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Abstract: Despite substantial progress in the diagnosis and treatment of breast cancer, current therapeutic regimens exhibit 
limitations, necessitating the identification of more robust biomarkers to optimize personalized strategies. Circulating tumor DNA 
(ctDNA), as a non-invasive liquid biopsy modality, overcomes the inherent constraints of biopsies in capturing tumor heterogeneity. 
Accumulating evidence from prospective cohort studies demonstrates the clinical utility of ctDNA in risk stratification, guidance of 
therapeutic decision-making, recurrence surveillance and other clinical applications. Furthermore, ctDNA profiling enhances real-time 
pharmacodynamic monitoring and accelerates drug development by identifying molecular responders. The methodical requirements 
and challenges inherent in implementing liquid biopsy assessments in the clinic are examined. These encompass critical pre-analytical 
variables, the need for highly sensitive and specific analytical techniques, standardization of assays and bioinformatics pipelines across 
laboratories and the complexities of interpreting results. This review synthesizes current evidence supporting ctDNA integration into 
breast cancer management frameworks and systematically addresses its methodological challenges and clinical limitations. 
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Introduction
Breast cancer as a common malignancy among the world remains the leading morbidity and cause of cancer death 
bringing about significant burden and economic expenditure.1–3 Currently there are still persistent challenges for the 
diagnosis and therapy of breast cancer. Conventional screening has reduced breast cancer mortality while Breast Imaging 
Reporting and Data System classification (BI-RADS) based on ultrasonography or mammography has wide-ranging 
potential for prediction.4 In resource-constrained healthcare systems where advanced diagnostic modalities remain 
prohibitively resource-intensive or impractical, breast cancer patients frequently present with advanced-stage disease at 
initial diagnosis. Current clinical practice guidelines establish multimodal therapy as the cornerstone for resectable breast 
cancer management, combining definitive surgical intervention with evidence-based adjuvant strategies including 
chemotherapy, molecularly targeted agents and endocrine therapy. Furthermore, neoadjuvant systemic therapy has 
been integrated into standard protocols, demonstrating efficacy in downstaging tumors to facilitate breast-conserving 
surgical approaches or optimize radical resection outcomes.5,6 While the sensitivities of patients to different medicines 
exhibit diverse responses as the result of individual or tumor heterogeneity.7 Drug resistance and disease recurrence pose 
critical impediment to long-term survival. The investigation of biomarkers has been advancing rapidly, with the goal of 
effectively applying them to various aspects of cancer clinical management, including early tumor diagnosis, precise 
identification of optimal patient populations for specific therapies, evaluation of treatment response post-intervention, and 
longitudinal disease monitoring.8 Among these, circulating tumor DNA (ctDNA) has gained substantial momentum in 
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molecular indicators and clinical implementation due to its non-invasive detection methodology, streamlined sample 
accessibility, and dual advantages of high analytical sensitivity and specificity, which positions it as a transformative tool 
in precision oncology.9

The Origination and Detection of ctDNA
Circulating cell-free DNA (cfDNA) and its tumor-derived subset, circulating tumor DNA (ctDNA), have emerged as 
pivotal biomarkers in oncology due to their non-invasive accessibility and dynamic reflection of tumor biology.10 The 
cfDNA comprises fragmented extracellular DNA and released into the bloodstream or other body fluid through 
apoptosis, necrosis or active secretion of both normal and pathological cells. In plasma, cfDNA typically consists of 
double-stranded DNA fragments of around 140–170 base pairs (bp).11 While ctDNA specifically originates from 
malignant cells, carrying tumor-specific genomic alterations such as mutations, copy number variations and methylation 
patterns.12,13 The developed ctDNA detections of end-motifs and fragmentomics are newly found to provide compre
hensive information in breast cancer.14,15

The ctDNA exhibits distinct physicochemical properties that underpin its clinical utility in oncology (Figure 1). The 
clinical utility of ctDNA lies in its ability to mirror tumor heterogeneity, monitor minimal residual disease (MRD), and 
detect early molecular relapse, often preceding radiographic evidence by months. MRD refers to the presence of trace 
amounts of cancer cells persisting after curative-intent therapy, which are undetectable by conventional imaging or 
histopathological methods but may drive disease relapse.16 MRD detection employs highly sensitive technologies to 
identify residual malignant clones. In breast cancer, MRD monitoring enables early detection of molecular relapse, often 
months to years before clinical manifestation. Clinically, MRD status serves as a dynamic prognostic biomarker, 
stratifying patients into distinct risk categories for recurrence and guiding adjuvant therapy escalation or de- 
escalation.17 Emerging strategies based on ctDNA to refine MRD-driven interception trials, positioning MRD detection 
as a cornerstone of precision oncology in the era of liquid biopsy.18

The rapid methodological evolution in sequencing technologies and bioinformatic frameworks for ctDNA analysis 
has promoted a proliferation of distinct analytical platforms, which are taxonomically stratified into two principal 
methodological paradigms: tumor-agnostic approaches, utilizing fixed genomic panels or epigenetic signatures for 
hypothesis-free screening, and tumor-informed strategies, requiring prior whole profiling of matched tumor tissue to 
design patient-specific mutational tracking assays.19,20 This dichotomy reflects fundamental differences in sensitivity 

Figure 1 Clinical application of ctDNA analysis in breast cancer. 
Abbreviation: MRD, minimal residual disease.
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thresholds, clinical applicability and requirements for tumor biospecimen availability. Advanced sequencing technologies 
enable high-sensitivity detection of ctDNA even at low concentrations, facilitating applications in early cancer screening, 
treatment response assessment, and personalized therapeutic targeting.21–23 Tumor-agnostic approaches do not need prior 
tumor profiling using the technologies like next-generation sequencing (NGS) for genomic variants and methylation 
analysis.24,25 NGS allows simultaneous analysis of multiple cancer-associated genes, including single-nucleotide variants 
(SNVs), copy number variations (CNVs), indels and fusion events. The ultra-deep sequencing detects low-frequency 
mutations within ctDNA. This multiplex capability provides a holistic view of tumor heterogeneity and evolution. While 
tumor-informed methodologies demonstrate enhanced analytical sensitivity for detecting low-frequency tumor-derived 
variants, this approach imposes significant logistical constraints due to its prerequisite sequential workflow: initial tumor 
sequencing, followed by computationally intensive bioinformatic clonal selection and patient-specific multiplex panel 
design with personalized NGS, methylation-specific assays and droplet digital PCR (ddPCR).26,27 This multistep process 
typically creates operational bottlenecks in time-sensitive clinical contexts compared to tumor-agnostic fixed panels.

ctDNA in Early Screening of Breast Cancer
The traditional screening modalities for breast cancer must balance economic consideration and equipment accessibility. 
Ultrasound and mammography consequently demonstrate limitations in sensitivity, particularly in the detection of 
malignancies within dense breast, while the interpretation of results also exhibits significant subjectivity.28–30 The occult 
biological behavior of early-stage breast cancer poses significant diagnostic challenges. However, latent malignant 
features can be detected through low concentrations of ctDNA. Leveraging the advantages of non-invasive sampling 
and procedural convenience, ctDNA analysis has emerged as a highly feasible modality for breast cancer screening and 
enables the detection of breast malignancies at subclinical stage.31,32 The AmpliSeq, a multiplex PCR method, and 
hybridization-based capture of 102 patients with early-stage breast cancer and 50 individuals with benign breast tumors 
demonstrated that preoperative ctDNA mutations analysis reliably mirrored tumor heterogeneity while achieving 74.2% 
(49/66) detection sensitivity and the blood-derived tumor mutational burden (TMB) strongly correlated with tissue TMB. 
Integrating ctDNA with BI-RADS imaging enhanced the positive predictive value to 92% (49/53), suggesting clinical 
utility in reducing unnecessary surgeries.33 The methods used in this study were based on NGS but tumor-informed with 
the large gene panels designed. And blood-derived TMB represents a dependable biomarker for ctDNA-based cancer 
studies.

The application of ctDNA in pan-cancer screening has emerged as a prominent research focus in the field of early 
cancer detection.34–36 Investigators are rigorously assessing the diagnostic performance of ctDNA with particular focus 
on optimizing sensitivity and specificity across heterogeneous screening in both localized and metastatic settings. In 
a study with a total 12,337 pan-cancer patients including 1178 breast cancer using parallel sequencing between plasma 
and white blood cells, ctDNA sensitivity was correlated with disease stage: lower in localized disease than in metastatic 
cases and 39.1% of breast cancer samples harbored prevalent PIK3CA mutations. While ctDNA detection sensitivity in 
breast cancer was less than 80%, reflecting its moderate utility in identifying tumor-derived genomic alterations 
compared to other cancers like non-small cell lung cancer, which was 91.1%.37 Garcia-Murillas et al38 demonstrated 
diagnostic sensitivity across breast cancer subtypes, achieving 100% sensitivity in HER2-positive (25/25) and triple- 
negative breast cancer (TNBC, 16/16) cohorts, with 88% sensitivity (7/8) observed in hormone receptor-positive/HER2- 
negative (HR+/HER2−) disease, though limited by small sample size in the latter subgroup. And this study used dual- 
profiled methods showing whole genome sequencing (WGS)-powered assay outperformed both digital PCR and whole 
exome sequencing (WES). The application of ctDNA staging remains insufficient in sensitivity and accuracy, particularly 
for early-stage regional lesions, may be attributed to low tumor shedding.

Beyond the most utilized plasma sample, researchers are actively investigating the diagnostic potential of ctDNA 
derived from alternative biofluids to optimize screening efficacy across diverse clinical scenarios.39,40 Saura et al41 

collected ctDNA from the breast milk of 15 patients which contains 90-fold higher cfDNA concentrations resulting in 
more available genomic equivalents compared to plasma (751.7 ng/mL of breast milk vs 8.3 ng/mL of blood) with 
superior fragment integrity in pregnancy-associated and postpartum breast cancer. ctDNA-specific variants like PIK3CA/ 
p.E545K and AKT1/p.E17K were detected breast milk via ddPCR and NGS. Breast milk-derived ctDNA was collected 
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6–18 months before clinical diagnosis, preceding imaging detection in some pre-diagnostic cases. This study pioneers 
a novel approach to sample sourcing for ctDNA. As a biofluid unique to mammary physiology, breast milk from specific 
populations such as pregnant and lactating women provides biologically proximate insights into mammary gland status 
offering a noninvasive window for breast screening.

ctDNA in Neoadjuvant Therapy
The neoadjuvant therapy strategies for breast cancer can downstage advanced breast cancer to achieve a clinical status 
more suitable for radical surgery or to attain goals such as breast-conserving surgery and avoidance of axillary lymph 
node dissection, while simultaneously enabling early drug sensitivity testing.42,43 However, due to the significant 
heterogeneity among individuals and tumors, there exists substantial variability in therapeutic responses to neoadjuvant 
treatment. Patients with HR+/HER2− breast cancer exhibit a significantly lower incidence of pathological complete 
response (pCR) to neoadjuvant chemotherapy compared to other subtypes.44–46 Such variability may potentially delay 
subsequent therapeutic interventions and even influence tumor progression. TNBC represents a clinically aggressive 
subtype with distinct molecular heterogeneity. Given the absence of druggable targets inherent to its biological profile, 
specifically the lack of hormone receptor expression and HER2 amplification, therapeutic options remain constrained to 
cytotoxic regimens.47 Current therapeutic paradigms for TNBC prioritize neoadjuvant chemotherapy followed by 
definitive surgical resection with adjuvant capecitabine consolidation for residual disease.48,49 These two subtypes 
have emerged as predominant research priorities in neoadjuvant therapeutic investigations due to their distinct biological 
behaviors and differential responses to preoperative systemic therapies. Beyond assessing therapeutic sensitivity, we 
propose to investigate the prognostic risk stratification through longitudinal monitoring of ctDNA dynamics during 
neoadjuvant therapy, leveraging its capacity to reflect real-time tumor evolution and residual disease burden 
(Table 1).50–63

Li et al64 demonstrated the utility of ctDNA in risk stratification and prognostic assessment for 130 stage II–III TNBC 
patients undergoing neoadjuvant chemotherapy, with dynamic ctDNA analysis enabling early identification of high-risk 
subgroups and informing personalized therapeutic strategies. Post-neoadjuvant chemotherapy ctDNA positivity was 
strongly correlated with inferior event-free survival (EFS) and distant recurrence-free survival (DRFS). A baseline 
maximum variant allele frequency (MVAF) threshold of 1.1% effectively stratified high-risk patients, validated internally 

Table 1 Clinical Trials Based on ctDNA Detection in Neoadjuvant Therapy

Author Country Cancer 
Stage

Cancer 
Subtype

Number of 
Patients

Method for ctDNA 
Detection

Median Follow-up

Cailleux et al50 Belgium II–III ALL 44 Signatera 3.03 years

Cavallone et al51 Canada, 
USA

I–III TNBC 26 ddPCR 63 months (post-diagnosis), 55 months 
(post-surgery)

Ciriaco et al52 Spain I–III HER2+, TNBC 20 SafeSEQ NA

Kjær et al53 Denmark NA All 78 ddPCR 4.41 years

Liu et al54 China I–III All 56 NGS 898 days

Magbanua et al55 USA I–III TNBC, HR 
+/HER2−

283 Signatera 3.12 years (TNBC), 3.10 years (HR+/HER2 
−)

Magbanua et al56 USA II–III All 84 Ultradeep Sequencing 4.8 years

McDonald et al57 USA, UK I–III All 22 TARDIS NA

Ortolan et al58 Italy II–III TNBC 26 ddPCR NA

Parsons et al59 USA II–III TNBC 38 MAESTRO NA

Riva et al60 France I–III TNBC 38 ddPCR 24 months

Rothe´ et al61 multicenter NA HER2+ 69 ddPCR NA

Takahashi et al62 Japan II–III All 87 one-step methylation- 
specific PCR

23 months

Zhou et al63 Austria I–III TNBC, HR 
+/HER2−

145 SiMSen-Seq NA

Abbreviations: TNBC, triple-negative breast cancer; HR+/HER2−, hormone receptor-positive/HER2-negative; ddPCR, droplet digital PCR; NGS, next-generation 
sequencing; NA, not available.
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and externally, while a systemic tumor burden model integrating baseline and post-surgery ctDNA status independently 
predicted relapse risk. Longitudinal ctDNA surveillance during follow-up identified MRD with 100% negative predictive 
value (NPV) for DRFS, though sensitivity for post-surgery MRD detection was limited (50%). Another TNBC study, 
TBCRC 030, evaluating neoadjuvant paclitaxel plus cisplatin and residual cancer burden (RCB) was utilized as 
a reference standard for evaluating treatment response.59 MAESTRO mutation enrichment sequencing was used to 
track variants across 114 plasma samples from three timepoints and ctDNA positivity rates were 100% at baseline, 79% 
at 3 weeks and 55% at 12 weeks (end of treatment). From baseline to 3 weeks, responders exhibited a 285-fold reduction 
in median tumor fraction, compared to a 24-fold reduction in non-responders, highlighting ctDNA dynamics as a robust 
predictor of therapeutic response in TNBC. Data from BRE12-158 trial also confirmed ctDNA in patients with early- 
stage TNBC after neoadjuvant chemotherapy was independently associated with disease recurrence.65 The forementioned 
studies demonstrate the validated utility of ctDNA in predicting pathological response and stratifying prognostic risk 
during neoadjuvant therapy for TNBC.

From the I-SPY2 trial, 283 HER2-negative breast cancer patients (145 HR+/HER2− and 138 TNBC cases) were 
evaluated for the predictive and prognostic value of ctDNA using the Signatera assay. Serial blood samples (n=1024) 
were collected at predefined timepoints: pretreatment (T0), 3 weeks post-treatment initiation (T1), 12 weeks post- 
treatment (mid-therapy, T2) and post-neoadjuvant therapy/pre-surgery (T3). Results indicated ctDNA positivity at T0- 
T3 in HER2-negative patients was significantly associated with inferior DRFS. Early clearance of ctDNA during T1 
served as a critical predictive biomarker for therapeutic response in TNBC, enabling the prediction of pCR (odds 
ratio=13.06; 95% confidence interval [CI], 3.54–57.95) and RCB (odds ratio=19.00; 95% CI, 4.98–89.06). Notably, 
ctDNA clearance at T3 correlated with improved DRFS. Compared to pCR and RCB indices, ctDNA status at T3 
provided superior risk stratification and prognostic accuracy, highlighting its potential as a dynamic biomarker for 
guiding post-neoadjuvant management strategies.55

The application of ctDNA in neoadjuvant therapy will focus on enhancing its role in dynamic risk stratification and 
precision-guided therapeutic escalation. Key advancements will involve optimizing standardized protocols for long
itudinal ctDNA monitoring to detect MRD with higher sensitivity and specificity, particularly in TNBC and HR+/HER2− 
subtypes. Prospective trials are needed to validate ctDNA-driven adaptive strategies, such as tailoring adjuvant therapies 
based on post-neoadjuvant ctDNA clearance or persistence.

ctDNA in Postoperative Monitoring
Patients with resectable breast cancer require regular postoperative surveillance following surgery and adjuvant therapy. 
Conventional serological biomarkers such as CA15-3 exhibit suboptimal sensitivity and specificity in long-term follow- 
up for detecting tumor recurrence.66,67 Accumulating evidence has demonstrated the superior performance of ctDNA in 
dynamic monitoring for distant recurrence. Serial ctDNA quantification allows noninvasive tracking of tumor burden 
dynamics, reflecting therapeutic response or recurrence risk in real time.

EBLIS study enrolled patients with early-stage breast cancer after surgery and adjuvant therapy, of whom 156 
completed comprehensive ctDNA-based MRD analysis with Signatera assay including 16 somatic mutations and 
underwent up to 12 years of follow-up with blood sampling every 6 months for MRD detection, with a total of 1136 
plasma samples.68 This MRD detection demonstrated a median lead time of 10.5 months (range up to 38 months) ahead 
of clinical or radiologic relapse, achieving a sensitivity of 88.2% (30/34). Patients with ctDNA-MRD positivity exhibited 
significantly shorter relapse-free survival (RFS) and overall survival (OS) compared to MRD-negative counterparts, 
regardless of hormone receptor status or HER2 subtype (RFS hazard ratio [HR]=52.98, 95% CI: 18.32–153.20; OS 
HR=53.69, 95% CI: 7.01–411.49). Multivariate analysis identified ctDNA-MRD status as the most significant indepen
dent predictor of both RFS and OS. Another ctDNA-based MRD research enrolled 103 patients diagnosed with high-risk 
stage II–III HR+ breast cancer five years prior and 83 patients comprised the analytic cohort, all without clinical evidence 
of recurrence.69 WES was performed on primary tumor tissues to design personalized and tumor-informed ctDNA assays 
targeting 12–51 somatic mutations for MRD monitoring. Plasma samples were collected at enrollment and during routine 
follow-up visits every 6–12 months. Despite no clinical evidence of metastatic recurrence at the first plasma sampling, 
10% of patients detected positive for MRD at 5 years post-diagnosis. The ctDNA assay showed 85.7% sensitivity and 
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98.7% NPV for detecting any clinical recurrence. For predicting distant metastatic recurrence, the assay achieved 100% 
sensitivity and NPV. Specificity was 97.4% for all recurrences and distant metastases with a positive predictive value of 
75%. ctDNA monitoring shows significant clinical utility in the long-term follow-up of high-risk breast cancer. There 
exists a window period during which MRD can be detected via ctDNA prior to the manifestation of overt symptoms of 
advanced breast cancer recurrence. This approach provides critical clinical insights to inform liquid biopsy-guided 
personalized therapeutic strategies aimed at preventing or delaying disease recurrence.

ctDNA in Advanced Breast Cancer
Systemic therapy for advanced breast cancer continues to confront numerous challenges, including treatment resistance 
and disease dissemination.70–72 The primary therapeutic objective in advanced breast cancer management centers on 
sustaining treatment sensitivity through strategic interventions aimed at delaying or preventing acquired resistance 
mechanisms. ctDNA plays a critical role in clinical management by enhancing real-time monitoring of tumor progression 
and guiding dynamic treatment regimen adjustments in advanced patient. The MONALEESA-3 Phase III trial investi
gated the efficacy and safety of the CDK4/6 inhibitor ribociclib combined with various endocrine therapies as first- 
or second-line treatment for HR+/HER2− advanced breast cancer.73 The study sequenced 1674 baseline plasma ctDNA 
samples, analyzing 1045 patients with ctDNA fraction ≥1%. Compared to placebo, mutations in the most frequently 
altered genes like FAT3, FRS2, MDM2, SFRP1 and ZNF217 were associated with greater progression-free survival (PFS) 
benefit from ribociclib. Patients with ctDNA fraction <1% generally exhibited more favorable overall responses, lower 
rates of prior chemotherapy and endocrine therapy and higher frequency of de novo metastatic disease. Baseline ctDNA 
fraction <1% correlated with smaller sum of target lesion diameters, while elevated ctDNA fraction predicted inferior 
PFS outcomes regardless of treatment modality.

The therapeutic efficacy of numerous agents in advanced breast cancer correlates with biomarker status, including 
estrogen receptor (ER) and HER2 profiles. This pathophysiological association provides a conceptual framework for 
investigating ctDNA as a dynamic predictor of drug sensitivity, informing precision therapeutic strategies through 
longitudinal genomic surveillance. Some findings demonstrate liquid biopsy-driven ctDNA may match advanced breast 
cancer patients harboring rare actionable mutations to therapies with enhanced clinical efficacy. The plasmaMATCH 
clinical trial analyzed ctDNA from the blood of over 1000 breast cancer patients who experienced recurrence or 
metastasis following prior therapies.74 ctDNA testing was done with ddPCR and targeted sequencing. Researchers 
focused on three targetable rare mutations, HER2, AKT1 and ESR1, known to drive breast carcinogenesis. Among 142 
patients with detectable mutations, matched targeted therapies were administered based on molecular profiles. Those with 
ESR1 mutations received fulvestrant while HER2-mutated patients received neratinib either as monotherapy or combined 
with fulvestrant. For AKT1-mutated cases, patients were stratified by ER status, receiving capivasertib plus fulvestrant 
(ER-positive) or capivasertib alone (ER-negative). After a median follow-up of 14.4 months, objective response rates 
were observed in 25% (5/20) of HER2-mutant and 22% (4/18) of ER-positive AKT1-mutant cohorts, indicating tumor 
regression or stabilization. The targeted inhibition of cyclin-dependent kinases 4/6 (CDK4/6), when combined with first- 
line endocrine therapy, has significant improvement in progression-free survival (PFS) and overall survival (OS) among 
patients with HR+/HER2− advanced breast cancer, as evidenced by landmark trials including MONALEESA and 
PALOMA series.75,76 MONARCH trials suggested baseline ctDNA genomic alterations could serve as prognostic 
biomarkers for endocrine therapy outcomes but they lack predictive utility in determining response to the CDK4/6 
inhibitor like abemaciclib.77 Therefore, the monitoring of therapeutic sensitivity in advanced breast cancer reflects 
obvious site-specific heterogeneity, particularly in loci associated with treatment response warranting further investiga
tion into these spatially divergent biological characteristics.

Conclusion
From early detection through comprehensively clinical management to advanced-stage treatment, ctDNA analysis offers 
a minimally invasive, real-time window into breast cancer biology, enabling earlier detection of recurrence and 
resistance, guiding personalized treatment decisions, monitoring response dynamically and improving prognostic strati
fication, ultimately aiming to enhance patients’ outcomes.78 The non-invasive nature of ctDNA via liquid biopsy 
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overcomes limitations of repeated tissue biopsies. It enables highly sensitive early detection of recurrence and MRD 
monitoring, often preceding clinical or imaging findings.79 It allows real-time assessment of treatment response and 
dynamic tumor evolution, facilitating timely therapeutic adjustments. Critically, it identifies emerging biomarkers of 
resistance to guide the selection of targeted therapy. ctDNA analysis also provides valuable prognostic information on 
recurrence risk and overall survival. Furthermore, it captures tumor heterogeneity more comprehensively than single-site 
biopsy.

Challenges persist and a key obstacle is the low abundance of ctDNA in early-stage breast cancer with necessitating 
ultrasensitive detection platforms. While tumor-informed personalized assays like Signatera enhance sensitivity for MRD 
monitoring, they introduce logistical burdens, including prolonged turnaround times and dependency on archived 
samples which may be unavailable or degraded.80,81 Ongoing innovations, such as signal amplification technologies, 
aim to overcome sensitivity barriers, positioning ctDNA analysis as a cornerstone of precision oncology. Nevertheless, 
integrating multi-analyte approaches, like combining genetic and epigenetic signatures, holds promise for enhancing 
clinical specificity.82 Combining ctDNA mutation profiling with methylation markers or fragmentomic patterns improves 
the sensitivity of detection. Integration of multi-omics approaches, such as combining ctDNA with transcriptomic, 
proteomic, and radiomic data, will refine predictive models for treatment response and recurrence risk.83

Standardization hurdles persist across pre-analytical variables and analytical protocols, complicating cross-trial 
comparisons. The standardization of ctDNA detection faces significant challenges across multiple technical and proce
dural aspects, like the conditions for sample collection, processing, storage; DNA extraction efficiency; sequencing depth 
and coverage; bioinformatics analysis pipelines and the thresholds for result reporting. ctDNA has a short half-life, 
requiring strict control over collection timing and immediate processing to avoid degradation. Clinical samples vary in 
composition, necessitating tailored protocols for different fluid types. Improper storage can compromise ctDNA integrity. 
Standardized protocols for plasma separation, anticoagulant use and long-term storage are lacking, leading to inter- 
laboratory variability. Influence of external factors like physiological states (inflammation, pregnancy) and treatments 
(chemotherapy, radiation) dynamically alter ctDNA levels, complicating consistent sample collection timing. ctDNA 
constitutes less than 10% of total cfDNA, requiring high-efficiency extraction methods. Traditional silica or magnetic 
beads-based methods often fail to recover ultra-low concentrations, leading to false negatives. Commercially available 
kits vary in recovery rates and novel platforms like microfluidics are not yet standardized. Insufficient sample volume or 
low tumor burden exacerbates extraction inefficiency, demanding optimized protocols for minimal input. For tumor- 
agnostic approach, high sequencing depth increases background noise from PCR errors, oxidative damage or clonal 
hematopoiesis. Targeted panels range from small gene sets like EGFR-only to large panels complicating cross-study 
comparisons. Coverage uniformity and capture efficiency differ between hybridization-based and amplification-based 
methods. Variant-calling tools and error-suppression strategies like duplex sequencing and molecular barcoding differ in 
sensitivity and specificity. Distinguishing tumor-derived mutations from clonal hematopoiesis or germline variants 
requires matched white blood cell sequencing, which is not universally adopted. Clinical relevance thresholds for 
mutation detection are context-dependent and lack universal guidelines. Low ctDNA levels or technical limitations 
result in false negatives, while clonal hematopoiesis or sequencing artifacts cause false positives. There is a critical lack 
of both direct comparisons between different technological platforms under identical clinical contexts and universally 
accepted cutoff values to determine ctDNA positivity. And parameters for filtering artifacts such as minimum variant 
allele frequency and read depth vary across platforms, leading to inconsistent mutation reporting. We need to adopt 
uniform guidelines for sample collection timing, tube types, and storage conditions. The validate extraction kits and 
sequencing platforms can use reference materials for the convenience to establish open-source pipelines and cross- 
platform benchmarking initiatives. For clinical thresholds, context-specific reports through multicenter studies and 
regulatory collaboration are confoundedly recommended.

From a clinical perspective, the biological heterogeneity of breast cancer subtypes, particularly the divergent ctDNA 
shedding rates between HR+/HER2− and TNBC, challenges uniform biomarker application.84 The conventional view 
holds that variations in ctDNA levels are primarily associated with the extent of tumor cell release. Therefore, the related 
factors such as tumor size, stage, extent of necrosis and treatment pressure can all contribute to the heterogeneity in 
ctDNA content. Although the underlying reasons for differences in ctDNA among different molecular subtypes remain to 
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be clarified, the implementation of highly sensitive ctDNA detection methods ensures a reliable lower limit of detection. 
Cost barriers further restrict accessibility, disproportionately affecting low-resource settings. Although ctDNA demon
strates far superior sensitivity and specificity compared to conventional serum tumor biomarkers such as carcinoem
bryonic antigen (CEA) and cancer antigen 125 (CA125) in breast cancer detection, its detection cost substantially 
exceeds that of traditional testing methods.85 For instance, Signatera MRD product can cost USD 1000–3000. Ultra-deep 
sequencing and complex experimental procedure is resource-intensive, limiting accessibility and hindering standardiza
tion in clinical settings. While cost-reduction strategies, including in silico panel optimization and centralized high- 
throughput sequencing, are lowering prices.

The innovations collectively position ctDNA as a transformative tool for dynamic risk stratification and precision 
intervention in breast cancer care. Ultimately, ctDNA is poised to revolutionize therapy paradigms by enabling real-time 
monitoring, early intervention for high-risk cohorts, and reducing overtreatment in low-risk patients, thereby improving 
long-term survival and quality of life. Although doctors and researchers are actively exploring multiple approaches to 
validate the clinical utility of ctDNA and enhance the detection reliability, the standardization of pre-analytical variables 
and analytical processes remain imperative.
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