for clinical evaluation of treatments such as CDK4/6 and  
HER2 inhibitors, as well as adjuvant and neoadjuvant chemotherapy. These findings 
highlight the power of large-scale, clinically annotated whole-genome sequencing in 
advancing our understanding of how genomic alterations shape patient outcomes.

Breast cancer remains a substantial global health challenge, and pos-
sesses significant molecular and clinical heterogeneity1. Over the past 
few decades, advances in understanding of genomic drivers have led 
to improved treatment modalities, including targeted therapies and 
immunotherapies5. However, recurrence and metastasis of breast can-
cers remain common, underscoring the need for a deeper understand-
ing of the biology. Recent advances in genomic technology serve as 
essential assets to unravel the genetic complexities of breast cancer, 
facilitating personalized treatment approaches to improve outcomes.

Despite previous valuable insights, the molecular landscape of breast 
cancer remains partially understood. Traditional methods, such as 
targeted sequencing approaches, mostly focus on individual muta-
tions in known cancer genes, and miss significant information outside 
the targets and other pattern-based markers6, such as most genomic 
rearrangements, copy number alterations and mutational signatures7. 
In this context, whole-genome sequencing (WGS) is a comprehen-
sive alternative technique that captures the full spectrum of genomic 

changes and offers an unbiased view of cancer genomes3,8, enabling 
biological discovery and the exploration of potential biomarkers for 
future clinical application.

Over the past few decades, academic-driven cancer genome research 
has analysed more than 10,000 cancer genomes across diverse cancer 
types8–10. Although these studies have identified and archived many 
genomic mutations, their clinical significance often remains unclear 
owing to insufficient integration of clinical records. To maximize the 
real-world impact of genome sequencing, it will be essential to integrate 
genomic data with comprehensive medical records, including treat-
ment responses, disease recurrence and long-term clinical outcomes11.

To this end, we sequenced and analysed the whole genomes of 1,364 
breast cancers from a Korean cohort in combination with full medi-
cal records. To our knowledge, this cohort—referred to as CUBRICS 
cohort—is the largest of its kind to date (Supplementary Methods, Sup-
plementary Fig. 1 and Supplementary Table 1). In addition to WGS, tran-
scriptome sequencing data were incorporated for most cases (n = 1,209; 
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WGS in 1,364 BCs identified recurrent gene fusions, 
SNV and CNAs, increasing the classical mutational 
repertory in this tumor
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Frequently rearranged genes
A key mutational process in cancer is structural variation, which acts 
to amplify, delete or reorder chromosomal material at scales that 
range from single genes to entire chromosomes32. To determine the 
structural variation landscape, we generated a DNA interaction map 
between 5-Mb segments across the entire genome (Fig. 3a), along with 
large-scale copy number amplification patterns (CNAs; G-score). Of the 
208,540 structural variation events, local intrachromosomal (<5 Mb) 
rearrangements were predominant (162,988 out of 208,540, 78.2%), but 
reshuffling of genomic materials between distal intrachromosomal or 
interchromosomal regions were also observed (45,266 out of 208,540, 
21.7%). Some of the rearrangements were observed more frequently 
than random. For example, 15 breast cancers carried an interchromo-
somal translocation between chromosomes 8 and 11, which brought 
CCND1, and ZNF703 and FGFR1 (ZNF703/FGFR1) into close proximity 
(mostly luminal B type; 73.3%, 11 out of 15; Fig. 3a, top left). Of note, 
the interaction was observed in lung cancer33, and was also reported 
to be associated with reduced benefit from aromatase inhibitors in 
metastatic breast cancer34. Consistent with these findings, tumours 
with these rearrangements exhibited distinct transcriptomic profiles, 
including upregulation of tumour progression-related pathways such 
as TNF, TGFβ signalling and epithelial–mesenchymal transition, as well 
as metabolic reprogramming (Extended Data Fig. 5).

Another frequent interchromosomal translocation involved the 
ERBB2 locus on chromosome 17 and a locus on chromosome 20 
(observed in 30 participants), where breast cancer super-enhancers 
were enriched35 (Fig. 3a, top right). Structural variations can influence 

transcription by disrupting enhancer–promoter interactions, chro-
matin topology and long-range regulatory elements36. In line with this 
idea, structural variations involving the ERBB2 locus were clustered 
with super-enhancers genome-wide (P = 0.028 by permutation test; 
Fig. 3b), which translocated super-enhancers in about 90 kb from the 
ERBB2 locus (Fig. 3c). Tumours with extragenic structural variants 
in the vicinity (within 1 Mb) showed significantly higher ERBB2 gene 
expression levels than their gene copy number (log2 fold change >1, 
q-value <0.10; Fig. 3d). They often carried extragenic structural vari-
ants in the vicinity (within 1 Mb) with a cancer cell fraction (CCF) of 
approximately 1 (Fig. 3e), and distal breakpoints significantly enriched 
near breast cancer-specific super-enhancers35 (Fig. 3f). Our observa-
tion overall suggests a possible enhancer-hijacking mechanism for 
transcriptional activation in breast cancer genomes.

In addition, we found gene truncation events associated with struc-
tural variation. A total of 28 genes, including the well-established 
tumour suppressors RB1, PTEN and RUNX1, exhibited significant down-
regulation due to gene-truncating structural variants, reinforcing their 
tumour suppressor role in breast cancer (Fig. 3g).

Although recurrent fusion oncogenes are considered rare in breast 
cancer37, we identified several recurrent fusion events (Fig. 3h and 
Extended Data Figs. 6 and 7). In luminal-type breast cancers, frequent 
fusion genes were MIPOL1–TTC6 (n = 9), CEP112–PRKCA (n = 6) and 
CCDC170–ESR1 (n = 6). In basal-like breast cancers, BCL2L14–ETV6 
(n = 12), AGO2–PTK2 (n = 6) and BRD4–NOTCH3 (n = 6) were recurrent. 
Of note, CCDC170–ESR1 has been implicated in endocrine therapy 
resistance and metastasis in breast cancers38 and BCL2L14–ETV6 has 
been linked to increased invasiveness and paclitaxel resistance39. 

0

100

200

300

400

14 12 11 6 7 8 10 5 8 5 4 5 1 5 2 5 0 2 2 0 5 4 10 3 6 5 1 4 6 0 1 3 0 2 1 3 2 1 0 0

CBaSE
dNdScv

HotMAPS
MutPanning

OncodriveCLUSTL
OncodriveFML

SMRegions

TP
53

P
IK

3C
A

K
M

T2
C

G
A

TA
3

A
K

T1
M

A
P

3K
1

P
TE

N
S

P
EN

A
R

ID
1A

C
B

FB
ER

B
B

2
R

B
1

N
C

O
R

2
S

F3
B

1
ZF

H
X3

N
F1

R
R

EB
1

ES
R

1
R

U
N

X1
B

C
L1

1B
ER

B
B

3
TB

X3
B

R
C

A
1

C
D

H
1

C
TC

F
M

A
P

2K
4

P
IK

3R
1

D
N

M
T3

A
FO

XA
1

N
C

O
R

1
P

TP
R

T
C

A
C

N
A

1D
C

D
K

N
2A

FO
XO

3
K

R
A

S
B

R
A

F
K

LF
4

C
A

S
P

8
H

R
A

S
R

A
F1

S
P

EC
C

1

N
um

be
r o

f
af

fe
ct

ed
 c

as
es

Reports in external
cohorts (out of 14)

Novel driver

0

0.5

1.0

Ty
pe

s 
of

m
ut

at
io

n

0

0.5

1.0

0

0.5

1.0

PA
M

50
(%

)
In

tC
lu

st
(%

)

Normal-likeLumA
NALumB

HER2-enriched
Basal-like

Start-site mut

Frameshift ins Nonsense subs
In-frame del Stop-loss mut
In-frame ins Splice-site mut

Frameshift del Missense subs

D
riv

er
 d

et
ec

tio
n

al
go

rit
hm

3

Combined significance

0 120

0 12

–log10(q-value)

–log10(q-value)

Novel

2
3
4
5

1
7
8
9
10

6 NA
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The fraction of variant-supporting reads suggests that most of the 
fusion events are clonal or near-clonal, implicating them in tumour  
initiation.

In the gene-level analysis, NRG1, which encodes a small ligand of 
ERBB family kinase receptors, was frequently affected by 166 structural 
variants in 110 cases (8%, 110 out of 1,364; Extended Data Fig. 8; top 2). 

Although gene disruption was the most frequent outcome (72.9%, 121 
out of 166 structural variants), oncogenic fusions were sometimes 
formed with various partner genes40 (n = 17; Fig. 3i), collectively sixfold 
more frequently than previous reports41 (1.25% versus 0.2%). Of note, 
the EGF-like domain of NRG1 was retained in all 17 fusion cases, sup-
porting their oncogenic effect.
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Peaks at −99.0 kb (5′) and +91.7 kb (3′) indicate clustering near the gene.  
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expression. Genes with significant upregulation (log2(fold change) ≥ 1, q < 0.10) 
are highlighted. Dot size reflects the number of affected samples. e, CCF of 
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closer to super-enhancers than expected by chance (two-sided; P = 0.001).  
g, Left, genes that are downregulated by intragenic structural variants 
(q < 0.10). Well-known tumour suppressors (RB1, PTEN and RUNX1) are shown  
in bold. Right, PAM50 subtype distribution. h, Recurrent gene fusions 
(occurring in at least four participants). Number of patients and whole- 
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Fig. 3 | Whole-genome structural variation landscape. a, Genome-wide 
structural variation (SV) and copy number variation (CNV) landscape. Top, 
interchromosomal and intrachromosomal structural variant interactions 
across 5-Mb windows. Frequent events between chr. 8 and chr. 11 (top left) and 
between chr. 17 and chr. 20 (top right) are highlighted. Middle, number of 
samples with structural variants or super-enhancers (SEs) per window. Bottom, 
recurrent CNVs identified by GISTIC. b, Distribution of distal structural variant 
breakpoints (BPs) within 1 Mb of ERBB2 (grey) and breast cancer-specific super- 
enhancers (red). c, Structural variant breakpoint density within 1 Mb of ERBB2. 
Peaks at −99.0 kb (5′) and +91.7 kb (3′) indicate clustering near the gene.  
d, Effect of extragenic structural variations (<1 Mb from gene) on RNA 
expression. Genes with significant upregulation (log2(fold change) ≥ 1, q < 0.10) 
are highlighted. Dot size reflects the number of affected samples. e, CCF of 
extragenic structural variants affecting genes highlighted in d. f, Permutation 
test (10,000 iterations) shows that structural variant breakpoints (from d) are 

closer to super-enhancers than expected by chance (two-sided; P = 0.001).  
g, Left, genes that are downregulated by intragenic structural variants 
(q < 0.10). Well-known tumour suppressors (RB1, PTEN and RUNX1) are shown  
in bold. Right, PAM50 subtype distribution. h, Recurrent gene fusions 
(occurring in at least four participants). Number of patients and whole- 
transcriptome sequencing (WTS) support (left), and CCF (middle) and PAM50 
(right) subtype for each fusion. i, NRG1 fusions in 17 patients in our cohort. 
Protein domain architecture of the N-terminal fusion partner and C-terminal 
NRG1 are shown. CCF values indicate the clonality of each fusion event.  
ADAM CR, ADAM family cysteine-rich domain; Del, deletion; DNA pol A exo 1, 
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SUMMARY

Biomarkers accurately informing prognostic assessment and therapeutic strategy are critical for improving
patient outcome in oncology. Here, we apply a whole-genome, tumor-informed circulating tumor DNA
(ctDNA) detection approach to address this challenge, leveraging 1,800 variants across 2,994 plasma sam-
ples from 431 patients with non-small cell lung cancer (NSCLC) from the TRACERx study. We show that ul-
trasensitive ctDNA detection below 80 parts per million both pre- and postoperatively is highly prognostic,
and combinatorial analysis of the pre- and postoperative ctDNA status identifies an intermediate risk group,
improving disease stratification. ctDNA kinetics demonstrate clinical utility during adjuvant therapy, where
patients that ‘‘clear’’ ctDNA during adjuvant therapy experience improved outcomes. Moreover, character-
ization of patterns in postoperative ctDNA kinetics reveals insights into the timing, risk, and anatomical
pattern of relapses. By incorporating longitudinal ultrasensitive ctDNA detection, we propose a refined
schema for guiding the stratification and treatment recommendations in early stage NSCLC.

INTRODUCTION

Despite advances in preoperative staging techniques and im-
provements in surgical and radiotherapy procedures, the inci-
dence of disease recurrence remains a significant concern in

early stage non-small cell lung cancer (NSCLC).1 Biomarkers
that improve accuracy for prediction of recurrence risk following
surgical resection could help address this clinical shortcoming
by identifying subgroups of patients with well-defined high-
risk features who are most likely to benefit from adjuvant
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treatment.2–4 Similarly, identification of low-risk features could
spare patients from health risks of unnecessary adjuvant
therapies.

‘‘Liquid biopsy’’ of circulating tumor DNA (ctDNA) has
emerged as a promising non-invasive approach for detection
and risk profiling of malignant diseases, detecting molecular re-
sidual disease (MRD) after curative treatment, and predicting
recurrence in patients with solid tumors.5–11 ctDNA detection
can be either tumor-agnostic or tumor-informed. Tumor-
agnostic assays, which detect ctDNA without prior knowledge
of the primary tumor’s genomic profile, have demonstrated utility
for monitoring disease progression in metastatic settings.12–15 In
tumor-informed approaches, known tumor variants are tracked
in plasma using either personalized or off-the-shelf panels. The
benefits of tumor-informed personalized assays compared
with tumor-naive approaches are well-documented16; however,
their clinical implementation has been constrained by the
disproportionate ratio of non-malignant cell-free DNA (cfDNA)
to tumor-derived ctDNA in blood plasma. This molecular hetero-
geneity, particularly the predominance of non-tumor cfDNA,
frequently results in ctDNA concentrations that fall below
the analytical detection thresholds of first-generation tumor-
informed personalized assays.17 Additional confounding factors
include variations in cfDNA production from non-cancerous
cells, sequencer error rates, and the presence of low-level vari-
ants originating from clonal hematopoiesis of indeterminate
potential (CHIP).18–21 These challenges have necessitated the
development of ever-more sensitive techniques to allow for reli-
able detection of ctDNA present in early stage NSCLC.12,22–26

Despite these advances, reliable detection of ctDNA in patients
with early stage NSCLC, especially early stage lung adenocarci-
noma (LUAD), which often sheds ctDNA at very low levels, has
remained challenging.

Here, we characterize ctDNA from the largest patient cohort to
date from the TRACERx (tracking non-small cell lung cancer evo-
lution through therapy [Rx]) study,27,28 consisting of 431 individ-
uals and 2,994 plasma time points. We hypothesized that the im-
plementation of a sensitive ctDNA assay with a limit of detection
(LOD) of 1–3 parts per million (ppm) could improve disease strati-
fication to informclinical risk in the postoperative setting, including
through adjuvant therapy and in the context of clinical recurrence.
Findings presented here support the application of ultrasensitive
personalized liquid biopsy approaches to guide additional thera-
peutic interventions for improved patient outcomes.

RESULTS

Cohort overview
431 prospectively recruited patients with NSCLC from the
TRACERx Lung cohort were assessed in this study (Figures 1
and S1A). This comprised 250 males and 181 females, recruited
between 2014 and 2021, with a median age of 69 years (range
34–92 years). 54.3% (n = 234) and 45.7% (n = 197) of the patients
were diagnosed with tumors of LUAD or non-LUAD histology,
respectively. In cases where synchronous primary lung tumors
were identified in a patient, the tumor histology with the most
advanced stage was selected to represent the patient. Adjuvant
platinum-based chemotherapy was given as standard of care for

55.1% of patients (n = 162) with stage II/III disease, as well as a
subset of those with stage IB disease (n = 6); no neoadjuvant
treatment was administered. Fourteen LUAD patients were
found to harbor synchronous primary tumors at diagnosis
(6.0%), and five non-LUAD patients presented with synchronous
primary tumors (2.5%). The cohort had an even distribution of
disease stages, with 31.8% (n = 137), 33.6% (n = 145), and
34.6% (n = 149) of the patients diagnosed with stage I, II, and
III disease, respectively (Tables S1 and S2).
We generated tumor-informed patient-specific liquid

biopsy panels for ultrasensitive profiling of ctDNA from 2,994
plasma samples from 431 patients, as previously described17

(Figure S1B). To select the patient-specific variants for panel in-
clusion, whole-genome sequencing (WGS) was performed using
the clinical NeXT Personal protocol that leverages DNA from
formalin-fixed, paraffin-embedded (FFPE) tumor tissue (n =
264). In a minority of cases where FFPE samples were either
degraded or unavailable, fresh frozen (FF) tumor samples were
used to derive DNA instead (n = 167; Figures S1A and S1B;
STAR Methods). This assessment of the quality of the FFPE
sample was performed in a blinded fashion. The degree of
degradation of the FFPE samples was related to the age of the
biological specimens (Figure S1C; STAR Methods). These data
were co-analyzed together with WGS from matched germline
DNA from blood cells to identify candidate somatic variants in
a manner previously described.17,29 We then selected a median
of 1,800 somatic variant targets (range 646–1,979) for inclusion
in a bespoke ctDNA assay manufactured for each patient
(Figure S1B).

Preoperative ctDNA levels are prognostic of patient
outcomes
Preoperative ctDNA was detected in 82.7% (329/398; 171 of
which were reported in Black et al.17) of patients (median,
829.37 ppm; range, 1.39–253,827 ppm), with 25.23% (83/
329) of positive detections occurring in the ultrasensitive
range below 80 ppm, the LOD of a previously published
approach in TRACERx6 (Figure S2A). Of note, the preopera-
tive detection rate among LUADs for which the NeXT Personal
clinical protocol was applied (i.e., an FFPE sample of sufficient
quality was available) was 81.9%, compared with 54.1% for
LUADs assessed using FF tissue (Figure S2A; Table S3). As
we have previously reported,6,17 preoperative ctDNA-positive
LUAD patients had significantly worse relapse-free survival
(RFS) (hazard ratio [HR] = 4.74, 95% confidence interval [CI]
2.59–8.71, and Wald p = 4.99 × 10−7; Figure S2B) and overall
survival (OS) (HR = 5.77, 95% CI 2.49–13.40, and Wald p =
4.54 × 10−5; Figure S2C). This finding remained significant
when analysis was restricted to patients that were not
included in the Black et al.17 analysis (HR = 3.28, 95% CI
1.68–6.40, and Wald p = 0.00049 for RFS; and HR = 4.00,
95% CI 1.66–9.64, and Wald p = 0.0021 for OS). In non-
LUAD cases, patients with above-median ctDNA levels
showed significantly worse RFS and OS (log-rank p =
0.0055 and p = 0.0075, respectively; Figures S2D and S2E).
Notably, both RFS and OS associations persisted (Cox
regression Wald p = 0.018 and 0.017) after adjusting for sex,
age, smoking history, and stage in multivariate analysis.
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sensitive preoperative ctDNAmeasure in NSCLCpatients can be
prognostic of post-relapse disease severity and survival.
We analyzed paired plasma samples from individual patients,

comparing ctDNA levels in preoperative specimens with those
collected at clinical recurrence. Here, recurrence plasma sam-
ples were defined as those obtained within 30 days before or af-
ter documented clinical recurrence (including progression for
patients with possible incomplete resection). Patients who
were ctDNA negative at the preoperative time point were more
likely to remain ctDNA negative at the time of relapse
(Figure 4B; 3/5 preoperative negative samples were negative at
relapse compared with 8/67 preoperative-positive samples,
Fisher’s exact test, p = 0.0234), and ctDNA levels above median
at the time of relapse were associated with worse post-relapse

survival in LUAD patients (Figure S6D; HR = 3.66, 95% CI
1.72–7.79, log-rank p = 0.00037).

Patients with undetected ctDNA at the landmark time
point who subsequently relapsed
We next investigated the underlying biology and patterns of
relapse in patients with negative landmark ctDNA (35 of 146 pa-
tients; Figure 4C). First, we explored potential technical factors
that could have affected ctDNA detection in this group of patients.
The NeXT Personal assay is extremely specific, with a technical
specificity in analytical validation of 99.98%.29 As such, we asked
whether exploratory tuning of the MRD detection thresholds to in-
crease sensitivity while still retaining high specificity could in-
crease the number of landmark ctDNA detections in this cohort.
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Figure 3. Post-surgical ctDNA detections are predictive of adjuvant therapy benefit
(A) ctDNA dynamic in patients with/without ctDNA clearance by adjuvant therapy, and patients with spontaneous ctDNA clearance.

(B) KM curve of overall survival (OS) in patients with ctDNA detected postoperatively. ctDNA detection at postoperative/pre-adjuvant time point below 80 ppm is

colored dark blue, and patients with ctDNA detected above 80 ppm are colored pink. The median follow-up of the analyzed cohort was 1,694 days. p value was

calculated using a log-rank test. See also Figure S5G.

(C) The association between ctDNA clearance by adjuvant chemotherapy and number of chemotherapy cycles received. p value was calculated using Fisher’s

exact test.

(D) KM curve of OS in patients with ctDNA clearance (dark blue) and without ctDNA clearance (pink) by adjuvant therapy with NSCLC. Themedian follow-up of the

analyzed cohort was 1,694 days. p value was calculated using a log-rank test. See also Figure S5H.

See also Figures S5 and S6.
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sensitive preoperative ctDNAmeasure in NSCLCpatients can be
prognostic of post-relapse disease severity and survival.
We analyzed paired plasma samples from individual patients,

comparing ctDNA levels in preoperative specimens with those
collected at clinical recurrence. Here, recurrence plasma sam-
ples were defined as those obtained within 30 days before or af-
ter documented clinical recurrence (including progression for
patients with possible incomplete resection). Patients who
were ctDNA negative at the preoperative time point were more
likely to remain ctDNA negative at the time of relapse
(Figure 4B; 3/5 preoperative negative samples were negative at
relapse compared with 8/67 preoperative-positive samples,
Fisher’s exact test, p = 0.0234), and ctDNA levels above median
at the time of relapse were associated with worse post-relapse

survival in LUAD patients (Figure S6D; HR = 3.66, 95% CI
1.72–7.79, log-rank p = 0.00037).

Patients with undetected ctDNA at the landmark time
point who subsequently relapsed
We next investigated the underlying biology and patterns of
relapse in patients with negative landmark ctDNA (35 of 146 pa-
tients; Figure 4C). First, we explored potential technical factors
that could have affected ctDNA detection in this group of patients.
The NeXT Personal assay is extremely specific, with a technical
specificity in analytical validation of 99.98%.29 As such, we asked
whether exploratory tuning of the MRD detection thresholds to in-
crease sensitivity while still retaining high specificity could in-
crease the number of landmark ctDNA detections in this cohort.
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Figure 3. Post-surgical ctDNA detections are predictive of adjuvant therapy benefit
(A) ctDNA dynamic in patients with/without ctDNA clearance by adjuvant therapy, and patients with spontaneous ctDNA clearance.

(B) KM curve of overall survival (OS) in patients with ctDNA detected postoperatively. ctDNA detection at postoperative/pre-adjuvant time point below 80 ppm is

colored dark blue, and patients with ctDNA detected above 80 ppm are colored pink. The median follow-up of the analyzed cohort was 1,694 days. p value was

calculated using a log-rank test. See also Figure S5G.

(C) The association between ctDNA clearance by adjuvant chemotherapy and number of chemotherapy cycles received. p value was calculated using Fisher’s

exact test.

(D) KM curve of OS in patients with ctDNA clearance (dark blue) and without ctDNA clearance (pink) by adjuvant therapy with NSCLC. Themedian follow-up of the

analyzed cohort was 1,694 days. p value was calculated using a log-rank test. See also Figure S5H.

See also Figures S5 and S6.
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NGS: ¿ya para todos ya desde el diagnóstico? 
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