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A B S T R A C T

Breast cancer (BC) is the most frequent cancer and the leading cause of cancer-related death among women 
worldwide. It represents a heterogeneous group of diseases with distinct morphological, immunophenotypic, and 
molecular profiles, which significantly impact clinical behavior and therapeutic response. Moreover, under 
treatment pressure, tumor cells may undergo molecular changes and phenotypic plasticity, leading to resistance 
and therapeutic failure. Although tissue biopsy remains the gold standard for diagnosis and molecular charac
terization, it has several limitations, including invasiveness, sampling bias, and the inability to dynamically 
capture tumor evolution over time. Hence, a non-invasive and repeatable approach capable of real-time moni
toring is increasingly needed.

Liquid biopsy (LB), through the analysis of circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA), 
has emerged as a powerful tool to complement tissue biopsy. It allows for longitudinal assessment of tumor 
burden, detection of minimal residual disease, and identification of molecular alterations relevant to targeted 
therapies. Despite promising results, the integration of LB into clinical practice is still limited by methodological 
heterogeneity, standardization gaps, and regulatory issues. Nonetheless, LB represents a key advancement to
ward precision oncology and may become essential in the personalized management of BC patients.

In this review, we explore the current applications, benefits, and technical limitations of LB in different BC 
settings. We provide a comprehensive overview of the biological and clinical significance of CTCs and ctDNA, 
emphasizing their diagnostic, prognostic, and predictive roles. Finally, we present an updated summary of 
ongoing clinical trials that incorporate LB for clinical decision-making.

* Corresponding author. Division of Pathology, Department of Translational Research and New Technologies in Medicine and Surgery, University of Pisa, 56126, 
Pisa, Italy.

** Corresponding author. Department of Pathology and Laboratory Medicine, New York Presbyterian Hospital, Weill Cornell Medicine, New York, NY, USA.
E-mail addresses: marialuisa.schiavone@phd.unipi.it (M.L. Schiavone), rosa.scarpitta@for.unipi.it (R. Scarpitta), francesco.ravera@edu.unige.it (F. Ravera), sara. 

bleve@irst.emr.it (S. Bleve), car4012@med.cornell.edu (C. Reduzzi), federico.dicocco@phd.unipi.it (F. Di Cocco), martina.dameri@edu.unige.it (M. Dameri), 
gabriele.zoppoli@unige.it (G. Zoppoli), giuseppe.naccarato@unipi.it (A.G. Naccarato), pvn4001@med.cornell.edu (P.V. Nuzzo), mac9795@med.cornell.edu
(M. Cristofanilli), nicolo.fanelli@unipi.it (G.N. Fanelli), cristian.scatena@unipi.it (C. Scatena). 

1 Co-first authors.
2 Co-senior authors.

Contents lists available at ScienceDirect

The Journal of Liquid Biopsy

journal homepage: www.sciencedirect.com/journal/the-journal-of-liquid-biopsy

https://doi.org/10.1016/j.jlb.2025.100312
Received 9 June 2025; Received in revised form 15 July 2025; Accepted 15 July 2025  

JLB 9 (2025) 100312 

Available online 16 July 2025 
2950-1954/© 2025 The Authors. Published by Elsevier B.V. on behalf of The International Society of Liquid Biopsy. This is an open access article under the CC BY 
license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-8195-9445
https://orcid.org/0000-0002-8195-9445
https://orcid.org/0000-0001-7069-7980
https://orcid.org/0000-0001-7069-7980
mailto:marialuisa.schiavone@phd.unipi.it
mailto:rosa.scarpitta@for.unipi.it
mailto:francesco.ravera@edu.unige.it
mailto:sara.bleve@irst.emr.it
mailto:sara.bleve@irst.emr.it
mailto:car4012@med.cornell.edu
mailto:federico.dicocco@phd.unipi.it
mailto:martina.dameri@edu.unige.it
mailto:gabriele.zoppoli@unige.it
mailto:giuseppe.naccarato@unipi.it
mailto:pvn4001@med.cornell.edu
mailto:mac9795@med.cornell.edu
mailto:nicolo.fanelli@unipi.it
mailto:cristian.scatena@unipi.it
www.sciencedirect.com/science/journal/29501954
https://www.sciencedirect.com/journal/the-journal-of-liquid-biopsy
https://doi.org/10.1016/j.jlb.2025.100312
https://doi.org/10.1016/j.jlb.2025.100312
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlb.2025.100312&domain=pdf
http://creativecommons.org/licenses/by/4.0/


1. Introduction

Breast cancer (BC) is the most common malignancy among women 
worldwide, with 2.3 million new cases and 685.000 cancer-related 
deaths globally [1]. The main causes of BC mortality are distant me
tastases, tumor relapse, and drug resistance [2]. According to the Sur
veillance, Epidemiology, and End Results (SEER) program (https://seer. 
cancer.gov/), the 5-year survival rate for localized BC patients is 99 %. 
However, approximately 20–30 % of primary BC patients relapse after 
treatment [3], and the 5-year survival rate falls to 28 % in patients who 
develop distant metastasis [4]. Therefore, identifying patients at high 
risk for distant metastasis is mandatory to improve clinical outcomes, 
and early detection remains one of the most effective strategies.

BC encompasses a heterogeneous group of malignancies with 
different morphological and immunophenotypic features and distinctive 
molecular landscapes. Thus, the epi/genomic, transcriptomic, and pro
teomic complexity affects clinical behavior and disease progression [5].

BC is currently routinely subclassified according to the expression of 
estrogen (ER) and progesterone (PgR) receptors, human epidermal 
growth factor receptor 2 (HER2), and proliferation index assessed 
directly on tissue specimens. These biomarkers have strong prognostic 
and predictive implications, highlighting the upregulated signaling 
pathways that can be targeted with medical therapies [6,7]. Despite 
treatment efforts, tumor cells can adapt phenotypically and molecularly 
under the selective pressure of therapy, ultimately resulting in treatment 
resistance and failure [8,9]. Therefore, defining the tumor’s gene 
expression profile at different time points during treatment is an 
ever-growing need [10].

Over the past decade, cutting-edge technologies have shed light on 
the complex molecular basis of cancer heterogeneity and the mecha
nisms underlying metastatization [11–14]. Among them, liquid biopsy 
(LB) has drastically revolutionized the field of clinical oncology, opening 
new horizons for improving clinical decision-making [15–19]. Since the 
discovery that invasive carcinomas release into the bloodstream pro
teins, tumor cells, fragments of DNA, RNA, and extracellular vesicles 

[20], a new generation of biomarkers has become available as an 
alternative tool for early cancer detection and treatment monitoring [21, 
22,289].

Currently, the gold standard for BC diagnosis and its molecular 
characterization is still tissue biopsy; however, this approach has several 
limitations such as: (i) the characterization of the epi/genetic and 
phenotypic background of the whole tumor may be inaccurate [12,20,
23–25]; (ii) tissue biopsy could be costly, painful, hard to repeat, and 
potentially risky for the patient; (iii) the clonal evolution phenomenon is 
hard to evaluate during tumor progression [26,27]. Therefore, it’s clear 
that a single conventional tissue biopsy may not provide accurate evi
dence about the most appropriate therapy [28]. LB may overcome these 
limitations [29,30]. Fig. 1 summarizes the benefits and drawbacks of 
both approaches.

This review aims to assess and summarize the utility of LB in BC 
patients. Firstly, we will provide a detailed description of circulating 
biomarkers such as circulating tumor cells (CTCs) and circulating tumor 
DNA (ctDNA); then, we will recapitulate the diagnostic, prognostic, and 
predictive value of circulating biomarkers, including their advantages 
and limitations; finally, we will discuss ongoing trials that use CTCs or 
ctDNA assessment for patients’ randomization, therapy management, 
and response evaluation.

2. Methodology

In this non-systematic literature review, we selected original articles, 
reviews, systematic reviews, metanalysis, and editorials, published in 
English language, with no year specification till February 2025. The 
most significant and recent papers were then chosen to gain insight into 
the current state-of-the-art, together with ongoing studies regarding 
CTCs and ctDNA as potential biomarkers for BC diagnosis, prognosis, 
and prediction.

Using ClinicalTrials.gov platform, we identified trials involving CTCs 
or ctDNA in BC patients. We decided to highlight trials in which pa
tients’ randomization or allocation to therapy is secondary to CTCs or 

Fig. 1. Schematic representation of the strengths and weaknesses of tissue and liquid biopsy approaches. TME: tumor microenvironment; LoD: Limit of Detection; 
MRD: Minimal Residual Disease. Created with BioRender.com.
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Fig. 2. Integrated clinical workflow combining tissue and liquid biopsy (LB) in breast cancer patients’ management. The algorithm illustrates the role of LB across 
different timepoints, including baseline profiling, treatment monitoring, and minimal residual disease detection. The star symbol indicates the only LB application 
currently approved in clinical practice. Dashed arrows represent time-dependent steps such as MRD surveillance or late treatment adaptation. The dotted arrow 
suggests that, in real-world settings, a reflex test on metastatic tissue biopsy may still be required in case of inconclusive or uninformative liquid biopsy results (e.g., 
low ctDNA levels or non-informative profiles). pTNM/ypTNM: pathological tumor staging (pre/post-chemotherapy); RCB: residual cancer burden; MRD: minimal 
residual disease. Created with BioRender.com.
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ctDNA assessment, or in which CTCs or ctDNA represent the outcome 
measure for assessing the response to treatment.

3. Liquid biopsy in breast cancer: an old concept to be renewed

LB is a promising approach with noteworthy potential for early 
detection and treatment monitoring in several malignancies [31]. LB 
approach is based on the isolation of entities derived from the tumor’s 
site such as proteins, CTCs, DNA/RNA fragments, and extracellular 
vesicles, present in the body fluids of cancer patients [32]. Therefore, by 
leveraging the analysis of their genomic and proteomic data, 
tumor-derived components can provide crucial information on both 
primary (non-metastatic) and advanced cancers [33]. The main advan
tages of LB include its repetitive nature, minimal invasiveness, ease of 
execution, and cost-effectiveness [34]. However, nowadays LB remains 
an assay complementary to conventional tissue biopsy in early cancer 
detection but can provide tumor burden assessment and real-time 
monitoring. Based on this concept, we propose a clinically oriented al
gorithm (Fig. 2) that integrates tissue biopsy and liquid LB throughout 
the diagnostic–therapeutic journey of BC patients.

Since the increase of specific circulating tumor biomarkers in serial 
blood sampling has been proposed as an indicator of relapse [35], cancer 
antigens have been frequently used to monitor relapse after surgery in 
primary disease and response to therapy in advanced disease [36]. 
Among them, Food and Drug Administration (FDA) approved Cancer 
Antigen 15-3 (CA15-3) and Carcinoembryonic Antigen (CEA) as reliable 
biomarkers in BC follow-up [37].

CA 15-3 is a high-molecular-weight glycoprotein polymorphic 
epithelial mucin (PEM), also known as episialin, which is produced by 
the MUC1 gene and plays a pivotal role in cell adhesion. In BC, PEM is 
often overexpressed and abnormally glycosylated and may contribute to 
promote metastasis. Moreover, increased levels of CA15-3 are more 
strongly related to shorter progression-free survival (PFS) and overall 
survival (OS) than tumor size and nodal status [38].

CEA is a cellular adhesion glycoprotein, normally produced exclu
sively during fetal development [39]. High levels of CEA in the blood are 
usually associated with subclinical BC metastasis [40].

Despite their utility in BC, these biomarkers exhibit low specificity as 
they can also increase in benign diseases as well as other malignancies 
such as gastric, pancreatic, lung, ovarian, colorectal, and liver cancers. 
Hence, they are not sensitive enough for early detection or routine BC 
screening [41,42]. Therefore, the utility of these markers is limited to 
monitoring the response to therapy or disease progression, as indicated 
by the American Society for Clinical Oncology (ASCO) since 2015 [43].

Another promising diagnostic circulating biomarker is human 
mammaglobin A (MAM) [44]. MAM is expressed in different tissues, 
mainly in the breast epithelium but also in the endometrium, sweat 
glands, and salivary glands [45]. It belongs to the secretoglobins family 
and has a dimeric structure that binds to lipophilin B [46]. MAM plays a 
crucial role in BC development, immune system regulation, as well as 
the transport of steroid hormones and other aromatic molecules [47]. BC 
cells overexpress this protein, and different assays have been carried out 
to validate its association with metastasis [48]. Several studies have 
demonstrated that MAM exhibits good specificity and sensitivity ranging 
between 77.8 % and 99 % [49,50]. Moreover, MAM seems to be the most 
accurate serum biomarker for the early detection of BC sentinel lymph 
node metastasis [51].

While the above-mentioned circulating biomarkers are frequently 
employed, there is only limited evidence demonstrating their clinical 
value or capability to improve patients’ outcome. Indeed, most of the 
current biomarkers exhibit weak specificity and poor sensitivity, 
particularly for BC early detection and low-volume cancer recurrence 
[52].

These limitations highlight the unmet need for developing new 
technologies and strategies for early BC detection and treatment moni
toring [53]. The growing body of data suggests how CTCs and ctDNA are 

more sensitive for early BC detection and recurrent/metastatic disease 
prediction than standard biomarkers or standard-of-care radiological 
imaging [54].

4. A new frontier for breast cancer biomarkers

4.1. CTCs

CTCs are intact, viable, non-hematological nucleated cells with ma
lignant features that are spread from the primary tumor site or from 
metastatic lesions into the bloodstream as single cells or clusters [55]. 
However, only a few CTCs survive and infiltrate distant organs, while 
most of them are lost in blood circulation. Once arrived at distant or
gans, CTCs become the substrate for metastasis formation [56].

In BC, CTCs are detectable in patients with both early and late stages 
of the disease [57,58]. CTCs detection is related to clinical outcome and, 
in particular, CTCs amount before systemic treatment in both metastatic 
and non-metastatic BC patients seems to be pivotal [59]. CTCs are 
identified in the bloodstream of approximately 20–50 % of early-stage 
BC patients, depending on the assay, and about 60 % of those with 
advanced disease. In early stages, the proposed cut-off is ≥ 1 CTC [60], 
while in advanced stages, it is ≥ 5, considering the lower detection rate 
[61]. Furthermore, counting CTCs at different time points may represent 
a reliable approach during systemic treatment, allowing the character
ization of their molecular features, an essential task to optimize therapy 
[62]. CTCs are indeed a representative fraction of cancer; therefore may 
be a reliable source of information about tumor biology before and 
during medical treatments [63,64]. However, due to 
epithelial-mesenchymal transition (EMT), CTCs differ from primary 
tumor cells, acquiring properties that allow them to intravasate into the 
bloodstream, disseminate in clusters, and gain stemness features that 
enhance their capability to initiate metastasis. The acquisition of a 
metastatic phenotype by CTCs is largely driven by 
epithelial-mesenchymal plasticity [65,66].

The detection and isolation of CTCs in BC patients are generally 
based on the selection of specific epithelial markers, such as EpCAM 
(mainly), CK8, CK18, and CK19, and the exclusion of leukocytes by 
CD45, through fluorescence-labeled monoclonal antibodies [57,59,67]. 
Nowadays, EpCAM-based CTC detection technologies are widely 
applied for BC [68]; however, they have some limitations: (i) not all BC 
express EpCAM, therefore it cannot be used in EpCAM-negative or 
low-expressing tumors [69]; (ii) moreover, different markers, including 
EpCAM, are down-regulated during EMT, which affects the detection 
rate of EpCAM-positive CTCs [70]. Currently, alternative commercial 
platforms to isolate and characterize CTCs are under investigation; 
however, CellSearch® is still the only FDA-approved platform to predict 
metastatic BC (mBC) patients outcome [71–73]. The strengths and 
downsides of CellSearch® are covered in detail below.

CKs have been used as epithelial markers for diagnostic purposes in 
routine histopathology for over 20 years [74]. CK8, 18, and 19 are 
generally expressed by luminal cells in normal mammary epithelium. 
CK8 is a member of the intermediate filaments (IF) gene family and is 
mostly combined with its partner, CK18, into highly insoluble 10 nm 
filaments extended from the nucleus to the internal leaflet of the plasma 
membrane [75]. However, several studies have challenged the notion 
that CKs are just epithelial markers; indeed, regulatory changes in CKs 
expression at both the transcriptional and post-transcriptional levels in 
epithelial cancer cells have been demonstrated [76]. A down-regulation 
of CK18 was observed in mBC and seems to be predictive of poor clinical 
outcome. Moreover, the downregulation of luminal CKs (e.g. CK18) in 
primary tumors is related to the onset of hematogenous metastasis. 
CK19 is detected in normal and neoplastic epithelial cells as a cyto
skeletal component and represents the most sensitive and reliable tumor 
marker in both early-stage and mBC [77]. Studies have shown that 
node-negative BC patients with CK19 mRNA-positive CTCs, detected 
before adjuvant chemotherapy, have shorter PFS and OS [78]. 
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Furthermore, CTCs can express mesenchymal markers if they undergo 
EMT [79].

The isolation and characterization of CTCs is still a challenging task, 
at least technically, due to their heterogeneity and very low concen
tration in the bloodstream [80,81] (see also section 5.1). The hetero
geneity of CTCs, which contributes to tumor development, may reflect 
the plasticity of the disease and its prognosis [82]. CTCs may have 
different proliferative or apoptotic potentials and various intrinsic mo
lecular profiles. CTCs often do not express ER, PgR, and HER2 and have a 
low proliferation index, which results in chemotherapy resistance [83].

Therefore, highly specific, and sensitive methods are needed. On the 
other hand, since cancer cells harbor somatic alterations, including ge
netic variants, gene amplifications, and chromosomal rearrangements, 
tumor DNA presents a unique “fingerprint” that can be used to differ
entiate cancer from non-tumoral cells [84].

4.2. ctDNA

ctDNA consists of DNA fragments with tumor-specific alterations 
[85] and represents a variable fraction of the total circulating cell-free 
DNA (cfDNA) [86]. Mandel and Métais in 1948 used for the first time 
the term cfDNA referring to fragmented DNA found in the non-cellular 

blood component [87]. cfDNA consists of extracellular DNA molecules 
(double-stranded DNA and mitochondrial DNA) derived from the blood 
(and other biological fluids) of healthy and unhealthy people [88]. The 
median concentration of cfDNA in healthy individuals’ plasma is 1–10 
ng/mL [89]. Generally, cfDNA levels increase under tissue stressful 
conditions such as exercise, inflammation or tissue injury (surgery 
included) [90]. cfDNA molecules originate from hematopoietic cells in 
healthy individuals and from both normal and tumor cells in cancer 
patients [91]. However, cfDNA levels in cancer patients have been re
ported to be significantly higher compared to healthy people [92]. 
Additionally, the degree of necrosis and apoptosis affects the amount of 
cfDNA [93]. ctDNA may provide a collective representation of the tumor 
genome [94], capturing mutations not present in the primary biopsy 
[95], and helping to overcome issues related to tissue sampling bias 
[96]. In particular, the analysis of ctDNA provides information about 
tumor dormancy and highlights its potential use in monitoring BC pa
tients without clinically detectable disease [97–99]. Finally, ctDNA 
levels may represent a surrogate biomarker to assess the overall residual 
tumor burden and treatment efficacy after chemotherapy [100,101].

Noteworthy, a fraction of ctDNA is bound to erythrocytes and leu
kocytes, namely cell-surface-bound circulating DNA (csbDNA). Such 
interaction could be mediated by the nucleoprotein complexes and 

Table 1 
Comparative overview of current and emerging platforms for breast cancer biomarker assessment across tissue and liquid biopsy samples. The table outlines key 
parameters including analyte type, sample source, detection scope, advantages, limitations, and clinical applications. Tissue-based assays remain the foundation for 
diagnostic and molecular characterization, while liquid biopsy methods offer a non-invasive alternative for real-time disease monitoring and therapeutic guidance. 
Circulating biomarkers, such as ctDNA and CTCs, can be analyzed using various methodologies with varying sensitivity, specificity, and multiplexing capabilities. Each 
platform is associated with distinct technical features and regulatory status, which determine its clinical utility and integration into standard or investigational 
workflows.

TECHNOLOGY ANALYTE SAMPLE 
TYPE

DETECTION SCOPE ADVANTAGES LIMITATIONS CLINICAL USE

FFPE TISSUE
IHC/ISH Protein/ 

DNA
FFPE 
tissue

ER, PR, HER2, Ki-67, PD-L1, PTEN, 
HER2 amplification

Standard, low cost, 
widely used

Low multiplexing, difficult 
standardization

Diagnosis, 
classification, 
HER2/HR/Other 
tissue biomarkers 
status

Real-time PCR 
(qPCR)

DNA FFPE 
tissue

Mutation-specific detection Fast, cost-effective, 
widely used

Limited to known variants, 
lower sensitivity, limited 
multiplexing

Targeted molecular 
biomarker status 
evaluation

NGS DNA/RNA FFPE 
tissue

Genomic signature, Somatic 
BRCA1/2, HRD, TMB, gene fusions, 
other unknow genomic alteration

Broad profiling, high- 
throughput, unbiased 
detection of novel 
alterations

Require higher yield and good 
quality genomic material, 
expensive, higher sensitivity, 
longer turnaround time

Targeted/untargeted 
molecular biomarker 
status evaluation

LIQUID BIOPSY
Real-time PCR 

(qPCR)
ctDNA Plasma Mutation-specific detection Fast, cost-effective, 

widely used
Limited to known variants, 
lower sensitivity, limited 
multiplexing

Targeted molecular 
biomarker status 
evaluation

Digital PCR 
(dPCR) 
Droplet Digital 
PCR (ddPCR)

ctDNA Plasma Mutation-specific detection with 
absolute quantification

High/ultra sensitivity, 
accurate quantification

Limited to known variants, 
limited multiplexing

BEAMing ctDNA Plasma Low-frequency mutation-specific 
detection

Extremely sensitive Complex workflow, specialized 
equipment

NGS ctDNA Plasma Mutation-specific detection, SNVs, 
CNAs, SVs, epigenetic traits, other 
unknow genomic alteration

Multiplexed, tracks clonal 
evolution, unbiased 
detection of novel 
alterations

Reduced sensitivity in low 
ctDNA burden, untargeted still 
expensive and not yet routine

Targeted/untargeted 
molecular biomarker 
status evaluation

CellSearch® CTC Whole 
blood

Immunomagnetic capture of 
EpCAM+/CK + cells

FDA-cleared, 
reproducible, prognostic

Does not detect EMT-CTCs Prognostic in mBC

RareCyte®/ 
CyteFinder®/ 
CytePicker®

CTC Whole 
blood

Density and immunofluorescence- 
based CTCs

Semi-automated, enables 
multi-marker profiling 
and single-cell recovery

Requires specialized tubes and 
equipment

Experimental, 
longitudinal tracking, 
EMT-CTCs

CellSieve™ 
ScreenCell®

CTC Whole 
blood

Filtration + cytomorphological and 
marker ID

Rapid processing; 
combines morphology 
and marker detection

Risk of loss of small or 
deformable CTCs

Experimental, 
morphologic and 
phenotypic CTC 
profiling

Parsortix™ CTC Whole 
blood

Label-free, size and deformability- 
based

Captures EMT and 
EpCAM-low CTCs, viable 
for downstream analysis

Not diagnostic, enrichment only, 
downstream validation needed

FDA-cleared for CTC 
enrichment; 
functional/omics 
studies
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might be related to changes in the composition and amount of proteins 
on blood cell-surface due to cancer [102]. The cellular origin of csbDNA 
is not yet fully understood. However, like cfDNA, a portion of csbDNA in 
cancer patients may derive from tumor cells, making it a promising 
circulating biomarker. Nevertheless, its usefulness is still controversial 
[103].

Hence, circulating biomarkers, such as CTCs and ctDNA, may 
become essential in BC diagnosis, as well as prognosis and prediction of 
therapeutic response, promoting timely identification and appropriate 
monitoring throughout treatments.

Table 1 summarizes validated and emerging platforms for biomarker 
detection in BC through tissue and liquid biopsy approaches.

5. Diagnostic purposes

5.1. CTCs

Increasing BC screening campaigns have accelerated the identifica
tion and validation of diagnostic biomarkers that may improve both 
prognostic stratification and treatment outcomes [104]. However, the 
detection of CTCs remains challenging due to their low frequency and 
the heterogeneous expression of antigens, hampering their use as a 
diagnostic tool for patients with early-stage BC [105]. In non-metastatic 
BC, CTCs are particularly rare, usually less than 1 CTC/10 mL of blood 
[106], and 5 or more CTCs represent a rare event (1–5.9 %) [107]. 
Nevertheless, using ≥1 CTC/7.5 mL of blood as threshold value, CTCs 
can be identified in about 20–25 % of patients with BC at the time of 
diagnosis [108].

5.2. ctDNA

While CTCs are mostly present in advanced-stage cancer patients, 
ctDNA can be easily identified in the majority of early-stage BC patients 
[109]. Different studies have demonstrated that patients with localized 
and mBC show ctDNA levels up to approximately five times higher than 
healthy controls [110,111], demonstrating its diagnostic value.

Molecular-based technologies, including highly sensitive (<0.01 %) 
digital PCR (dPCR), have been successfully used to detect low concen
trations of ctDNA, particularly in patients with early BC. However, 
establishing a threshold level of ctDNA concentration for BC diagnosis 
remains challenging due to the wide and overlapped observed ranges 
[112]. Importantly, high levels of ctDNA are detected regardless of the 
tumor stage, and cfDNA content may not be specific for BC disease 
[113].

Currently, aberrantly methylated cfDNA is gaining recognition as a 
potential diagnostic circulating biomarker [114]. It has been reported 
that primary breast cancer exhibits hypermethylation of various tumor 
suppressor genes (see below, paragraph 6.2) [115]. Furthermore, 
compared to cfDNA, the methylation index of csbDNA seems to be an 
even more reliable diagnostic tool for BC. Thus, csbDNA could be useful 
in improving the sensitivity and specificity of LB [102].

6. Prognostic purposes

The number of axillary nodal metastases is considered one of the 
most important prognostic factors in BC [116]. However, relying solely 
on this feature is not sufficient [117]. While up to 50 % of patients with 
positive axillary nodes can be cured by local therapy alone (i.e., surgery 
and radiation) without the need for adjuvant therapy, approximately 30 
% of medically untreated BC patients without nodal involvement will 
experience recurrence in the next decade or more [118]. Hence, new 
biomarkers are being evaluated to better define the prognosis, as 
described below [119–122].

6.1. CTCs

Significant efforts have been made to evaluate the utility of CTCs in 
the monitoring of mBC [123]. According to Budd et al. [124–127], the 
estimation of CTCs has several advantages in monitoring BC beyond 
traditional imaging methods. Indeed, in 2004, Cristofanilli et al. [57] 
first demonstrated the prognostic value of CTCs in mBC. In particular, 
about 60 % of mBC patients showed detectable CTCs levels, and a count 
of ≥5 CTCs/7.5 mL of blood was associated with significantly worse PFS 
and OS [128,129].

Though, tumor heterogeneity at metastatic sites encompasses a 
different level of complexity; indeed, there is an inter-metastatic het
erogeneity (between different metastases of the same patient) and an 
intra-metastasis heterogeneity (between cells within the same metas
tasis). Early metastases consist of a greater proportion of cells with EMT 
and ‘stem-like’ features [130], whereas larger metastases consist of a 
heterogeneous population of cells that closely reflect the heterogeneity 
of primary tumors [131]. The role of the immune system brings an 
additional level of complexity since immune destruction of 
micro-metastases could mean that the ctDNA is primarily a reflection of 
dead cancer cells [132]; hence, persisting CTCs might be considered a 
more accurate guide to treatment selection [133,134]: the reduction or 
absence of CTCs may indicate a positive response to treatment; 
conversely, the persistence of CTCs may suggest resistance to treatment 
and an incomplete eradication of the cancer cells, even if no metastasis is 
clinically detected [135–137].

Recently, the persistence of CK19-positive CTCs has been shown to 
be related to a lower PFS also in non-metastatic BC settings [138]. 
Hence, CTCs can provide independent prognostic information, before 
and after surgery, both in the neoadjuvant and adjuvant settings [139].

Some other studies have suggested a prognostic relevance for CTCs 
also in patients with triple-negative BC (TNBC), where a high number of 
CTC was related to lower survival rates [140–142], and in particular, 
patients with ≥5 CTCs/7.5 mL of blood at baseline exhibit poorer PFS 
and OS [143–148]. Nevertheless, the distant metastasis rate in TNBC 
becomes significantly lower after five years of follow-up, probably 
because dormancy is a less common phenomenon in this BC subtype 
[149], unlike luminal BC [150,151] where disseminated tumor cells can 
remain dormant for years and subsequently may result in a metastatic 
lesion persisting as undetectable minimal residual disease (MRD) [152].

Recent studies have proposed to distinguish between molecular re
sidual disease, detected via ctDNA, and cellular residual disease, iden
tified by CTCs, suggesting that the two may offer complementary 
insights. While ctDNA provides genomic information with high speci
ficity, CTCs, being intact living cells, allow for multi-omic profiling 
(DNA, RNA, and protein) and even functional assays, potentially 
revealing therapy resistance mechanisms and metastatic potential. In 
particular, in TNBC, persistent CTCs after neoadjuvant treatment were 
shown to harbor shared genomic alterations with residual tumor, indi
cating their possible role as treatment-resistant clones. Moreover, 
combined detection of CTCs and ctDNA has shown improved sensitivity 
in predicting relapse compared to either marker alone, reaching up to 
90 % sensitivity when both were used in tandem.

Overall, LB emerged as a promising strategy for the detection and 
monitoring of MRD in BC patients. Nevertheless, its clinical imple
mentation remains limited by several unresolved technical and biolog
ical challenges [153]. To date, no circulating biomarker has shown the 
required sensitivity and specificity to be broadly adopted for MRD 
surveillance.

6.2. ctDNA

On the other side, ctDNA is detectable in early and late stages of BC 
patients [154] and may persist for many years after clinically successful 
therapy [155–157] without evidence of distant metastases. In mBC, 
ctDNA seems to be related to serum CA15-3 levels and CTCs counts, 
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which reflect tumor burden changes and treatment response [158], and 
seems to have higher sensitivity than other circulating biomarkers 
[159].

Some studies demonstrated the prognostic role of ctDNA in pre
dicting relapse, particularly in high-risk TNBC patients [160,161], and 
ctDNA levels seem to be associated with patient survival during neo
adjuvant chemotherapy [162]. In contrast, other authors did not find a 
correlation between baseline ctDNA levels and prognosis, pointing to a 
more significant role for ctDNA in identifying mutations as prospective 
treatment targets [163].

Current research has shown the prognostic value of ctDNA by the 
detection of different mutations and DNA methylation [164–168]. 
Promoter hypermethylation of several genes has been detected in BC 
tissues, and interestingly, the methylated genes have also been found in 
ctDNA of 10–30 % of primary BC patients and of 50–80 % of mBC pa
tients. These genes are involved in cell cycle regulation (p16INK4A, 
p14ARF, p15, CCDN2, DAPK), DNA repair (BRCA1, MGMT, hMLH1), 
detoxification (GSTP1), signal transduction (RARβ2, APC, Erβ), adhesion 
and metastasis (CDH1, CDH13) [169]. DNA methylation provides sig
nificant advantages over mutation detection for ctDNA analysis [170,
171]. Strong results have demonstrated how cancer development in
volves both genome-wide hypomethylation and gene-specific hyper
methylation [172–176]. The detection of tumor-specific DNA 
methylation in serum has currently proved to be useful in prognostica
tion and in monitoring therapeutic responses in BC patients [177]. 
Indeed, BC patients with methylated-ctDNA showed a poorer prognosis 
[178–184] and a biologically more aggressive disease. Furthermore, the 
presence of methylated ctDNA could be related to the presence of CTCs 
[185–188]. Lastly, methylated ctDNA in BC patients treated with neo
adjuvant chemotherapy is related to pathological response [189–192].

7. Predictive purposes and treatment monitoring

CTCs and ctDNA are arguably the best real-time LB markers for 
disease monitoring and therapy selection. Moreover, both CTCs and 
ctDNA, which provide different but complementary information, have 
been associated with patients’ survival and treatment response 
[193–196].

7.1. CTCs

The predictive value of CTCs has yet to be proven in early BC; in 
patients with advanced BC, instead, Hayes et al. demonstrated that 
HER2-positive cells can be quantified through CTCs [197]. Intriguingly, 
the authors discovered a minority of patients who had a phenotypic 
conversion from HER2-negative to HER2-positive CTCs during treat
ment [198]. Muller et al. [199] confirmed these results in a large 
multi-institutional analysis with nearly 2000 patients enrolled, demon
strating the strong prognostic impact of CTCs detection and highlighting 
how patients with HER2-negative BC but HER2-positive CTCs may 
benefit from HER2-targeted therapy. Moreover, HER2-positive CTCs 
appear to be more prevalent in patients with mBC [200]. These findings 
imply that HER2 expression exerts a biological impact on CTCs, indi
cating that alterations in the HER2 status of CTCs may play a role in BC 
progression and the development of secondary drug resistance [201]. 
Some authors pinpointed that patients who acquired HER2 over
expression in CTCs had primary HR-positive BC pretreated with 
concomitant chemo- and endocrine therapy [202–205]. These data 
suggest that HER2 conversion can occur during endocrine treatment and 
could be related to a cancer adaptation mechanism to survive, or to an 
ER-induced modulation of HER2 expression triggered by endocrine 
therapy [206,207]. Finally, molecular discrepancies between primary 
tumor and CTCs, not only related to HR and HER2, have been reported, 
such as in MHC III and EGFR [208–211].

Recent studies have shown that CTCs can help guide the selection of 
chemotherapy or endocrine therapy in the first-line treatment of HR- 

positive/HER2-negative breast cancer. This demonstrates that identi
fying CTCs may expand the number of patients eligible for endocrine 
therapy and could provide insight into why endocrine therapy fails in a 
subset of primary HR-positive BC patients [212,213].

Notably, the STIC-CTC trial demonstrated that CTC enumeration can 
outperform clinical risk assessment in determining treatment strategy, 
with improved survival outcomes observed in patients classified as 
clinically low-risk but CTC-high, who benefited from chemotherapy 
rather than endocrine therapy alone [214]. Similarly, exploratory 
findings from the PACE trial supported the use of CTC count to identify 
patients with endocrine-resistant disease who may benefit from treat
ment escalation, including immunotherapy [215]. Furthermore, the 
DETECT III trial provided the first evidence that CTC phenotyping may 
guide targeted therapy, showing that patients with HER2-negative mBC 
but HER2-positive CTCs had significantly improved survival when 
treated with lapatinib in addition to standard therapy [216].

7.2. ctDNA

ctDNA fragments are easily detectable and have a short half-life, 
which makes ctDNA a useful method to investigate treatment-related 
tumor changes and monitor drug response in a real-time clinical 
setting. Indeed, ctDNA monitoring is an accurate method for the 
detection of occult metastasis, and the sequencing of ctDNA sampled 
during treatment has been shown to provide pivotal monitoring infor
mation [217]. In addition, ctDNA levels, even when measured in the 
setting of primary (non-metastatic) BC, are associated with poor 
outcome [218]. By contrast, CTCs are not recommended for routine 
monitoring after primary surgery [219,220]. To improve sensitivity in 
detecting MRD in primary BC, patient-specific sequencing assays have 
been most commonly employed [221]. Indeed, several proof-of-concept 
studies have demonstrated the utility of ctDNA as an early marker of 
therapeutic resistance and MRD [222]. However, this approach presents 
limitations, especially in BC cases characterized by high intratumoral 
genetic heterogeneity. This is because the genomic alterations used to 
monitor the disease are restricted to a subpopulation of cells and may 
not be representative of the entire tumor. Conversely, recent evidence 
supports the use of ctDNA as a reliable biomarker for monitoring tumor 
burden dynamics in mBC patients undergoing systemic therapy [223,
224].

Different circulating blood biomarkers (CTCs and CA 15-3) and 
tumor imaging were shown to be less sensitive and specific than ctDNA. 
Additionally, a strong correlation was observed between the number of 
amplifiable ctDNA copies and patient prognosis, with fluctuations in 
ctDNA levels reflecting treatment response [225–227].

Furthermore, HER2 gene detection in ctDNA can be leveraged to 
assess its status during treatment, serving as a complementary method to 
tumor tissue biopsy. Studies have shown that cfDNA levels and HER2 
gene amplification in cfDNA increase during neoadjuvant chemo
therapy, although no direct correlation with treatment efficacy has been 
observed [228]. Notably, Page et al. [229] demonstrated the presence of 
HER2-amplified ctDNA in both disease-free and mBC patients, with high 
concordance to the primary tumor. These findings suggest a potential 
predictive and prognostic role for ctDNA in the HER2-positive BC 
setting.

With the introduction of poly ADP ribose polymerase inhibitors 
(PARPi), the use of ctDNA in TNBC has evolved [230]. Germline BRCA 
mutations are around 5 % in all BCs and 16–40 % in TNBC patients [231,
232]. These mutations compromise the homologous recombination 
repair (HRR), an accurate mechanism that helps repair damaged DNA 
[233]. By suppressing DNA single-strand break repair, PARPi promote 
the accumulation of DNA replication errors in BC and cell cycle arrest. 
PARPi have been shown to improve patient outcomes in BC with 
germline BRCA mutations, irrespective of tumor HR/HER2 status [234,
235]. Resistance to PARPi is due to secondary intragenic deletions or 
reverse mutations, which restore the open reading frame of a germline 
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BRCA mutation, leading to a functional HRR. Once identified in ctDNA, 
these mutations could serve as predictive markers for resistance to 
PARPi, highlighting the potential role of ctDNA in selecting patients 
[236–239].

Finally, both preclinical and clinical studies have highlighted that 
one of the most common mechanisms of endocrine treatment resistance 
in HR+/HER2-BC is the presence of activating mutations in the estrogen 
receptor alpha gene (ESR1). These mutations, which are associated with 
therapeutic resistance, can be detected in ctDNA [240–242]. BC patients 
with ESR1-mutant ctDNA have poorer outcomes, and ESR1 mutations 
are common in metastatic HR+ BC patients treated with aromatase in
hibitors (AI). Hence, ctDNA with ESR1 mutations can be considered a 
marker of aggressive disease and can guide further therapies, as noted 
below [227]. The EMERALD trial (NCT03778931) first demonstrated 
that elacestrant, an oral selective estrogen receptor degrader (SERD), 
significantly improved PFS compared to standard endocrine therapy in 
patients with ESR1-mutant HR+/HER2− mBC previously treated with 
CDK4/6 inhibitors [243]. These results led to FDA approval of elaces
trant alongside the Guardant360 CDx ctDNA assay as a companion 
diagnostic. In contrast, the PADA-1 trial (NCT03079011) adopted a 
proactive approach, enrolling patients receiving first-line AI plus 
CDK4/6 inhibitor therapy. Through serial monitoring of ctDNA, ESR1 
mutations were detected before clinical progression, allowing for early 
therapeutic intervention [244]. Patients were randomized to continue 
AI or switch to fulvestrant, both in combination with palbociclib. The 
early switch significantly improved PFS. More recently, the SERENA-6 
trial (NCT04964934) further validated this proactive strategy by 
showing that early switching to camizestrant, a next-generation oral 
SERD, upon detection of emergent ESR1 mutations in ctDNA during AI 
plus CDK4/6i therapy, significantly prolonged PFS compared to 
continuing AI [245]. Notably, SERENA-6 is the first registration-phase 
trial to prospectively incorporate ctDNA dynamics to guide treatment 
modification in the absence of radiographic progression. Together, 
EMERALD, PADA-1, and SERENA-6 exemplify a continuum of 
ctDNA-based strategies: EMERALD supports ctDNA as a tool for select
ing targeted therapies after progression, while PADA-1 and SERENA-6 

reinforce its role in guiding preemptive treatment adaptation, under
scoring the expanding clinical relevance of liquid biopsy in 
endocrine-resistant HR+/HER2− BC.

Finally, although most mutation analyses rely on LB, emerging evi
dence suggests that FFPE metastatic tissue samples may serve as a viable 
alternative or complementary source for mutation detection, particu
larly when ctDNA testing is unavailable or unfeasible [246] (see also 
Fig. 2).

Fig. 3 summarizes the applications and limitations of CTCs and 
ctDNA in different settings.

8. CTCs and ctDNA in real-life scenarios: from FDA approvals to 
clinical trials

8.1. FDA-approved assays

The great interest and the promising results of LB in several retro
spective and prospective trials conducted over the last years led to the 
approval of several blood tests based on CTCs or ctDNA by the FDA, 
mainly regarding the non-invasive management of advanced cancers.

8.1.1. CTCs
In the early 2000s, the FDA approved the CellSearch System® plat

form (Veridex, Raritan, NJ, USA) for prognostic use, the first LB assay 
designed for CTCs detection in breast, colorectal, and prostate cancer 
patients. CellSearch System® detects and enumerates CTCs of epithelial 
origin using antibodies against CD45, EpCAM, and cytokeratins 8, 18, 
and/or 19, from a 7.5-mL blood sample [247,248]. In several clinical 
trials, CTCs measured by the CellSearch® proved to be a strong, inde
pendent predictor of OS and PFS in all the above-mentioned cancers.

In BC patients, the value of ≥5 CTCs in 7.5 ml blood samples was 
associated with worse OS and PFS [57]. In another study by Mu et al., 
the positive baseline count of CTCs in the blood sample of BC patients 
detected with the CellSearch® correlated with a shorter PFS. In addition, 
CTCs clusters seem to provide additional prognostic value for their 
increased presence in inflammatory BC [249,250]. Other subsequent 
trials had similar results, demonstrating that the CTCs number assessed 
through the CellSearch® platform was positively correlated with a 
worse prognosis [251,252].

The predictive role of CTCs in mBC patients was assessed by Jaka
bova et al. They used the CellSearch System® platform to monitor the 
response to palbociclib in 46 patients with advanced BC, showing that 
patients with detectable CTCs after the first cycle of palbociclib had a 
shorter PFS [253].

Nevertheless, there are several concerns regarding the application of 
the CellSearch® platform. The first issue is related to the use of fixatives 
to keep whole blood stable for up to 96 h for short-term storage and 
transportation. Indeed, fixation compromises the viability of the cell and 
the RNA integrity. Thus, it is not possible to use the sample for down
stream applications, such as xenograft modeling, ex vivo culture crea
tion, and gene expression analysis [254–256]. Other important concerns 
regard the limited amount of CTCs that can be detected in the blood
stream of cancer patients, which impacts the accuracy of their assess
ment for several clinical purposes, such as the evaluation of MRD after 
surgery or prediction of early relapse [106]. This is clearly demonstrated 
in a study involving 1087 early-stage high-risk BC patients, which shows 
that although CTCs detected two years after the completion of chemo
therapy still retain prognostic significance, the sensitivity of a positive 
CTC status for predicting disease relapse remains low (36 %) [257].

Although the use of the CellSearch® technology is considered the 
gold standard for CTCs enumeration, other technologies have been 
developed and demonstrated similar prognostic value despite the 
EpCAM status. Promising results in detecting CTCs were obtained by the 
RareCyte platform, and by two other technologies: CellSieve™ and 
ScreenCell® [258–260]. Briefly, the RareCyte platform, using the 
AccuCyte® kit, specialized blood tubes, and collecting devices, quickly 

Fig. 3. Schematic representation of the clinical utility of circulating tumor DNA 
(ctDNA) and circulating tumor cells (CTCs) in breast cancer, categorized by 
level of evidence: green indicates validated and approved applications, yellow 
indicates strong but still experimental evidence, and red indicates areas with 
insufficient clinical evidence. Created with BioRender.com.
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identifies CTCs depending on density. First, the red blood cell fraction is 
divided into nucleated and non-nucleated blood cells. The nucleated 
fraction is then distributed among eight conventional glass slides that 
can be stained with a maximum of six fluorescent markers. The Cyte
Finder® instrument, a digital scanning microscope, scans these slides 
and performs a semi-automatic analysis. Finally, a fluid-coupled picking 
system placed above the slide stage is used to mechanically retrieve 
CTCs.

CellSieve™ and ScreenCell® are very similar and employ an 
enrichment strategy based on short-time filtration through a membrane, 
but use different criteria for tumor cells identification. The first one is 
based on marker expression like CellSearch®, whereas the latter is based 
on the cytomorphological evaluation.

Another widely used platform is Parsortix™ (Angle plc), a label-free 
microfluidic device that isolates CTCs based on physical properties such 
as size and deformability, rather than surface marker expression. Blood 
flows through a cassette containing a stepped narrowing channel, which 

captures larger and less deformable CTCs while allowing smaller blood 
cells to pass through. This method enables enrichment of EpCAM-low or 
EpCAM-negative CTCs, such as those undergoing EMT, which are often 
missed by epithelial marker-dependent platforms. Parsortix™-isolated 
CTCs are viable and compatible with downstream molecular analyses, 
including RNA-seq and single-cell genomic profiling, making it partic
ularly suited for functional and translational research applications. 
Parsortix™ is FDA-cleared for CTC enrichment, but not for diagnostic 
use; isolated cells must be analyzed using separately validated down
stream assays.

8.1.2. ctDNA
Promising results have demonstrated the strong association between 

tumor burden and ctDNA and its potential role to guide and personalize 
the choice of molecularly targeted therapies [261]. Cell-free DNA 
analysis using NGS is a recent tool introduced in clinical practice, and it 
is an informative, highly specific, and sensitive biomarker in metastatic 

Table 2 
Ongoing trials in which patients’ randomization or therapy allocation is secondary to CTCs identification and characterization or CTCs represent the outcome measure 
for the assessment of the response to therapy.

NCT Number Title Type Status Intervention Population Setting Biomarker 
Usage

Estimated 
Enrollment 
patients

NCT04993014 Circulating Tumor 
Cells and Treatment 
De-escalation After 
Neoadjuvant 
Therapy for HER2 
Positive Breast 
Cancer

Interventional 
(Phase II)

Recruiting Cohort A (HER2+ CTCs) Patients with 
HER2+ BC

Adjuvant 
chemotherapy

Randomization 
criteria

80
Arm A: Trastuzumab
Arm B: Trastuzumab +
Pertuzumab
Cohort B (HER2- CTCs)
Arm A: Trastuzumab
Arm B: Trastuzumab +
Pertuzumab

NCT04902937 Association of 
Adjuvant 
Radiotherapy of 
Non-metastatic 
Breast Carcinoma 
With 
Immunomodulation 
and Circulating 
Tumor Cell 
Phenotype in 
Relation to Patient 
Age

Observational Recruiting / Patients with 
Localized BC 
undergoing 
breast- 
conserving 
surgery 
followed by 
adjuvant 
radiation 
therapy

Adjuvant 
radiotherapy

Outcome 
measure

200

NCT04065321 Circulating Tumor 
Cell Detection in 
Patients With 
Luminal A Breast 
Cancer

Observational Recruiting Control group: PET-CT exam Patients with 
Localized 
Luminal A BC

Early 
detection of 
relapse

Allocation 
criteria

500
Trial group: CTC assessment 
followed by PET-CT in case of 
positivity

NCT04059003 CTC Changes and 
Efficacy of 
Neoadjuvant 
Chemotherapy for 
Triple-negative 
Breast Cancer

Observational Recruiting / Patients with 
triple negative 
BC 
undergoing 
neoadjuvant 
chemotherapy

Neoadjuvant 
chemotherapy

Outcome 
measure

200

NCT03213041 Pembrolizumab and 
Carboplatin in 
Treating Patients 
With Circulating 
Tumor Cells Positive 
Metastatic Breast 
Cancer

Interventional 
(Phase II)

Recruiting Single arm: Pembrolizumab 
and Carboplatin in patients 
with CTCs

Patients with 
HER2- 
metastatic BC

Metastatic 
disease

Inclusion 
criteria

100

NCT02035813 DETECT IV - A Study 
in Patients With 
HER2-negative 
Metastatic Breast 
Cancer and 
Persisting HER2- 
negative Circulating 
Tumor Cells (CTCs).

Interventional 
(Phase II)

Active, 
Not 
Recruiting

Arm A: Ribociclib in 
combination with standard 
endocrine therapy (HR + HER- 
BC)

Patients with 
HER2- 
metastatic BC

Metastatic 
disease

Randomization 
criteria

116

Arm B: Eriubulin (HR + HER2- 
BC and Triple Negative BC)

NCT06067503 Biomarkers to Detect 
Endocrine Therapy 
Resistance

Interventional 
(Phase II)

Recruting Single arm: 
18F- 
fluorofuranylnorprogesterone 
(ER/PR + BC)

Patients with 
metastatic 
ER/PR + BC

Metastatic 
disease

Outcome 
measure

8
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Table 3 
Ongoing trials in which patients’ randomization or therapy allocation is secondary to ctDNA isolation and characterization or ctDNA represents the outcome measure 
for the assessment of the response to therapy.

NCT Number Title Type Status Intervention Population Setting Biomarker Usage Estimated 
Enrollment 
pts

NCT02965755 Personalized 
Molecular Profiling in 
Cancer Treatment at 
Johns Hopkins

Interventional Recruiting Assessment of ctDNA 
and CTC for treatment 
personalization

Patients with 
metastatic BC

Metastatic 
disease

Outcome 
measure

200

NCT05625087 Detection of Tumor 
DNA in the Blood of 
Patients Receiving 
Standard Therapy for 
Hormone Receptor- 
positive (HR+) Non- 
HER2 Expressing 
(HER2-) Metastatic 
Breast Cancer as a 
Tool to Select Those 
Who May Benefit 
From the Next Course 
of Fulvestrant in 
Combination with 
Alpelisib or Ribociclib

Interventional 
(Phase II)

Not yet 
Recruiting

Arm A: Alpelisib and 
fulvestrant 
Arm B: Ribociclib and 
fulvestrant

Patients with 
HR+, HER2- 
metastatic BC 
with PIK3CA 
mutation in 
ctDNA

Metastatic 
disease

Randomization 
criteria

162

NCT04985266 A Trial of Early 
Detection of 
Molecular Relapse 
With Circulating 
Tumour DNA 
Tracking and 
Treatment With 
Palbociclib Plus 
Fulvestrant Versus 
Standard Endocrine 
Therapy in Patients 
With ER Positive 
HER2 Negative Breast 
Cancer

Interventional 
(Phase II)

Recruiting Arm A: Endocrine 
therapy 
Arm B: Palbociclib and 
fulvestrant

Patients with HR 
+ HER2- BC

Adjuvant 
chemotherapy

Randomization 
criteria

1100

NCT04920708 Fulvestrant, 
Ipatasertib and 
CDK4/6 Inhibition in 
Metastatic ER+/ 
HER2- Breast Cancer 
Patients Without 
ctDNA Suppression

Interventional Not yet 
Recruiting

Arm A (high ctDNA): 
Palbociclib +
Fulvestrant +
Ipatasertib 
Arm B high (ctDNA+): 
Palbociclib +
Fulvestrant 
Arm C (ctDNA-): 
Standard of Care 
Arm D (low ctDNA): 
Standard of Care

Patients with HR 
+ HER2- 
metastatic BC

Metastatic 
disease

Randomization 
criteria

324

NCT04915755 Efficacy and Safety 
Comparison of 
Niraparib to Placebo 
in Participants With 
Human Epidermal 
Growth Factor 2 
Negative (HER2-) 
Breast Cancer 
Susceptibility Gene 
Mutation (BRCAmut) 
or Triple-Negative 
Breast Cancer (TNBC) 
With Molecular 
Disease

Interventional 
(Phase III)

Recruiting Arm A: Niraparib 
Arm B: Placebo

Patients with 
BRCA mutated 
BC or triple 
negative BC

Adjuvant 
chemotherapy

Randomization 
criteria

800

NCT04849364 Circulating Tumor 
DNA Enriched, 
Genomically Directed 
Post-neoadjuvant 
Trial for Patients With 
Residual Triple 
Negative Breast 
Cancer

Interventional 
(Phase II)

Recruiting Arm 1a (ctDNA with 
genomic target): 
talazoparib +
capecitabine 
Arm 1b (ctDNA with 
genomic target): 
atezolizumab +
capecitabine 
Arm 1c (ctDNA with 
genomic target): 
inavolisib +
capecitabine followed 
by atezolizumab 

Patients with 
Triple negative 
BC with residual 
disease at surgery

Adjuvant 
chemotherapy

Randomization/ 
Allocation 
criteria

197 patients

(continued on next page)
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Table 3 (continued )

NCT Number Title Type Status Intervention Population Setting Biomarker Usage Estimated 
Enrollment 
pts

Arm 1d (ctDNA with 
genomic target): 
talazoparib +
atezolizumab +
capecitabine 
Arm 2 (ctDNA with no 
genomic target): 
capecitabine and/or 
pembrolizumab 
Arm 3 (ctDNA-): 
capecitabine and/or 
pembrolizumab

NCT04803539 A Prospective, Phase 
II Trial Using ctDNA 
to Initiate Post- 
operation Boost 
Therapy After 
Adjuvant 
Chemotherapy in 
TNBC

Interventional 
(Phase II)

Not yet 
Recruiting

Arm A: Capecitabine 
Arm B: Capecitabine +
Apatinib +
Camrelizumab

Patients with 
triple negative BC

Adjuvant 
chemotherapy

Randomization 
criteria

260

NCT04720729 Chemotherapy 
Monitoring by ctDNA 
in HER2- Metastatic 
Breast Cancer

Interventional 
(Phase II)

Recruiting Treatment 
personalization upon 
ctDNA assessment

Patients with 
HER2- metastatic 
BC

Metastatic 
disease

Allocation 
criteria

214

NCT04567420 DNA-Guided Second 
Line Adjuvant 
Therapy For High 
Residual Risk, Stage 
II-III, Hormone 
Receptor Positive, 
HER2 Negative Breast 
Cancer

Interventional 
(Phase II)

Recruiting Arm A: Palbociclib/ 
Fulvestrant 
Combination 
Arm B: Standard of 
care

Patients with HR 
+ HER2- BC

Adjuvant 
chemotherapy

Randomization 
criteria

100

NCT04501523 A Prospective, Phase 
II Trial Using ctDNA 
to Initiate Post- 
operation Boost 
Therapy After NAC in 
TNBC

Interventional 
(Phase II)

Recruiting Arm A (ctDNA+, non- 
pCR): Tislelizumab and 
Capecitabine 
Arm B: (ctDNA+, non- 
pCR): Capecitabine 
Arm C: (ctDNA+, 
pCR): Capecitabine 
Arm D: (ctDNA-): 
Standard care

Patients with 
triple negative BC

Adjuvant 
chemotherapy

Randomization/ 
Allocation 
criteria

460

NCT04434040 Atezolizumab +
Sacituzumab 
Govitecan to Prevent 
Recurrence in TNBC 
(ASPRIA)

Interventional 
(Phase II)

Recruiting Atezolizumab and 
Sacituzumab 
Govitecan

Patients with 
triple negative BC

Adjuvant 
chemotherapy

Outcome 
measure

40

NCT04256941 Aromatase Inhibitor 
Therapy With or 
Without Fulvestrant 
for the Treatment of 
HR Positive 
Metastatic Breast 
Cancer With an ERS1 
Activating Mutation, 
the INTERACT Study

Interventional Recruiting Arm A: ribociclib, 
palbociclib, and/or 
abemaciclib +
fulvestrant 
Arm B: ribociclib, 
palbociclib, and/or 
abemaciclib, letrozole 
+ letrozolo or 
anastrozolo

Patients with HR 
+ metastatic BC

Metastatic 
disease

Inclusion 
criteria/ 
biomarker of 
response

124

NCT04059003 CTC Changes and 
Efficacy of 
Neoadjuvant 
Chemotherapy for 
Triple-negative Breast 
Cancer

Observational Recruiting Arm A: Taxanes or/and 
anthracycline-based 
Arm B: Taxanes or/and 
anthracycline-based

Patients with 
triple negative BC

Neoadjuvant 
chemotherapy

Outcome mesure 200

NCT03881384 Circulating Tumor 
DNA as Marker of 
Therapeutic Efficacy 
in Breast Cancer 
Patients

Observational Recruiting / Patients with 
localized BC

Neoadjuvant 
chemotherapy

Outcome 
measure

200

NCT03213041 Pembrolizumab and 
Carboplatin in 
Treating Patients 
With Circulating 
Tumor Cells Positive 
Metastatic Breast 
Cancer

Interventional Recruiting Arm A: 
pembrolizumab +
carboplatin

Patients with 
triple negative 
metastatic BC

Metastatic 
disease

Inclusion criteria 100

(continued on next page)
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Table 3 (continued )

NCT Number Title Type Status Intervention Population Setting Biomarker Usage Estimated 
Enrollment 
pts

NCT03145961 A Trial Using ctDNA 
Blood Tests to Detect 
Cancer Cells After 
Standard Treatment 
to Trigger Additional 
Treatment in Early 
Stage Triple Negative 
Breast Cancer 
Patients

Interventional Active, not 
Recruiting

Arm A: observational 
Arm B: pembrolizumab 
every 3 weeks

Patients with 
triple negative BC

Adjuvant 
chemotherapy

Randomization 
criteria

208

NCT03079011 Palbociclib and 
Circulating Tumor 
DNA for ESR1 
Mutation Detection

Interventional Active, not 
Recruiting

STEP 1: Palbociclib +
Aromatase Inhibitors 
STEP 2 Arm A: no 
change of therapy 
STEP 2 Arm B: 
palbociclib +
fulvestrant 
STEP 3 (cross over): 
fulvestrant +
palbociclib

Patients with ER 
+ HER2- 
metastatic BC

Metastatic 
disease

Inclusion/ 
Randomization 
criteria

1017

NCT02913430 Treatment of 
Metastatic Breast 
Cancer With 
Fulvestrant Plus 
Palbociclib or 
Tamoxifen Plus 
Palbociclib

Interventional Active, not 
Recruiting

Arm A: Fulvestrant +
palbociclib 
Arm B: Tamoxifene +
palbociclib

Patients with ER 
+ metastatic BC

Metastatic 
disease

Outcome 
measure

150

NCT06087120 Investigate the 
Prognostic and 
Predictive Value of 
ctDNA During 
Neoadjuvant 
Chemotherapy for 
Breast Cancer.

Observational Recruiting Neoadjuvant 
chemotherapy (NAC)/ 
treatment regimens for 
stage II-III HER+/ 
Triple Negative BC

Patients with 
stage II-III 
HER+/Triple 
Negative BC

Neoadjuvant 
treatment

Outcome 
measure

75

NCT06517212 Tirzepatide Weight 
Loss for MRD + Early 
Breast Cancer (TRIM- 
EBC)

Interventional 
(Phase II)

Recruiting Single arm: 
Tirzepatide

Patients with a 
diagnosis of 
hormone 
receptor-positive 
(ER+ > 10 %), 
and HER2- 
negative BC 
within the past 
15 years with 
obesity or 
overweigh

Adjuvant 
treatment

Outcome 
measure

48

NCT05058183 Safe De-escalation of 
Chemotherapy for 
Stage 1 Breast Cancer

Interventional Recruiting ctDNA test after 
surgery

Stage 1 HER2 
positive and 
triple negative BC

/ Outcome 
measure

400

NCT06401421 EXActDNA-003/ 
NSABP B-64: Study of 
Molecular Residual 
Disease Detection in 
Breast Cancer (MRD)

Observational Recruiting Diagnostic Test: ctDNA 
MRD test

High Risk Early 
BC

/ Outcome 
measure

1800

NCT06613516 Effect of Capivasertib 
on ctDNA in ER 
Positive Breast Cancer 
(CaptAin)

Interventional 
(Phase II)

Recruiting ctDNA dynamics 
during treatment with 
Capivasertib

Early stage (I-III) 
ER positive HER2 
negative BC

/ Outcome 
measure

19

NCT06666439 Longitudinal Tumor 
Burden 
Quantification Using 
Circulating Tumor 
DNA in Metastatic 
Lobular Breast Cancer 
(LBC-Monitor)

Observational Recruiting ctDNA change in 
patients receiving first 
line endocrine therapy

Metastatic 
lobular BC with 
ER+ and HER2- 
negative

Metastatic 
disease

Outcome 
measure

20

NCT05770531 Circulating Tumor 
DNA to Guide 
Changes in Standard 
of Care 
Chemotherapy

Interventional 
(Phase II)

Recruiting Arm A: Standard of 
care 
Arm B: standard of care 
or sacituzumab 
govitecan IV based on 
ctDNA results on study

Metastatic 
estrogen receptor 
(ER), PR, HER2 
negative invasive 
BC

Metastatic 
disease

Randomization 
criteria

120

NCT05708235 A PoC Study to 
Evaluate Treatments’ 
Efficacy by 
Monitoring MRD 
Using ctDNA in HR- 

Interventional 
(Phase II)

Recruiting Arm A: control arm 
Arm B: Experimental 
Arm with giredestrant 
Arm C: Experimental 
Arm with giredestrant 

HR-positive/ 
HER2-negative 
early-stage BC at 
higher risk of 
relapse

Adjuvant Inclusion/ 
randomization 
criteria

1260

(continued on next page)
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Table 3 (continued )

NCT Number Title Type Status Intervention Population Setting Biomarker Usage Estimated 
Enrollment 
pts

positive/HER2- 
negative EBC 
Population 
(MiRaDoR)

+ abemaciclib 
Arm D: Experimental 
Arm with giredestrant 
+ inavolisib

NCT06535893 Sustainable and 
Efficient Platform 
Trial of New 
Therapeutic 
Development for 
Early Breast Cancer

Interventional 
(Phase II)

Recruiting Arm A: Carboplatin +
paclitaxel +
pembrolizumab 
followed by 
doxorubicin +
cyclophosphamide +
pembrolizumab 
Arm B: Carboplatin +
paclitaxel +
pembrolizumab 
followed by niraparib 
+ pembrolizumab 
Niraparib 
Pembrolizumab AC

Early-stage BC 
(stage II-III)

Neo-adjuvant Outcome 
measure

100

NCT06643585 A Randomized 
Secondary Adjuvant 
Treatment 
Intervention Study 
Comparing 
Trastuzumab- 
Deruxtecan to SOC 
Therapy in EBC 
Patients with 
Molecular Relapse 
(SURVIVE HERoes)

Interventional 
(Phase III)

Recruiting Arm A: Trastuzumab- 
Deruxtecan +
endocrine therapy for 
16 cycles or until 
relapse, if earlier 
Arm B: Continuous 
treatment of 
physician’s choice

Intermediate to 
high-risk (as 
defined in the 
SURVIVE trial) 
HER2-positive or 
HER2-low early 
BC

Adjuvant Randomization 
criteria

180

NCT05826964 Levels of Circulating 
Tumor DNA as a 
Predictive Marker for 
Early Switch in 
Treatment for 
Patients With 
Metastatic (Stage IV) 
Breast Cancer

Interventional 
(Phase II)

Recruiting Step 1: All patients will 
be receiving standard 
of care frontline 
treatment regimens. 
Step 2: A subset of 
patients in Step 1 will 
be randomized to 
continue same 
treatment (Arm 1) or 
switch to new 
treatment (Arm 2). 
Step 3: A subset of 
patients in Arm 1 will 
be switched to new 
treatment at time of 
clinical disease 
progression

ER+, HER2- 
metastatic BC

Metastatic Randomization 
criteria

500

NCT06067061 neoBREASTIM": 
Atezolizumab Plus 
RP1 Oncolytic 
Immunotherapy in 
the NeoAdjuvant 
Setting of Triple- 
Negative Breast 
Cancer 
(neoBREASTIM)

Interventional 
(Phase I/II)

Recruiting Single arm: 
Atezolizumab + RP1

Advanced TNBC Metastatic Randomization 
criteria

51

NCT06230185 CtDNA Based MRD 
Testing for NAC 
Monitoring in TNBC 
(B-STRONGER-I)

Observational Recruiting Correlation of 
molecular residual 
disease detection by 
NeXT Personal CTA to 
pathological Complete 
Response after 
neoadjuvant 
chemotherapy

Stage I-III triple 
negative BC

Neoadjuvant Outcome 
measure

422

NCT05512364 Elacestrant for 
Treating ER+/HER2- 
Breast Cancer 
Patients With ctDNA 
Relapse (TREAT 
ctDNA)

Interventional 
(Phase III)

Recruiting Arm A: Elacestrant 
Arm B: standard 
endocrine treatment - 
the same they were 
receiving at the time of 
ctDNA detection

ER+/HER2- BC 
and ctDNA 
relapse.

ER + patients 
with BC with 
no evidence of 
metastasis

Inclusion criteria 220

NCT05959291 Discontinuation of 
Maintenance HER-2 
Directed Therapy in 
Long-Term Survivors 
of Metastatic HER-2 

Interventional Recruiting Discontinuation of 
Anti-HER-2 
Maintenance 
Treatment

HER-2 positive 
metastatic (Stage 
IV) BC

Metastatic Inclusion criteria 20

(continued on next page)
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disease. In fact, the FDA has approved a single-gene test and two mul
tigene assays as companion diagnostics to identify patients who may 
benefit from specific treatments by detecting genomic alterations in 
plasma cfDNA of several solid tumors, including BC.

The Therascreen PIK3CA RGQ PCR kit is a PCR-based test for the 
detection of 11 mutations in the PIK3CA gene using genomic DNA 
(gDNA) from BC tissue or ctDNA. If a molecular alteration in this gene is 
detected, on the basis of SOLAR-1 trial results [262], the FDA approves 
the administration of alpelisib, a PI3Kα inhibitor, in association with 
fulvestrant in advanced and metastatic HR+/HER2- BC.

In August 2020, the Guardant360 CDx assay was the first approved 
by the FDA as a qualitative NGS-based in vitro diagnostic device for the 
simultaneous detection of point mutations (SNVs) or deletions variants, 
amplifications, and fusions in tumor-associated genes using plasma 
cfDNA samples. This LB CGP test was originally approved for the iden
tification of EGFR mutations in patients with non-small cell lung cancer 
(NSCLC), in particular deletions in exon 19, L858R in exon 21, or T790M 

in exon 20, to predict the benefit from osimertinib. The Guardant360 
CDx assay was later approved as a complementary diagnostic to assess 
the mutation profiles of patients with any form of solid cancer. In 
particular, resistance to treatment with alpelisib was observed in mBC 
patients with mutations in PTEN and ESR1 detected by Guardant360 
assay [263–265]. On January 27, 2023, FDA approved the Guardant360 
CDx assay as a companion diagnostic device to identify patients with 
ER-positive/HER2-negative and ESR1-mutated advanced or mBC for 
treatment with Elacestrant, the first oral selective ER degrader demon
strating a significant PFS improvement versus Standard Of Care (SOC) 
[266,267].

FDA also approved FoundationOne® Liquid CDx, which detects 
substitutions, insertions, and deletions (indels), rearrangements and 
copy number alterations in tumor-associated genes using plasma cfDNA 
samples. Albeit this test was approved as a complementary diagnostic 
for tumor mutation profiling in patients with NSCLC and prostate can
cer, its use is currently extended to breast and ovarian cancer. In mBC, 

Table 3 (continued )

NCT Number Title Type Status Intervention Population Setting Biomarker Usage Estimated 
Enrollment 
pts

Positive Breast Cancer 
(Free-HER)

NCT05935384 SIBYL: obServation of 
Therapy Response 
With lIquid BiopsY 
evaLuation

Observational Recruiting Guardant 360 Unresectable 
Stage III/IV HR 
+ HER2- BC

Diagnostic Outcome 
measure

440

NCT06227728 Analysis of PD-L1, 
TMB, MSI and ctDNA 
Dynamics to Predict 
and Monitor 
Response to 
Immunotherapy in 
Metastatic Cancer.

Observational Recruiting IV stage BC indicated 
for ICI

Metastatic / Outcome 
measure

50

NCT05982678 Basket Study for 
Oligo-metastatic 
Breast Cancer 
(ANISE)

Interventional 
(Phase II)

Recruiting Trastuzumab- 
deruxtecan

Oligo-metastatic 
HER2 positive BC

Metastatic Outcome 
measure

72

NCT03079011 Safety and Efficacy of 
Palbociclib in 
Combination with HT 
Driven by CtDNA 
ESR1 Mutation 
Monitoring in ER+, 
HER2- Metastatic BC 
Patients (PADA-1)

Interventional 
(Phase III)

Complete Arm A: 
Palbociclib +
Aromatase inhibitor 
Arm B: Palbociclib +
fulvestrant

ER+/HER2- BC metastatic Randomization 
criteria

1017

NCT03778931 Elacestrant 
Monotherapy vs. 
Standard of Care for 
the Treatment of 
Patients With ER+/ 
HER2- Advanced BC 
Following CDK4/6 
Inhibitor Therapy 
(EMERALD)

Interventional 
(Phase III trial)

Complete Arm A: 
Elacestrant 
Arm B: Standard of 
care

ER-positive/ 
HER2-BC

Metastatic Outcome 
measure

478

NCT04964934 Switching to 
AZD9833 (a Next 
Generation, Oral 
SERD) + CDK4/6 
Inhibitor vs 
Continuing 
Aromatase Inhibitor 
+ CDK4/6 Inhibitor 
in HR+/HER2-MBC 
Patients With 
Detectable 
ESR1Mutation 
Without Disease 
Progression During 1L 
Treatment With 
Aromatase Inhibitor 
+ CDK4/6 Inhibitor 
(SERENA-06)

Interventional 
(Phase III)

Complete Arm A: 
AZD9833 +
palbociclib, 
abemaciclib or 
ribociclib 
Arm B: Anastrozole or 
letrozole + palbociclib, 
abemaciclib or 
ribociclib

ER-positive/ 
HER2-BC

Metastatic Randomization 
criteria

315
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this assay is valuable for identifying patients with specific PIK3CA mu
tations, which can predict their response to alpelisib treatment. The 
absence of cfDNA genomic findings does not necessarily indicate their 
lack in the corresponding tumor tissue; for this reason, in case of a 
negative cfDNA test, patients should be reflexed to routine tumor biopsy 
samples using an FDA-approved assay [268].

In 2019 The New York State Department of Health approved the 
Analysis of Circulating Cell-free DNA to Evaluate Somatic Status (MSK- 
ACCESS), a LB assay developed by the researchers of the Memorial Sloan 
Kettering Cancer Center for the detection of low-frequency somatic al
terations in 129 genes. This cfDNA test uses hybridization capture and 
deep sequencing to identify all classes of somatic genetic alterations, 
including SNVs, indels, copy number alterations, and structural variants 
[269,270].

8.2. CTCs and ctDNA in ongoing trials: a glimpse of future possible 
applications

So far LB has been implemented in clinical practice only for a few 
specific clinical purposes regarding the management of metastatic dis
ease. The reasons behind such limited impact rely on the suboptimal 
accuracy of CTCs and ctDNA in the assessment of cancers with a low 
burden of disease, the lack of standardization in the assessment of such 
biomarkers, and the challenges of integrating such assays into clinical 
workflows due to high costs and infrastructure limitations [271,272].

Nevertheless, the assessment of CTCs or ctDNA has been stably 
implemented in the design of clinical trials together with innovative 
approaches to identify novel biomarkers [273–282], dissecting tumor 
microenvironment [283–286] and cancer secretome in the bloodstream, 
such as the study of cfDNA methylation with novel enrichment-based 
methods [22,287,288].

In particular, the assessment of either CTCs or ctDNA: (i) is nearly a 
ubiquitous exploratory endpoint in oncology trials for their value as 
biological correlates of clinically meaningful endpoints, such as OS or 
PFS; (ii) has been proposed as the main criteria for patients’ randomi
zation or allocation in several clinical trials of escalation or de-escalation 
strategies; (iii) has been proposed as a primary endpoint for assessing the 
response to therapeutic interventions.

While the description of ongoing observational trials aimed at eval
uating CTCs or ctDNA as a primary or exploratory aim is outside the 
purpose of this review, we report in Tables 2 and 3 the ongoing trials in 
which patients’ randomization or allocation to therapy is secondary to 
CTCs or ctDNA assessment or in which CTCs or ctDNA represent the 
main outcome measure for assessing the response to treatment.

Of note, a significant limitation of surveying clinical trial protocols 
on clinicaltrials.gov is the frequent lack of information regarding the 
techniques of choice for the biomarker assessment. While this may 
represent only a minor limitation in the context of CTCs, where the 
standard is the detection and enumeration of EpCAM + cells, many 
different approaches are usually employed in the assessment of ctDNA 
and should be described in more detail.

9. Conclusions

BC is a heterogeneous disease, and several molecular aspects with 
pivotal clinical impact are still not fully elucidated. Early detection re
mains one of the most effective strategies to improve BC patients’ out
comes. Tissue biopsy is considered the gold standard for diagnosing BC 
and performing molecular characterization, but it has several limita
tions. LB promises to bypass these limits by monitoring treatment 
response and providing insightful information about disease 
progression.

Additionally, its application in the management of BC patients may 
offer a new opportunity to improve the therapeutic approach. Indeed, LB 
could provide an attractive alternative to traditional molecular profiling 
approaches. To date, multiple platforms are available. However, each 

methodology has different strengths and drawbacks, challenging the 
introduction of LB into clinical practice. Thus, establishing clinical 
standards and harmonizing procedures are crucial to validate LB as a 
reliable test complementary to the current practice.
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[212] Gerratana L, Gianni C, Nicolò E, Pontolillo L, Bidard F-C, Reduzzi C, et al. 
Mapping breast cancer therapy with circulating tumor cells: the expert 
perspective. Breast 2025;81:104463. https://doi.org/10.1016/j. 
breast.2025.104463.

[213] Shao B, Li H, Zhang J, Liu X, Song G, Jiang H, et al. The prognostic value of 
chemotherapy or endocrine therapy choice according to circulating tumor cell 
count in HR+HER2− metastatic breast cancer: a retrospective study. Ann Transl 
Med 2022;10. https://doi.org/10.21037/atm-22-3797. 901–901.

[214] Bidard F-C, Jacot W, Kiavue N, Dureau S, Kadi A, Brain E, et al. Efficacy of 
circulating tumor cell count-driven vs clinician-driven first-line therapy choice in 
hormone receptor-positive, ERBB2-Negative metastatic breast cancer: the STIC 
CTC randomized clinical trial. JAMA Oncol 2021;7:34–41. https://doi.org/ 
10.1001/jamaoncol.2020.5660.

[215] Gerratana L, Ren Y, Reduzzi C, Regan MM, Mahtani RL, Ma CX, et al. Circulating 
tumor cells (CTCs) dynamics after CDK4/6i for hormone-receptor positive (HR+) 

M.L. Schiavone et al.                                                                                                                                                                                                                           The Journal of Liquid Biopsy 9 (2025) 100312 

19 

https://doi.org/10.1038/s41388-018-0660-y
https://doi.org/10.1007/s10552-009-9415-y
https://doi.org/10.1007/s10552-009-9415-y
https://doi.org/10.1016/j.gde.2017.01.017
https://doi.org/10.1530/ERC-15-0369
https://doi.org/10.1111/eva.13204
https://doi.org/10.1111/eva.13204
https://doi.org/10.1038/s41568-023-00590-6
https://doi.org/10.14735/amko20182S41
https://doi.org/10.1101/cshperspect.a019505
https://doi.org/10.3390/genes11080922
https://doi.org/10.1007/s10549-017-4503-2
https://doi.org/10.3390/cancers10100357
https://doi.org/10.3390/cancers10100357
https://doi.org/10.1186/s12885-015-1926-1
https://doi.org/10.1186/s13148-016-0199-0
https://doi.org/10.1002/iub.1346
https://doi.org/10.1371/journal.pone.0133830
https://doi.org/10.1371/journal.pone.0133830
https://doi.org/10.1042/BSR20190923
https://doi.org/10.1016/j.anndiagpath.2021.151722
https://doi.org/10.1016/j.anndiagpath.2021.151722
https://doi.org/10.7717/peerj.2203
https://doi.org/10.18632/oncotarget.9354
https://doi.org/10.18632/oncotarget.9354
https://doi.org/10.31557/APJCP.2020.21.12.3627
https://doi.org/10.31557/APJCP.2020.21.12.3627
https://doi.org/10.1002/iub.1346
https://doi.org/10.1530/ERC-15-0369
https://doi.org/10.1016/j.jlb.2024.100159
https://doi.org/10.1016/j.jlb.2024.100159
https://doi.org/10.1016/j.clbc.2016.06.006
https://doi.org/10.1038/s41523-024-00611-z
https://doi.org/10.1038/s41523-024-00611-z
https://doi.org/10.1007/s11033-018-4359-5
https://doi.org/10.1007/s11033-018-4359-5
https://doi.org/10.1016/j.ejca.2018.10.012
https://doi.org/10.1016/j.ejca.2018.10.012
https://doi.org/10.1158/1078-0432.CCR-17-0255
https://doi.org/10.1158/1078-0432.CCR-17-0255
https://doi.org/10.1093/jnci/djaa113
https://doi.org/10.1093/jnci/djaa113
https://doi.org/10.1158/1078-0432.CCR-05-2821
https://doi.org/10.1007/s10549-020-05687-2
https://doi.org/10.1016/j.esmoop.2021.100299
https://doi.org/10.1016/j.esmoop.2021.100299
https://doi.org/10.1016/j.neo.2016.08.007
https://doi.org/10.1038/nature19328
https://doi.org/10.3390/ijms25115910
https://doi.org/10.3390/ijms25115910
https://doi.org/10.18632/oncotarget.17271
https://doi.org/10.18632/oncotarget.17271
https://doi.org/10.1016/j.canlet.2015.03.020
https://doi.org/10.1016/j.canlet.2015.03.020
https://doi.org/10.1007/s12094-015-1275-1
https://doi.org/10.1007/s12094-015-1275-1
https://doi.org/10.21037/gs-20-802
https://doi.org/10.21037/gs-20-802
https://doi.org/10.4103/IJPM.IJPM_136_19
https://doi.org/10.3389/fcell.2022.929893
https://doi.org/10.4143/crt.2014.287
https://doi.org/10.4143/crt.2014.287
https://doi.org/10.1007/s00404-018-4669-9
https://doi.org/10.1159/000442986
https://doi.org/10.1159/000442986
https://doi.org/10.1016/j.breast.2025.104463
https://doi.org/10.1016/j.breast.2025.104463
https://doi.org/10.21037/atm-22-3797
https://doi.org/10.1001/jamaoncol.2020.5660
https://doi.org/10.1001/jamaoncol.2020.5660


metastatic breast cancer (MBC): a biomarker analysis of the PACE randomized 
phase II study. J Clin Orthod 2023;41. https://doi.org/10.1200/JCO.2023.41.16_ 
suppl.1059. 1059–1059.

[216] Fehm T, Mueller V, Banys-Paluchowski M, Fasching PA, Friedl TWP, Hartkopf A, 
et al. Efficacy of lapatinib in patients with HER2-Negative metastatic breast 
cancer and HER2-Positive circulating tumor cells-the DETECT III clinical trial. 
Clin Chem 2024;70:307–18. https://doi.org/10.1093/clinchem/hvad144.

[217] Maltoni R, Palleschi M, Ravaioli S, Tumedei MM, Rocca A, Melegari E, et al. Cell- 
free DNA variant sequencing using CTC-depleted blood for comprehensive liquid 
biopsy testing in metastatic breast cancer. Cell Transplant 2020;29: 
096368972092505. https://doi.org/10.1177/0963689720925057.

[218] Olsson E, Winter C, George A, Chen Y, Howlin J, Tang ME, et al. Serial monitoring 
of circulating tumor DNA in patients with primary breast cancer for detection of 
occult metastatic disease. EMBO Mol Med 2015;7:1034–47. https://doi.org/ 
10.15252/emmm.201404913.

[219] Moschetti I, Cinquini M, Lambertini M, Levaggi A, Liberati A. Follow-up strategies 
for women treated for early breast cancer. Cochrane Database Syst Rev 2016; 
2016:CD001768. https://doi.org/10.1002/14651858.CD001768.pub3.

[220] Carbine NE, Lostumbo L, Wallace J, Ko H. Risk-reducing mastectomy for the 
prevention of primary breast cancer. Cochrane Database Syst Rev 2018;4: 
CD002748. https://doi.org/10.1002/14651858.CD002748.pub4.

[221] Parsons HA, Rhoades J, Reed SC, Gydush G, Ram P, Exman P, et al. Sensitive 
detection of minimal residual disease in patients treated for early-stage breast 
cancer. Clin Cancer Res 2020;26:2556–64. https://doi.org/10.1158/1078-0432. 
CCR-19-3005.

[222] Pantel K, Alix-Panabières C. Liquid biopsy and minimal residual disease — latest 
advances and implications for cure. Nat Rev Clin Oncol 2019;16:409–24. https:// 
doi.org/10.1038/s41571-019-0187-3.

[223] Scarpitta R, Zanna I, Aretini P, Gambino G, Scatena C, Mei B, et al. Germline 
investigation in Male breast cancer of DNA repair genes by next-generation 
sequencing. Breast Cancer Res Treat 2019;178:557–64. https://doi.org/10.1007/ 
s10549-019-05429-z.

[224] Pascual J, Attard G, Bidard F-C, Curigliano G, De Mattos-Arruda L, Diehn M, et al. 
ESMO recommendations on the use of circulating tumour DNA assays for patients 
with cancer: a report from the ESMO precision medicine working group. Ann 
Oncol 2022;33:750–68. https://doi.org/10.1016/j.annonc.2022.05.520.
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[268] André F, Bachelot T, Commo F, Campone M, Arnedos M, Dieras V, et al. 
Comparative genomic hybridisation array and DNA sequencing to direct 
treatment of metastatic breast cancer: a multicentre, prospective trial (SAFIR01/ 
UNICANCER). Lancet Oncol 2014;15:267–74. https://doi.org/10.1016/S1470- 
2045(13)70611-9.

[269] Rose Brannon A, Jayakumaran G, Diosdado M, Patel J, Razumova A, Hu Y, et al. 
Enhanced specificity of clinical high-sensitivity tumor mutation profiling in cell- 
free DNA via paired normal sequencing using MSK-ACCESS. Nat Commun 2021; 
12:3770. https://doi.org/10.1038/s41467-021-24109-5.

[270] Bertucci F, Finetti P, Guille A, Adélaïde J, Garnier S, Carbuccia N, et al. 
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