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Morphological diagnosis



Morphological diagnosis

Una técnica como la IHC sigue siendo suficiente para 
seleccionar pacientes para tratamientos dirigidos?



DESTINY-Breast06: 
Open-label, randomized, multicenter, phase 3 study

ClinicalTrials.gov. NCT04494425. https://www.clinicaltrials.gov/study/NCT04494425. Accessed May 31, 2024; 2. Curigliano G et al. Presented 
at: ASCO Annual Meeting; May 31 – June 4, 2024; Chicago, IL. Presentation LBA1000

PATIENT POPULATION
• HR+ mBC
• HER2-low (IHC 1+ or IHC 2+/ISH−) or HER2-ultralow 

(IHC 0 with membrane staining)*
• Chemotherapy naïve in the mBC setting

Prior lines of therapy
• ≥2 lines of ET ± targeted therapy for mBC

OR
• 1 line for mBC AND

– Progression ≤6 months of starting first-line ET + CDK4/6i 
OR

– Recurrence ≤24 months of starting adjuvant ET

Stratification factors
• Prior CDK4/6i use (yes vs no)
• HER2 expression (IHC 1+ vs IHC 2+/ISH− vs IHC 0 with membrane staining)
• Prior taxane in the non-metastatic setting (yes vs no)

T-DXd 
5.4 mg/kg Q3W

(n=436)

TPC
(n=430)

ENDPOINTS
Primary
• PFS (BICR) in HER2-low

Key secondary
• PFS (BICR) in ITT (HER2-low + ultralow)
• OS in HER2-low
• OS in ITT (HER2-low + ultralow)

R
1:1

Capecitabine, 59.8%;
nab-paclitaxel, 24.4%;

paclitaxel, 15.8%

HER2-low = 713
HER2-ultralow = 153†

Other secondary
• PFS (INV) in HER2-low
• ORR (BICR/INV) and DOR (BICR/INV) in 

HER2-low and ITT (HER2-low + ultralow)
• Safety and tolerability
• Patient-reported outcomes (HER2-low and ITT)
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T-DXd demonstrated a statistically significant and clinically meaningful improvement in PFS 
compared with standard-of-care chemotherapy in HER2-low

PFS improvement with T-DXd vs TPC in HER2-ultralow was consistent with results in HER2-low

HER2-ultralow

HER2-low



Targeting ‘low’ and ‘ultralow’ HER2-expressing 
tumors in mBC1

*HER2-ultralow (HER2 IHC 0 with membrane staining of any intensity in ≤10% of tumor cells) was referred to as HER2 IHC >0 to <1+ in the DESTINY-Breast06 protocol; †no membrane staining is observed
1. Curigliano G et al. Presented at: ASCO Annual Meeting; May 31 – June 4, 2024; Chicago, IL. Presentation LBA1000; 2. Wolff AC, et al. J Clin Oncol. 2023;41:3867–3872; 3. Denkert C, et al. Lancet Oncol. 2021;22:1151–1161; 4. Chen Z, et al. Breast Cancer Res Treat. 
2023;202:313–323; 5. Mehta S, et al. J Clin Oncol. 2024;42(Suppl. 16):e13156 (Abstract)

HER2 IHC categories within HR+, HER2-negative mBC (per ASCO/CAP2):
IHC 2+/ISH− IHC 1+ IHC 0

Faint, incomplete membrane 
staining in ≤10% of tumor cells

Absent
membrane staining

HER2-ultralow* ~20–25%3–5HER2-low ~60–65%3,4

IHC 0 with 
membrane staining*

IHC 0 absent 
membrane staining†

IHC 2+/ISH−

DESTINY-Breast06 patient population: ~85% of HR+, HER2-negative mBC

Weak-to-moderate complete membrane 
staining in >10% of tumor cells

Faint, incomplete membrane 
staining in >10% of tumor cells

IHC 1+

• In the DESTINY-Breast06 trial, T-DXd’s efficacy is studied in HR+, HER2-low and HER2-ultralow, 
• Moves T-DXd to an earlier line of treatment in HER2-low mBC (vs DESTINY-Breast04)
• Expands the proportion of patients who may benefit from T-DXd to ~85% of HR+, HER2− mBC



DESTINY-PanTumor02: Phase 2 study of T-DXd 
for HER2-expressing solid tumors

Meric-Bernstam, F et al. ESMO 2023



Meric-Bernstam, F et al. J Clin Oncol 2025

DESTINY-PanTumor02: Phase 2 study of T-DXd 
for HER2-expressing solid tumors



Morphological and phenotypic diagnosis

Cómo mejorar la precisión (y predicción) en el diagnóstico?



Single gene testing for EGFR mutations predicted 
benefit to TKIs in mNSCLC

High complexity NGS for detecting genomic 
instability (HRD) in selecting high grade ovarian 
cancer patientsto PARPi 

Whole-exome sequencing reveals dynamic 
molecular heterogeneity in NSCLC with clinical 
implications

Analysis of genomic alterations drive 
Precision Oncology
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Recommendations for the use of next-generation sequencing (NGS) for
patients with advanced cancer in 2024: a report from the ESMO Precision
Medicine Working Group
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Background: Advancements in the field of precision medicine have prompted the European Society for Medical
Oncology (ESMO) Precision Medicine Working Group to update the recommendations for the use of tumour next-
generation sequencing (NGS) for patients with advanced cancers in routine practice.
Methods: The group discussed the clinical impact of tumour NGS in guiding treatment decision using the ESMO Scale
for Clinical Actionability of molecular Targets (ESCAT) considering cost-effectiveness and accessibility.
Results: As for 2020 recommendations, ESMO recommends running tumour NGS in advanced non-squamous non-
small-cell lung cancer, prostate cancer, colorectal cancer, cholangiocarcinoma, and ovarian cancer. Moreover, it is
recommended to carry out tumour NGS in clinical research centres and under specific circumstances discussed with
patients. In this updated report, the consensus within the group has led to an expansion of the recommendations
to encompass patients with advanced breast cancer and rare tumours such as gastrointestinal stromal tumours,
sarcoma, thyroid cancer, and cancer of unknown primary. Finally, ESMO recommends carrying out tumour NGS to
detect tumour-agnostic alterations in patients with metastatic cancers where access to matched therapies is available.
Conclusion: Tumour NGS is increasingly expanding its scope and application within oncology with the aim of enhancing
the efficacy of precision medicine for patients with cancer.
Key words: next-generation sequencing (NGS), advanced cancer, precision medicine, ESCAT
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Morphological and molecular diagnosis

Qué aporta la biopsia líquida al diagnóstico en oncología de 
precisión?



and for predicting disease response before imaging (reviewed in Amato
et al.212). These findings highlight the value of ctDNA in evaluating and
guiding treatment strategies in breast cancer.

The incorporation of ctDNA analysis into breast cancer clinical trials
has increasingly become a crucial component in personalizing treatment
approaches. The SOLAR-1 trial, a phase 3 study, assessed the safety and
effectiveness of the PIK3CA inhibitor alpelisib when combined with
fulvestrant in patients with PIK3CA-mutated, hormone receptor-positive
(HR+) / HER2- breast cancer213,214. Plasma ctDNA analysis revealed worse
OS for PIK3CA-mutated patients treated with fulvestrant alone vs. in
combination with alpelisib. Consequently, the American Society of Clinical
Oncology (ASCO) updated its guidelines in 2022 to recommend ctDNA
testing for HR+/HER2- MBC to identify patients eligible for alpelisib plus
fulvestrant treatment215. Also, CAPTURE is anongoingphase IImulticentre
clinical trial in Australia studying the use of alpelisib plus fulvestrant in
ER+/HER2- advanced breast cancer patients with detectable PIK3CA
mutations in ctDNA who had progressed during or after treatments with
CDK4/6 inhibitors and aromatase inhibitors216. ctDNA analysis of patients
enrolled in the phase IbMONALEESASIA trials identified several genomic
alterations associated with treatment response to the CDK4/6 inhibitor
ribociclib217. Subsequently, in phase III of the MONALEESA trial, Andre
et al.218 found that patients with ERBB2, FAT3, FRS2, MDM2, SFRP1, and
ZNF217 mutations had better PFS with ribociclib compared to placebo,

while mutations in ANO1, CDKN2A/2B/2C, and RB1 reduced ribociclib
sensitivity218. Table 1 offers a summary of various published clinical trials
that evaluated the application of ctDNA monitoring for clinical interven-
tions in breast cancer.

The identification of treatment resistance in breast cancer can also be
greatly aided by the use of ctDNA. ESR1 mutations are well established to
drive resistance to endocrine therapy in HR+ breast cancer. In 2016,
Fribbens et al. assessed the impact of ESR1 mutations on the sensitivity to
standard therapies from two phase III randomized trials: the SoFEATrial219

and the PALOMA3 trial220 indicating that plasma ESR1 mutations after
aromatase inhibitor therapy progression could guide subsequent endocrine
therapy221. The ALERT study further supported this by linking dynamic
ctDNA fluctuations during treatment cycles with clinical benefits and
resistance in ER+MBC patients222. In the PADA-1 trial, ER+/HER2-
patients with rising plasma ESR1 ctDNA levels during first-line aromatase
inhibitor and palbociclib therapy were randomized to either continue their
current treatment or switch to fulvestrant and palbociclib223. Patients in the
fulvestrant group had improved PFS compared to the aromatase inhibitor
group. Similarly, in the EMERALD trial, patients with ESR1 mutations
treated with elacestrant showed improved survival compared to those
receiving standard care224. As a result, ASCO now recommends ctDNA
testing to detect ESR1 mutations in advanced ER+/HER2- breast cancer
patients who have progressed after endocrine therapy, to identify those who

Fig. 5 | Current ctDNA precision oncology appli-
cations in breast cancer. A In HR+ breast cancer,
ctDNA can be used to detect the emergence of ESR1
resistance mutations and second-line therapy
selection. ctDNA can also be used for PIK3CA
mutation detection and personalized treatment
recommendation of PI3K inhibitors. B ctDNA can
be used forMRDdetection and treatment escalation.
In HER2+ breast cancer, ctDNA can be used for
detection of HER2 amplifications and therapy
selection.

https://doi.org/10.1038/s41698-025-00876-y Review

npj Precision Oncology | �����������(2025)�9:84� 9

Bartolomucci, A et al. NPJ Precis Oncol 2025

Qué aporta la biopsia líquida al diagnóstico en oncología de 
precisión?



AF, activating function; AI, aromatase inhibitor; DBD, DNA binding domain; E2, estrogen; ESR1, estrogen receptor 1; ER, estrogen receptor; LBD, ligand binding domain; mut; mutations; NR; nuclear receptor C-terminal domain; SERD, selective estrogen receptor degrador; SERM, selective estrogen receptor modulator; wt, 
wild type; zf, zinc-finger
1.Piscuoglio S. et al. Ann Oncol. 2018.29(4):787-789. 29522117; 2. Brett J. et al. Breast Cancer Res. 2021.23(1):85. 34392831.

ESR1-mut stabilizes active ER conformation without the 
need of a ligand

Constitutively active conformation
↑ basal transactivator function ↑ survival
↓ affinity for E2, SERM, SERD ↑ migration
↑ proteolytic stability ↑ AI resistance
↑ proliferation

ER-wt ER-mut

E2, SERM, SERD

AF-1

DB
D

LBD + AF-2

Ligand-binding
pocket

Y537S/N/C/
H

E380Q
S463P

D538G
L536R

Longer exposure to ET in advanced/metastatic breast 
cancer Increases the chance of developing ESR1-mut during 

treatment, emerging in up to 40 % of patients

What is the clinical significance of ESR1 mutations?



Bidard, F et al. SABCS 2021
Bidard, F et al. Lancet Oncol 2022

PADA1: clinical validity of monitoring emergence ESR1m resistance in 
HR+ HER2- metastatic breast cancer by ctDNA

What is the clinical significance of ESR1 mutations?



EMERALD1 SERENA-6 10 SERENA-22 EMBER-33 AMEERA-34-6 acelERA6-9

Treatment Elacestrant Camizestrant +/- 
palbociclib/abemaciclib Camizestrant Imlunestrant +/- 

abemaciclib Amcenestrant Giredestrant

Control
Arm fulvestrant / AIs anastrozole/

letrozole  fulvestrant fulvestrant / exemestane fulvestrant / AIs / 
tamoxifen fulvestrant / AIs

Phase (n) Phase 3 (478) Phase 3 (302) Phase 2 (240) Phase 3 (800) Phase 2 (367) Phase 2 (303)

Patients Men or postmenopausal 
women

Men or postmenopausal 
women Postmenopausal 

women 
Men or postmenopausal 

women
Men or women (any 
menopausal status) 

Men or women (any 
menopausal status)

Prior
CDK4/6i

Required 
(100%) Permitted Permitted Permitted Permitted

(79.7%)
Permitted

(42%)

Allowed Prior
Fulvestrant YES No NO NO YES YES

Allowed Prior
Chemotherapy in mBC YES YES YES NO YES YES

Data readout Positive
(Registrational)

Ongoing
(Registrational)

Positive
(Non-Registrational) Ongoing Endpoint not met Endpoint not met

What is the clinical significance of ESR1 mutations?



Rationale for FDA decision to qualify ESR1m as a predictive biomarker for the use of Elacestrant

Elacestrant vs. SoC in ESR1m patients

What is the clinical significance of ESR1 mutations?
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What is the clinical significance of ESR1 mutations?
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
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SERENA-6 investigates a switch to camizestrant from an AI in patients who develop an ESR1m while on 1L 
SOC treatment with CDKi + AI
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Real-world Study of ESR1 Mutation Testing by Liquid Biopsy Using Digital PCR or NGS to Guide Elacestrant 
Use in Metastatic Breast Cancer Patients

BACKGROUND
■ The EMERALD trial (NCT03778931) showed improved progression-free survival (PFS) with elacestrant 

vs standard of care (SOC) endocrine therapy (ET) in patients with ER+/HER2- metastatic breast cancer (mBC) 
and tumors harboring ESR1 mutations after prior ET + CDK4/6i (HR=0.55; 95% CI, 0.39-0.77; P=0.0005).1 

■ Findings of the EMERALD trial led to approval of elacestrant by the US FDA, EMA, MHRA, and other regulatory 
agencies.2-4 

■ An early access program (EAP) was initiated in Europe to enable patient access to elacestrant before 
reimbursement. 

■ The availability of elacestrant emphasizes the need for real-time mutation detection upon progression to guide 
treatments. 

■ As part of the elacestrant EAP, ESR1 mutations were analyzed using blood samples in patients with 
ER+/HER2- mBC resistant to ET. 

■ Non-invasive liquid biopsy was obtained for analysis of circulating tumor DNA (ctDNA) through droplet digital 
PCR (ddPCR) and next-generation sequencing (NGS).

OBJECTIVES

This report presents findings from the molecular analysis of mutations in the ESR1 gene in the ER+/HER2- mBC 
patient population tested.

To determine the variant 
allele frequency of the 

ESR1 mutations detected.

To report the most 
frequent ESR1 

mutations detected.

To quantify the proportion 
of patients who present 
polyclonality (multiple 

ESR1 mutations).

To determine the ESR1 
mutation positivity rate 

in the samples analyzed.

RESULTS

METHODS
Study Overview
■ A prospective study to identify eligible patients for elacestrant, participating in the EAP, was conducted:

■ Plasma samples were analyzed using ddPCR (Bio-Rad QX200/600 and Thermo QuantStudio Absolute Q) for 
hotspot ESR1-mut, and NGS (Sysmex SafeSEQ Breast Cancer Panel and Roche AVENIO ctDNA Expanded 
Panel) for broader mutational profiling. 

■ Data cut-off was March 21, 2025.

Study Sample

METHODS (continued)
Statistical Analysis

REFERENCES: 
1. Bidard FC, et al. J Clin Oncol. 2022;40:3246-3256. 2. Orserdu. Prescribing information. Stemline Therapeutics; 2023.
3. Orserdu. Summary of product characteristics. Stemline Therapeutics B.V.; 2023. 4. Korserdu. Public assessment report. Stemline 
Therapeutics B.V.; 2024.

■ This is the first study for ESR1 mutation prevalence demonstrating clinical utility of ddPCR and 
NGS-based ctDNA testing in Europe. 

■ These technologies enable precise identification of ESR1 mutations, facilitating personalized treatment 
with elacestrant to improve outcomes. 

■ In clinical practice, ESR1 mutation positivity rate can be improved by sample and testing practice 
optimization. 

■ Pathologists and physicians caring for patients with ER+/HER2- mBC require education about best 
practice methodologies for ESR1 mutation testing.

CONCLUSIONS

ACKNOWLEDGMENTS: 
■ Study was funded by Menarini Group. Editorial and writing assistance was provided by Claire Gilmore, PharmD, from 

Phillips Group Oncology Communications, Inc. (Albany, NY, USA) funded by Menarini Group.

Positivity Rate
■ A positive rate of 37%  (95% CI: 34.15% - 40.22%) was identify in the 1004 samples evaluated.

Analysis of Polyclonality
■ Of the total number of positive samples (n=373), 77 (21.6%) showed polyclonality, defined as the coexistence of 

more than one mutational variant in ESR1. The samples that were polyclonal for ESR1 showed up to four 
simultaneous mutational variants.

Variant Allele Frequency (VAF) of ESR1 Mutations
■ Of the 373 ESR1 mutation-positive samples, 285 provided individual VAF results for each detection. The remaining 88 

samples were analyzed using multiplex assays that simultaneously detected multiple mutations, limiting the precise 
identification of each mutation. 

■ The median VAF was 0.5 (Range, 0.01-58.3). Out of the total, 67% of patients had <1% VAF.

Presented at ESMO Breast Cancer Annual Congress, Munich, Germany
15 May 2025

*This data was obtained from the database of the Test Access System Platform (TAS).

Note: VAFs obtained through multiplex were excluded.
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Calculated by determining the number and percentage of positive results out of the total 
number of samples with available information on mutational status, including the 95% 
confidence interval (95% CI).  

Positivity rate

The mean, standard deviation (SD), 95% CI of the mean, and the following descriptive values 
were obtained: minimum, 25th percentile (P25), median, 75th percentile (P75), and maximum. 
VAF results were calculated for all samples and specifically for each mutation.

Variant allele frequency (VAF)

The number of polyclonal samples and the percentage over the total samples were quantified. 
The number of ESR1 co-mutations detected in second, third and fourth place and the 
percentage were obtained.

Polyclonality

The times that a given variant and the percentage over all mutations was calculated.Most frequent mutations

■ A total of 20 different mutations in the ESR1 gene were detected.

FREQUENCY OF ESR1 MUTATIONS
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treatment modalities, including anti-HER2 regimens, in mCRC198–200.
Moreover, comprehensive ctDNA profiling has unveiled a spectrum of
additional genetic alterations implicated in acquired resistance196,201–205.
Figure 4 outlines the current applications of ctDNA for personalized
treatment monitoring in CRC.

Breast cancer
Breast cancer is a highly diverse disease with various tumor subtypes, each
demanding distinct treatment strategies based on molecular and genomic
profiling of the tumor tissue. For these reasons, molecular biomarkers to
monitor treatment response and effectiveness are vital to precision oncology
strategies in this disease context. ctDNA has been extensively linked to
outcome inbreast cancer (reviewed inXuet al.206).Notably, our recentmeta-
analysis reporting data from 4264 patients in 37 studies onmetastatic breast
cancer demonstrated that detection of ctDNA was associated with worse
OS, PFS, and disease-free survival207.

Several studies have shown the potential of ctDNA in guiding treat-
ment and improving patient outcomes in breast cancer. Riva F et al.208

reported that tailored ctDNA detection using droplet (d)dPCR yielded a
75% detection rate at baseline during neoadjuvant chemotherapy in triple
negative breast cancer (TNBC)208. They found that neoadjuvant

chemotherapy led to a rapid reduction in ctDNA levels and the absence of
MRD post-surgery. A gradual decline in ctDNA during neoadjuvant che-
motherapy was significantly associated with a shorter survival period in
TNBC. Aguilar-Mahecha et al.209 demonstrated that early on-treatment
levels of genomic instability in ctDNA can predict treatment response and
outcomes in MBC209. They found that patients classified as ‘responders’,
showed decreased levels of genomic instability 3 months post-treatment
compared to the ‘non-responder’ group. Lin et al.210 have also demonstrated
its utility as a robust predictor for relapse inpatientswith stage II to III breast
cancer undergoing neoadjuvant therapy, with ctDNA-positive patients
post-neoadjuvant therapy having worse recurrence-free survival than
ctDNA-negative patients210. Interestingly, of the 13 study participants who
achieved a pathologic complete response, only 2 had detectable ctDNAafter
neoadjuvant therapy, and both of these individuals went on to develop
metastasis. In contrast, the remaining 11 subjects did not experience
recurrence or metastasis. Ortolan et al.211 demonstrated that ctDNA can
effectively predict the prognosis of TNBC patients undergoing neoadjuvant
chemotherapy211. They found that ctDNAwas detected in 77% of evaluable
cases before the start of neoadjuvant chemotherapy, whereas it was present
in only 43%of cases after the treatment. In themetastatic setting, ctDNAhas
been used for treatment tailoring, tracking mechanisms of drug resistance,

Fig. 4 | Current ctDNA precision oncology appli-
cations in CRC. A ctDNA is being explored for the
detection of MRD and treatment escalation/de-
escalation in the adjuvant setting in CRC. The
detection of specific alterations in ctDNA such as
HER2 amplifications or B KRAS, NRAS, BRAF, or
EGFR mutations can be used to guide personalized
treatment decisions.

https://doi.org/10.1038/s41698-025-00876-y Review
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ctDNA analysis is an effective, safe, and timely 
method to guide anti-EGFR rechallenge therapy 
with panitumumab in patients with mCRC. 

A ctDNA-guided approach reduced ACT use without 
compromising recurrence-free survival. 
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The 5-year relative overall survival (OS) of patients with stage 
IV mCRC is lower than 15%1,2. Over a decade ago, the use of 
targeted agents, such as the anti-EGFR antibodies cetuximab 

and panitumumab, was shown to improve survival of patients with 
RAS WT mCRC3. However, patients with initial benefit from EGFR 
blockade almost invariably develop resistance4,5. From a molecular 
perspective, acquired resistance to anti-EGFR treatment is mostly 
associated with two main mechanisms: the first involves the emer-
gence of activating mutations in EGFR downstream effectors (pri-
marily, NRAS and BRAF), whereas the second relies on mutations in 
the EGFR extracellular domain (ECD) that impair antibody binding 
to its target5–8.

In 2015, we and others reported that mutant KRAS clones, which 
emerge in blood during EGFR blockade, decline upon withdrawal 
of anti-EGFR antibodies, indicating that clonal evolution contin-
ues beyond clinical progression9–12. Interestingly, RAS and EGFR 

ECD clones have been reported to decay in ctDNA with a half-life 
of 3.7 months and 4.7 months, respectively11. The decay of KRAS 
mutations in blood upon anti-EGFR antibody withdrawal is an 
indication of clonal evolution during therapy13.

Treatment of patients who initially respond and then progress 
after therapeutic EGFR blockade with cetuximab or panitumumab 
remains an unmet clinical need for at least three reasons. First, 
the molecular bases of relapse are patient specific and difficult to 
define, as tissue biopsies at the time of progression cannot be sys-
tematically performed in clinical practice and have intrinsic risks13. 
Second, KRAS, NRAS and EGFR ECD acquired mutations, which 
occur in about 40% of the cases, are often highly heterogeneous, and 
the corresponding mutant proteins are difficult to target pharma-
cologically3. Third, late-line standard therapeutic options beyond 
second-line treatment in patients with mCRC are poorly effective 
and ridden with meaningful toxicities14,15. As a result, upon failure 

Circulating tumor DNA to guide rechallenge with 
panitumumab in metastatic colorectal cancer: the 
phase 2 CHRONOS trial
Andrea Sartore-Bianchi! !1,2, Filippo Pietrantonio! !3, Sara Lonardi! !4, Benedetta Mussolin5, 
Francesco Rua5, Giovanni Crisafulli! !5,6, Alice Bartolini5, Elisabetta Fenocchio! !5, Alessio Amatu! !2, 
Paolo Manca3, Francesca Bergamo4, Federica Tosi2, Gianluca Mauri! !1,7, Margherita Ambrosini! !3, 
Francesca Daniel4, Valter Torri8, Angelo Vanzulli1,9, Daniele Regge10,11, Giovanni Cappello11, 
Caterina Marchiò5,12, Enrico Berrino! !5,12, Anna Sapino! !5,12, Silvia Marsoni7,13, Salvatore Siena! !1,2,13 
and Alberto Bardelli! !5,6,13 ✉

Anti-epidermal growth factor receptor (EGFR) monoclonal antibodies are approved for the treatment of RAS wild-type (WT) 
metastatic colorectal cancer (mCRC), but the emergence of resistance mutations restricts their efficacy. We previously showed 
that RAS, BRAF and EGFR mutant alleles, which appear in circulating tumor DNA (ctDNA) during EGFR blockade, decline upon 
therapy withdrawal. We hypothesized that monitoring resistance mutations in blood could rationally guide subsequent therapy 
with anti-EGFR antibodies. We report here the results of CHRONOS, an open-label, single-arm phase 2 clinical trial exploiting 
blood-based identification of RAS/BRAF/EGFR mutations levels to tailor a chemotherapy-free anti-EGFR rechallenge with pani-
tumumab (ClinicalTrials.gov: NCT03227926; EudraCT 2016-002597-12). The primary endpoint was objective response rate. 
Secondary endpoints were progression-free survival, overall survival, safety and tolerability of this strategy. In CHRONOS, 
patients with tissue-RAS WT tumors after a previous treatment with anti-EGFR-based regimens underwent an interventional 
ctDNA-based screening. Of 52 patients, 16 (31%) carried at least one mutation conferring resistance to anti-EGFR therapy and 
were excluded. The primary endpoint of the trial was met; and, of 27 enrolled patients, eight (30%) achieved partial response 
and 17 (63%) disease control, including two unconfirmed responses. These clinical results favorably compare with standard 
third-line treatments and show that interventional liquid biopsies can be effectively and safely exploited in a timely manner to 
guide anti-EGFR rechallenge therapy with panitumumab in patients with mCRC. Further larger and randomized trials are war-
ranted to formally compare panitumumab rechallenge with standard-of-care therapies in this patient setting.
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were found in four patients, and MET amplification was detected 
in three patients. Interestingly, in ten of 21 (48%) patients, at least 
two alterations putatively conferring resistance to anti-EGFR 
treatment were identified (Fig. 4 and Supplementary Table 2). 
Of five patients with evaluable ctDNA analysis and achieving 
PR, three displayed resistance-conferring mutations at PD (INT-
005, NIG-006 and IOV-003) and achieved a PFS of, respectively, 
28 weeks, 28 weeks and 21 weeks. Similarly, the two remaining 
ctDNA-evaluable patients showing PR but with no mutations 
on ctDNA at CHRONOS progression (IOV-009 and NIG-001) 
achieved a PFS of 20 weeks and 27 weeks, respectively (Fig. 4). Of 

note, resistance mutations were also frequently detected in plasma 
of patients who did not clinically respond to rechallenge therapy. 
Because the parallel NGS analyses performed on the same individ-
uals before anti-EGFR rechallenge were negative (Fig. 4), the emer-
gence of molecular alterations in the tumors of four of six patients 
(INT-009, IOV-004, NIG-009 and NIG-014) indicates that a bio-
logical pressure was applied by the anti-EGFR antibodies also on 
the tumors that did not benefit by CHRONOS therapy according 
to RECIST. In other words, cancer evolution upon EGFR blockade 
must have occurred also in those patients in whom radiological 
determination did not highlight a clinical response.
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Fig. 2 | Waterfall plot depicts best responses to panitumumab rechallenge within the CHRONOS trial according to RECIST 1.1 (a). Spider plot displays best 
responses according to RECIST 1.1 and duration of response to panitumumab rechallenge (b). Magenta, progressive disease; gray, stable disease; blue, 
partial response; black, unconfirmed partial response; * progressive disease exclusively due to the onset of a new metastatic lesion.
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BACKGROUND
The role of adjuvant chemotherapy in stage II colon cancer continues to be debated. 
The presence of circulating tumor DNA (ctDNA) after surgery predicts very poor 
recurrence-free survival, whereas its absence predicts a low risk of recurrence. The 
benefit of adjuvant chemotherapy for ctDNA-positive patients is not well understood.

METHODS
We conducted a trial to assess whether a ctDNA-guided approach could reduce the 
use of adjuvant chemotherapy without compromising recurrence risk. Patients with 
stage II colon cancer were randomly assigned in a 2:1 ratio to have treatment deci-
sions guided by either ctDNA results or standard clinicopathological features. For 
ctDNA-guided management, a ctDNA-positive result at 4 or 7 weeks after surgery 
prompted oxaliplatin-based or fluoropyrimidine chemotherapy. Patients who were 
ctDNA-negative were not treated. The primary efficacy end point was recurrence-
free survival at 2 years. A key secondary end point was adjuvant chemotherapy use.

RESULTS
Of the 455 patients who underwent randomization, 302 were assigned to ctDNA-
guided management and 153 to standard management. The median follow-up was 
37 months. A lower percentage of patients in the ctDNA-guided group than in the 
standard-management group received adjuvant chemotherapy (15% vs. 28%; relative 
risk, 1.82; 95% confidence interval [CI], 1.25 to 2.65). In the evaluation of 2-year 
recurrence-free survival, ctDNA-guided management was noninferior to standard 
management (93.5% and 92.4%, respectively; absolute difference, 1.1 percentage 
points; 95% CI, −4.1 to 6.2 [noninferiority margin, −8.5 percentage points]). 
Three-year recurrence-free survival was 86.4% among ctDNA-positive patients who 
received adjuvant chemotherapy and 92.5% among ctDNA-negative patients who 
did not.

CONCLUSIONS
A ctDNA-guided approach to the treatment of stage II colon cancer reduced ad-
juvant chemotherapy use without compromising recurrence-free survival. (Sup-
ported by the Australian National Health and Medical Research Council and 
others; DYNAMIC Australian New Zealand Clinical Trials Registry number, 
ACTRN12615000381583.)
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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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Whole-exome tumor-agnostic ctDNA 
analysis enhances minimal residual disease 
detection and reveals relapse mechanisms in 
localized colon cancer
 

In stage 2–3 colon cancer (CC), postsurgery circulating tumor DNA 
(ctDNA) assessment is crucial for guiding adjuvant chemotherapy (ACT) 
decisions. While existing assays detect ctDNA and help identify high-risk 
persons with CC for recurrence, their limited sensitivity after surgery 
poses challenges in deciding on ACT. Additionally, a substantial portion 
of persons with CC fail to clear ctDNA after ACT, leading to recurrence. 
In this study, we performed whole-exome sequencing (WES) of ctDNA at 
different time points in participants with relapsed CC in two independent 
cohorts, alongside transcriptomic and proteomic analyses of metastases, to 
enhance comprehension of progression mechanisms. A plasma WES-based 
tumor-agnostic assay demonstrated higher sensitivity in detecting minimal 
residual disease (MRD) compared to current assays. Immune evasion 
appears to be the primary driver of progression in the localized CC setting, 
indicating the potential efficacy of immunotherapy for microsatellite 
stability in persons with CC. Organoid modeling further supports the 
promising potential of targeted therapy in eradicating MRD, surpassing 
conventional treatments.

Liquid biopsy has emerged as a highly valuable tool in guiding adjuvant 
chemotherapy (ACT) decisions for persons with stage 2–3 colon can-
cer (CC), where treatment decisions still rely on pathological staging 
despite a notable risk of mistreatment1. Retrospective studies have 
unequivocally demonstrated that the detection of circulating tumor 
DNA (ctDNA) after curative-intent surgery not only identifies persons 
at high risk of recurrence but also correlates with poorer disease-free 
survival (DFS)2–9. Moreover, ctDNA detected after ACT completion is 
also associated with high recurrence risk and worse DFS, which may 
indicate that a substantial proportion of these post-ACT ctDNA-positive 
persons did not benefit from standard ACT. Indeed, retrospective stud-
ies showed that up to 77% of ctDNA-positive persons who received 
ACT failed to achieve ctDNA negativity and all were subsequently 
diagnosed with recurrence7. More recently, prospective clinical trials 

such as DYNAMIC and PEGASUS, along with an observational study 
named GALAXY, corroborated and expanded upon these findings10–14. 
However, although first-generation commercial and academic assays 
for detecting ctDNA show remarkable specificity in identifying mini-
mal residual disease (MRD) in persons who subsequently experience 
recurrence, their sensitivity is limited, particularly immediately after 
surgery when decisions for ACT are required, in contrast to the meta-
static scenario15,16. The ideal assay would detect ctDNA in >90% of recur-
rence cases. Currently, the recurrence rates range from 10% to 30% in 
persons with undetectable ctDNA and from 30% to 70% in those with 
ctDNA positivity, which is promising but not strong enough for its 
implementation in clinical practice17.

MRD is defined by the presence of molecular hints of a tumor after 
its apparent surgical removal. Additionally, ctDNA detection not only 
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Whole-exome ctDNA in localized colorectal cancer 
provides deepth molecular characterization and 
MRD

ctDNA analysis in early-stage CRC



prognostic, with a negative result associated with a significantly increased
recurrence-free survival47.

In contrast to stage II disease, adjuvant chemotherapy has been the
standardof care for stage IIICRCpatients since the 90s178.However, inmore
recent years, studies have demonstrated that many stage III CRC patients
can achieve 5-year disease-free survival even without adjuvant
chemotherapy179. Thus, ctDNAmonitoring has emerged as a powerful tool
to potentially select stage III CRC patients for adjuvant therapy. Two pro-
spective studies involving only stage III patients aimed to determine the
clinical utility of using ctDNA to guide treatment166,180. The first study of 96
colon cancer patients treated with surgery and adjuvant chemotherapy
showed significantly lower 3-year recurrence-free interval in patients with
detectable vs. undetectable ctDNA both after surgery and after che-
motherapy treatments166. In the second study, 168 CRC patients with stage
III disease were treated with curative intent180. Of these, 80% of post-
operative ctDNA-positive patients treated with adjuvant chemotherapy
relapsed, while only patients who cleared ctDNA permanently during
adjuvant chemotherapy remained relapse-free. Interestingly, the research-
ers also observed that the rate at which ctDNA increased following treat-
ment was significantly related to patient survival. Additionally, a post-hoc
analysis of the PRODIGE-GERCOR IDEA-France trial analyzed ctDNA in
1017 patients collected at both post-surgery and pre-chemotherapy time-
points, who were randomly assigned to receive either 3-month or 6-month
oxaliplatin-based adjuvant chemotherapy. Only 13.8% of the patients were
ctDNA-positive after surgery, and these patients had a lower 3-year disease-
free survival rate compared to those who were ctDNA-negative181. Overall,
these studies emphasize the potential of using ctDNA monitoring for
therapy selection in stage III CRC patients, which could potentially reduce
the number of patients exposed to toxic anti-cancer treatments.

ctDNA has been most extensively studied in the context of stage IV
metastatic (m)CRC, because of the high systemic cancer burden and cor-
responding elevated levels of ctDNA shed, providing a rich source for
analysis. Given the numerous studies in mCRC, meta-analyses have been
conducted to analyze the collective data and have shown that the presence
and levels of ctDNA are strongly associated with OS and risk of
recurrence182,183. Jones et al. identified 28 studies, reporting on 2823 patients,
where the measurement of ctDNA in stage IV CRC was correlated with
clinical outcome182. They determined that ctDNAwas positive in 80–90%of
patients prior to treatment with a strong correlation between detectable
ctDNAafter treatment (surgery or chemotherapy) andOS aswell as PFS.Of
note, the meta-analysis revealed that ctDNA consistently serves as an early
indicator of long-term prognosis in irresectable disease, with changes after
just one cycle of systemic therapy proving to have prognostic value. Simi-
larly,Wullaert et al. conducted ameta-analysis investigating the association

between ctDNA in patients undergoing curative-intent local therapy for
CRC liver metastasis183. Their findings revealed that following surgery,
ctDNA-positive patients had a significantly higher risk of recurrence and
shorter OS compared to those who were ctDNA-negative. A similar asso-
ciation was observed in patients who remained ctDNA-positive after
completing adjuvant therapy.

Overall, the studies investigating ctDNAas abiomarker tomonitor and
predict response to treatment in CRC can be summarized by a large meta-
analysis by Reece et al. on 92 studies184. The studies collectively showed that
ctDNA is a reliable measure of tumor burden and useful in assessing the
adequacy of surgical tumor clearance, with changes in ctDNA levels
reflecting the response to systemic treatments as well as emergence of new
mutations, allowing more sensitive monitoring than currently used clinical
tools. As such, numerous clinical trials are currently underway to evaluate
the effectiveness of ctDNA-based treatment interventions in CRC. Notably,
CIRCULATE-US185, TRACC Part C186, IMPROVE-IT2187, PEGASUS188,
BESPOKE189, and AGITG DYNAMIC-Rectal190 are all large ongoing clin-
ical trials evaluating the use of ctDNA (MRD) detection to guide adjuvant
treatment decisions. Additionally, recent reviews by Conca et al.,191 and
Roazzi et al.,192 address the current state of ongoing clinical trials of ctDNA-
guided treatment in CRC. Below we present a summary of the completed
clinical trials designed to assess the use of ctDNA for interventional pur-
poses in CRC (Table 1).

ctDNA also holds promise in elucidating the intricate landscape of
resistance mechanisms that emerge during treatment in CRC, which can
help guide clinical decision-making and therapeutic strategies. Initially, the
application of ctDNA in mCRC predominantly focused on detecting the
mutational status of key genes such as RAS and BRAF, pivotal for guiding
patient selection for anti-EGFR treatment alongside chemotherapy in the
first-line setting. For example, studies have shown thatmCRC patients with
RAS mutations on ctDNA have significantly worse response rates and
survival after rechallengewith anti-EGFR agents compared toRASwildtype
patients52,193,194. In a two phase-trial composed of REMARRY (monitoring
phase) and PURSUIT (trial phase), the authors reported that patients with
RAS-negative ctDNA benefited from anti-EGFR rechallenge therapy195.
This was confirmed by the landmark CHRONOS trial that used ctDNA to
select patients for chemotherapy-free anti-EGFR rechallenge with
panitumumab196. Similarly, in the VELO randomized clinical trial, mCRC
patients with pretreatment RAS/BRAF wildtype ctDNA experienced pro-
longed clinical benefit when treated with panitumumab plus trifluridine-
tipiracil, compared to those treated with trifluridine-tipiracil alone197. This
suggests that ctDNAcould be useful to select patientswhomay benefit from
of anti-EGFR rechallenge. Expanding beyond EGFR-directed therapies,
ctDNAanalysis presents an avenue for identifying candidates for alternative

Fig. 3 | Current ctDNA precision oncology appli-
cations in NSCLC. ctDNA can be used for first- and
second-line therapy selection, acquired resistance
detection, and MRD detection in NSCLC.
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Qué aporta la biopsia líquida al diagnóstico en oncología de 
precisión?



Ultrasensitive ctDNA NGS for preoperative 
disease stratification in early-stage lung 
adenocarcinoma

Black, JRM et al. Nat med 2024

• NeXT Personal: whole-genome-based, tumor-informed ultrasensitive ctDNA NGS
• Detection at 1–3 ppm of ctDNA with 99.9% specificity
• From 171 patients with early-stage lung cancer from the TRACERx study, 81% of patients 

with lung adenocarcinoma (LUAD), including 53% with pTNM stage I had ctDNA pre-
operatively

• ctDNA predicted worse clinical outcome



Morphological and molecular diagnosis, using 
both tissue and liquid biopsies

Podemos ser más precisos en la selección de pacientes 
mediante biomarcadores?



26

Vol.:(0123456789)

Virchows Archiv 
https://doi.org/10.1007/s00428-025-04064-y

ORIGINAL ARTICLE

Implementing digital pathology: qualitative and financial insights 
from eight leading European laboratories

Xavier Matias-Guiu1  · Jordi Temprana-Salvador2  · Pablo Garcia Lopez3 · Solene-Florence Kammerer-Jacquet4  · 
Nathalie Rioux-Leclercq4  · David Clark5  · Christian M. Schürch6,7  · Falko Fend6  · Sven Mattern8 · 
David Snead9,10  · Nicola Fusco11  · Elena Guerini-Rocco11  · Federico Rojo12  · Marie Brevet13  · 
Manuel Salto Tellez14,15  · Angelo Dei Tos16 · Thomas di Maio17 · Silvia Ramírez-Peinado18 · Elizabeth Sheppard19 · 
Huw Bannister20 · Anastasios Gkiokas21 · Mario Arpaia22 · Ons Ben Dhia23 · Nazario Martino24

Received: 17 January 2025 / Revised: 13 February 2025 / Accepted: 21 February 2025 
© The Author(s) 2025

Abstract
Digital Pathology (DP) revolutionizes the diagnostic workflow. Digitized scanned slides enhance operational efficiency 
by facilitating remote access, slide storage, reporting and automated AI image analysis, and enabling collaboration and 
research. However, substantial upfront and maintenance costs remain significant barriers to adoption. This study evaluates 
DP’s financial and qualitative value, exploring whether the long-term financial benefits justify investments and addressing 
implementation challenges in large public and private European laboratory settings. A targeted literature review, semi-
structured interviews, surveys, and a net present value (NPV) model were employed to assess DP’s impact on clinical prac-
tice and laboratory financials. Qualitative findings validate the key benefits of DP, including optimized workflow, enhanced 
logistics, and improved laboratory organization. Pathologists reported a smooth integration, improved training, teaching, 
and research capabilities, and increased flexibility through remote work. Collaboration within multidisciplinary teams was 
strengthened, while case examination efficiency and access to archival slides were notably improved. Quantitative results 
indicate that DP demonstrates strong financial potential, achieving cost recovery within 6 years. DP investment results in a 
7-year NPV of + €0.21 million (m) driven by increased productivity and diagnosis volumes. Although the high upfront costs 
for scanners, training, and system integration pose a significant barrier to the adoption of DP, larger institutions are better 
positioned to leverage economies of scale. This study underscores the importance of sustained financial support to cope with 
the initial investment and regional collaboration in driving widespread adoption of DP. Expanding reimbursement policies 
for pathology procedures could significantly reduce financial barriers.

Keywords Digital pathology · Economic outcomes · Workflow impact · Pathologist perception

Introduction

Pathology is a cornerstone of precision medicine as it plays 
a critical role in enabling accurate disease diagnosis and 
guiding treatment decisions through the integration of his-
topathology and biomarker testing [1, 2]. The increasing 
complexity of diagnostic tasks in pathology, driven by the 
need for additional morpho-biological information to sup-
port personalized patient management, and combined with 
a global shortage of pathologists, poses a significant chal-
lenge to realizing the full potential of personalized medi-
cine [3], primary research. In this context, DP provides 

transformative solutions by optimizing workflows, enabling 
collaboration, and addressing the demand for highly special-
ized diagnostics while maintaining acceptable turnaround 
times (TAT) [4–12].

Digital pathology facilitates remote access and stream-
lined storage and analysis of slides via specialized software 
solutions. These advancements support cross-laboratory 
and international collaboration, remote consultations, and 
progress in research [4–7, 9–14]. Furthermore, DP lays 
the foundation for the integration of artificial intelligence 
(AI)-powered tools, referred to as computational pathology 
(CP), which enhance diagnostic accuracy, predictive mod-
eling, and treatment planning. These AI applications hold 

Extended author information available on the last page of the article
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Refine ADC selection by AI interpretation of target expression
HER2 quantitative continuous scoring for patient selection in T-DXd treated 
HER2-low breast cancer



Datopotamab-DXd vs docetaxel for previously treated advanced 
or metastatic NSCLC: Randomized Phase III TROPION-Lung01 
study
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AI-driven pathology
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Morphological and molecular diagnosis, using both 
tissue and liquid biopsies, implementing new 
technologies and AI for integrating data


