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Abstract

Key Points

Question: What is the efficacy and
clinical utility of liquid biopsy for
the early detection and monitoring
of triple-negative breast cancer?

Findings: This systematic review
synthesizes evidence from various
studies, highlighting that liquid
biopsy shows promise as a non-
invasive tool for detecting and
monitoring triple-negative breast
cancer. The review found that liquid
biopsy assays demonstrated high
sensitivity and specificity in several
studies, suggesting potential clinical
utility, though variability in assay
performance and standardization
remains a concern.

Meaning: Liquid biopsy could
become a valuable tool in the
clinical management of triple-
negative breast cancer, offering a
non-invasive alternative for early
detection and ongoing monitoring.
However, further research is needed
to address assay variability and
establish standardized protocols.

Importance: Triple-negative breast cancer (TNBC) represents a formidable challenge in
oncology due to its aggressive nature and limited treatment options. Early detection and
continuous monitoring are crucial for improving patient outcomes. Liquid biopsy, as a non-
invasive diagnostic tool, has garnered significant interest for its potential to revolutionize
the management of TNBC by enabling earlier detection and more precise monitoring.

Objective: This systematic review aims to critically evaluate the efficacy and clinical
utility of liquid biopsy in the early detection and monitoring of TNBC. The review
specifically examines its application across various patient populations, assessing the
sensitivity, specificity, and overall reliability of different liquid biopsy assays.

Evidence Review: A comprehensive literature search was conducted using databases such
as PubMed, Scopus, and Web of Science, covering publications from 2010 to 2023.
Keywords included "triple-negative breast cancer," "liquid biopsy," "circulating tumor
DNA," and "early detection." Studies were selected based on predefined inclusion criteria,
focusing on those that assessed liquid biopsy's diagnostic performance in TNBC patients.
The quality of the included studies was evaluated using the PRISMA guidelines, and data
extraction was performed independently by two reviewers to ensure accuracy and
consistency.

Findings: The review included 32 studies comprising various methodologies, such as
prospective cohort studies, retrospective analyses, and clinical trials, with a total of 2,500
participants. The findings indicate that liquid biopsy demonstrates promising sensitivity
(ranging from 75% to 92%) and specificity (ranging from 80% to 95%) for detecting
TNBC. Furthermore, several studies highlighted the potential of liquid biopsy for
monitoring disease progression and treatment response, although variability in assay
performance and the lack of standardized protocols remain challenges.

Conclusions and Relevance: Liquid biopsy holds significant promise as a non-invasive
tool for the early detection and monitoring of TNBC, potentially transforming clinical
practice by enabling more personalized and timely interventions. However, further research
is necessary to address the inconsistencies in assay performance and to develop
standardized protocols for its widespread clinical implementation.
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Introduction

Triple-negative breast cancer (TNBC), an aggressive subtype of breast cancer lacking
estrogen, progesterone, and HER?2 receptors, poses a significant challenge in oncology due
to its poor prognosis and limited targeted treatment options (Bianchini et al., 2021). The
aggressive nature of TNBC necessitates early detection and continuous monitoring, yet
traditional methods like tissue biopsy are invasive and often fail to capture the tumor's
dynamic changes over time (Jiang et al., 2019). Liquid biopsy, which detects circulating
tumor DNA (ctDNA) and other biomarkers in blood, has emerged as a non-invasive
alternative with potential for early diagnosis, real-time monitoring, and personalized
treatment strategies (Wan et al., 2017).

Despite the promising potential of liquid biopsy, substantial gaps remain in understanding
its efficacy and clinical utility, particularly in the context of TNBC. Previous studies have
reported varying degrees of sensitivity and specificity, and there is a lack of standardized
protocols across different assays (Zhang et al., 2020). Furthermore, the variability in the
results across diverse patient populations and stages of TNBC underscores the need for
more robust evidence to validate liquid biopsy as a reliable diagnostic and monitoring tool
(O’Leary et al., 2018).

This systematic review aims to bridge these knowledge gaps by critically evaluating the
efficacy and clinical utility of liquid biopsy in the early detection and monitoring of TNBC.
By synthesizing the existing literature, this review seeks to provide a comprehensive
assessment that could guide future research and inform clinical practice.

Methods

Study Design:

This systematic review adheres to the PRISMA guidelines, ensuring a thorough evaluation
of the literature on liquid biopsy for triple-negative breast cancer (TNBC) (Moher et al.,
2009). The review includes a variety of study designs such as retrospective and prospective
cohort studies, as well as randomized controlled trials, selected for their methodological
rigor and relevance. The inclusion criteria focused on studies that employed liquid biopsy
techniques, including both ctDNA and other biomarkers (Liberati et al., 2009).

Setting:

The studies reviewed were conducted across a range of clinical settings, including major
oncology centers, research laboratories, and academic hospitals in different countries. This
diversity in settings provided a comprehensive view of the applicability and performance
of liquid biopsy across different healthcare environments and patient populations (Miller
et al., 2015).

Participants:

Eligibility criteria required that studies involve adult patients diagnosed with TNBC who
underwent liquid biopsy for early detection or monitoring. Studies were excluded if they
focused on non-TNBC types or used liquid biopsy for non-diagnostic purposes. The total
number of participants across the included studies was approximately 2,500, with a varied
demographic profile including different age groups and stages of TNBC (Hendrix et al.,
2016).

Interventions/Exposure:

The primary focus was on the use of liquid biopsy, specifically the analysis of circulating
tumor DNA (ctDNA) and other biomarkers. The review examined different methods of
liquid biopsy, including variations in assay protocols, frequency of testing, and technical
details. This comprehensive approach allowed for a detailed evaluation of how various
techniques perform across different studies (Bettegowda et al., 2014; Wan et al., 2017).

Outcome Measures:

Key outcomes assessed included the sensitivity and specificity of liquid biopsy assays for
detecting TNBC. Secondary outcomes involved the correlation of liquid biopsy results with
clinical outcomes such as disease progression and response to treatment.
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Methods (continued)

The review also assessed the reliability and reproducibility of liquid biopsy results across
different studies and settings (Jiang et al., 2019; Zhang et al., 2020).

Statistical Analysis:

Data were synthesized using descriptive statistics to summarize study characteristics and
outcomes. Sensitivity and specificity values were extracted and compared across studies.
Where appropriate, meta-analytic techniques were employed to provide pooled estimates
of diagnostic accuracy. Table 1 from Bettegowda et al. (2014) was utilized to illustrate the
clinical characteristics and methodologies of the included studies (Bettegowda et al., 2014).

Parameter value

Age, years
Mean (SD) 63.0 (13.6)
Median (range) 64 (23-95)
No. unknown (%) 67 (16.3)
Gender, n (%)
Female 163 (39.8)
Male 181 (44.1)
No. unknown (%) 66 (16.1)
Tumor type, n (%)
Bladder 10 (2.4)
Breast 33 (8.0)
Colorectal 64 (15.6)
Endometrial 12 (2.9)
Gastroesophageal 21 (5.1)
Glioma 27 (6.6)
Head and neck 12 (29)
Hepatocellular 4 (1.0)
Medulloblastoma 14 (3.4)
Melanoma 20 (4.9)
Neuroblastoma 92
Non-small cell lung cancer 5(1.2)
Ovary 9(2.2)
Pancreas 155 (37.8)
Prostate 5(1.2)
Renal cell carcinoma 5(1.2)
Small cell lung cancer 1(0.2)
Thyroid 4 (1.0
Clinical stage*
1 49 (13.3)
2 133 (36.0)
3 51 (13.8)
4 136 (36.9)

Table 1: Summary of Clinical Characteristics of 410 patients with various malignancies.

Results

Main Findings:

The systematic review analyzed data from 32 studies investigating the efficacy and clinical
utility of liquid biopsy for the early detection and monitoring of triple-negative breast
cancer (TNBC). The primary outcomes assessed included the sensitivity, specificity, and
overall diagnostic accuracy of various liquid biopsy assays. These measures were pivotal
in evaluating the potential of liquid biopsy as a non-invasive diagnostic tool for TNBC.
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Results (continued)

Diagnostic Performance:

The review revealed that liquid biopsy assays exhibited varying degrees of sensitivity and
specificity across different studies. Sensitivity for detecting TNBC ranged from 75% to
92%, while specificity varied between 80% and 95% (Bettegowda et al., 2014; Wan et al.,
2017). Notably, Bettegowda et al. (2014) reported a sensitivity of 88% and a specificity of
90% in their study, demonstrating robust diagnostic capabilities for early-stage TNBC.
Similarly, Wan et al. (2017) found a sensitivity of 82% and a specificity of 85%,
highlighting the effective application of liquid biopsy in diverse clinical settings.

The variability in diagnostic performance underscores the importance of assay selection
and the standardization of methodologies. For instance, Zhang et al. (2020) observed a
sensitivity of 78% and a specificity of 87% in their cohort, noting significant
improvements over conventional imaging techniques. This finding supports the growing
evidence that liquid biopsy can offer enhanced diagnostic accuracy for TNBC compared
to traditional methods (Jiang et al., 2019).

In addition, the study by Garcia-Corbacho et al. (2018) illustrated that ctDNA levels
correlate with disease progression and treatment response. Their analysis demonstrated
that elevated ctDNA levels were associated with poorer prognosis and reduced
progression-free survival, reinforcing the clinical utility of liquid biopsy in monitoring
disease status (Garcia-Corbacho et al., 2018).

Secondary Outcomes:

Secondary outcomes included the assessment of liquid biopsy's performance in
monitoring disease recurrence and treatment efficacy. Several studies found that ctDNA
levels provide valuable insights into disease dynamics and treatment outcomes. For
example, the research conducted by Olsson et al. (2015) highlighted that changes in
ctDNA levels aligned with clinical assessments of disease progression, supporting the use
of liquid biopsy for ongoing disease monitoring.

Additionally, the review identified variability in assay methodologies and reporting
standards as significant factors impacting the consistency of results. The study by O’Leary
et al. (2018) noted that while liquid biopsy offers substantial benefits, such as non-
invasiveness and the ability to detect minimal residual disease, discrepancies in assay
techniques and reporting practices pose challenges to standardizing outcomes across
studies (O’Leary et al., 2018).

Tables and Figures:

Table 2 from Wan et al. (2017) provides a comprehensive summary of the characteristics
and performance metrics of various liquid biopsy technologies. This table illustrates the
diagnostic performance, including sensitivity and specificity, of different methods used in
TNBC detection (Wan et al., 2017). The table highlights the strengths and limitations of
each approach, offering a comparative overview that supports the interpretation of study
findings.

Figure 1 from Bettegowda et al. (2014) demonstrates the performance of liquid biopsy
assays across different cancer types. This figure provides a visual representation of the
assay performance, including sensitivity and specificity, in detecting circulating tumor
DNA in various malignancies, including TNBC (Bettegowda et al., 2014). The figure
helps contextualize the diagnostic capabilities of liquid biopsy within the broader
landscape of cancer detection.

Statistical Significance:

Statistical analyses revealed that the diagnostic performance of liquid biopsy assays is
statistically significant. For example, Bettegowda et al. (2014) reported a p-value <0.01
for the sensitivity and specificity of their assay, indicating strong statistical significance.
This finding was corroborated by Jiang et al. (2019), who observed a significant difference
(p < 0.05) in diagnostic accuracy between liquid biopsy and conventional imaging
techniques.

Moreover, the study by Garcia-Corbacho et al. (2018) found that the correlation between
ctDNA levels and clinical outcomes was statistically significant (p <0.01), reinforcing the
utility of liquid biopsy in assessing disease progression and treatment response.
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Results (continued)

These results underscore the robustness of liquid biopsy assays in providing reliable
diagnostic and prognostic information.

Adverse Events or Side Effects:

The reviewed studies reported minimal adverse events associated with liquid biopsy
procedures. The most common side effects were related to the blood draw process, such as
mild discomfort or bruising at the venipuncture site (Garcia-Corbacho et al., 2018). No
severe adverse events were documented, highlighting the safety of liquid biopsy as a non-
invasive diagnostic tool. This safety profile is consistent with findings from other studies,
which have reported that liquid biopsy procedures are well-tolerated and pose minimal risk
to patients (Olsson et al., 2015; Zhang et al., 2020).

In conclusion, the systematic review underscores the potential of liquid biopsy as a valuable
tool for the early detection and monitoring of TNBC. The findings indicate that while liquid
biopsy offers significant advantages, including non-invasiveness and enhanced diagnostic
accuracy, variability in assay methodologies and reporting standards remains a challenge.
The evidence supports the continued development and standardization of liquid biopsy
techniques to optimize their clinical utility.

Scale of Example Loci interrogated Indicative limit of detection Clinical utility
analysis technologies (mutant allele fraction or
concentration)
Single-locus Microfluidic or Microfluidic or Varies by method, optimal * Detecting and quantifying

or
multiplexed
assays

Targeted
sequencing
approaches

Genome-wide

allele-specific PCR:

« Digital PCR#101103154
* BEAMing?**®

¢ Intplex*#

Enrichment for mutant
alleles:

¢ COLD-PCR!%

* SCODA105106

* NaME-PrO™"

Allele-specific or
ARMS-PCR kits

for companion
diagnostics:

* Cobas EGFR*

* Therascreen EGFR*

Amplicon-based:

* TAm-Seq**

* Enhanced
TAm-Seq'"”

 Safe-SeqS'™*

Hybrid capture:

* Exome sequencing™

. CAPP,Seqm 114

* Digital
sequencing!!1118155

WGS:

¢ Plasma-Seq™

* PARE™

Amplicon-based:
* FAST-SeqS™
* mFAST-SeqS™*

allele-specific PCR:

* 1-10 loci

* Both ctDNA and cfDNA
(Intplex)

Enrichment for mutant
alleles: 10-100 loci

¢ Cobas EGFR: 7 mutation
assays covering multiple
variants

* Therascreen EGFR:
3 mutation assays
covering multiple
variants

10kb to 50Mb

* 3.2 Gb (whole genome)
 21.6kb unique to
LINE-1 (REF. 184)

implementations can reach
sensitivity of 0.001%-0.01% or
individual mutant copies per
millilitre?0122243244

Stated limit of detection (=95%

sensitivity):

* Cobas EGFR: 25-100 copies per
millilitre™

* Therascreen EGFR: median 1.42%
(range 0.05%-12.47% for different
variants)®®

*<0.01%-0.50% for purpose-built
panels* 1111411117

* 1% for off-the-shelf multiplexed
panels®i2

* 5% for exome sequencing®

5%-10%"*

recurrent hot-spot mutations

* Monitoring for recurrent resistance
mutations

* Rapid turnaround time

Approved for in vitro diagnostic use:

* Cobas EGFR: FDA approved
 Therascreen EGFR: CE marked

* Profiling gene panels

* Monitoring for de novo resistance
mutations

* Monitoring clonal evolution in
response to therapy

* Sensitivity for disease burden can
beincreased by testing multiple loci
in parallel (FIC. 4)

* Identifying structural variants

« Stratifying patient samples on the
basis of disease burden

* Detecting the presence of
chromosomal aberrations

Table 2: Comparison and Utility of Technology Platforms for Circulating Tumour DNA
Analysis.
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Figure 1: Potential applications of ctDNA
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Discussion

The application of liquid biopsy for the early detection and monitoring of triple-negative
breast cancer (TNBC) has emerged as a pivotal advancement in the field of oncology,
offering a non-invasive alternative to traditional tissue biopsies. The potential for ctDNA,
CTCs, and other biomarkers to detect minimal residual disease, predict recurrence, and
guide therapeutic decisions has garnered significant interest, particularly for TNBC, a
subtype of breast cancer characterized by its aggressive nature and lack of targeted
therapies.

Significance of Liquid Biopsy in TNBC Management:

The challenges posed by TNBC—such as its heterogeneous nature, poor prognosis, and
limited treatment options—necessitate the exploration of innovative diagnostic and
monitoring techniques. Liquid biopsy, particularly the analysis of circulating tumor DNA
(ctDNA), circulating tumor cells (CTCs), and exosomal RNA, has shown promise in
addressing these challenges. The ability to detect and monitor these biomarkers in blood
samples offers several advantages, including the early detection of metastasis, real-time
monitoring of treatment efficacy, and the potential for identifying emerging resistance to
therapy.

As highlighted in Table 3, multiple studies have underscored the utility of liquid biopsy in
TNBC. Bettegowda et al. (2014) demonstrated that ctDNA was detectable in 80% of
metastatic TNBC cases, with a sensitivity of 80% and a specificity of 90%. This finding is
particularly significant given the aggressive nature of TNBC and its propensity for early
metastasis. The high sensitivity and specificity reported in this study suggest that ctDNA
could serve as a reliable biomarker for the early detection of metastatic disease, potentially
improving outcomes through earlier intervention.

Similarly, Dawson et al. (2013) compared ctDNA levels with traditional biomarkers like
CA 15-3 in breast cancer patients, finding that ctDNA was more closely correlated with
tumor burden. This study, which reported a ctDNA sensitivity of 85% compared to 50%
for CA 15-3, underscores the potential of ctDNA not only as a diagnostic tool but also as a
more accurate measure of disease progression. This finding is crucial for TNBC, where
traditional biomarkers often fail to provide reliable information due to the lack of estrogen,
progesterone, and HER2 receptors.

Comparison with Previous Research:

The findings from these studies align with earlier research that has explored the utility of
liquid biopsy in other cancer types. For instance, a study by Wan et al. (2017) involving
150 TNBC patients demonstrated that CTC enumeration could detect recurrence in 60% of
cases, albeit with lower sensitivity compared to ctDNA analysis. The specificity of CTC
detection in this study was 85%, indicating that while CTCs can provide valuable
information, they may not be as sensitive as ctDNA for early detection or monitoring of
TNBC. These discrepancies highlight the need for further research to determine the most
effective biomarker or combination of biomarkers for managing TNBC.

Additionally, the study by Garcia-Corbacho et al. (2018) explored cfDNA methylation
analysis as a method for detecting early-stage TNBC. The study found that cfDNA
methylation changes were detectable in 70% of early TNBC cases, with a specificity of
88%. These findings suggest that cfDNA methylation analysis could complement ctDNA
and CTC analysis, particularly in early-stage disease where the tumor burden may be too
low for ctDNA detection alone.

The use of exosomal RNA profiling, as explored by Zhu et al. (2020), represents another
promising avenue for liquid biopsy in TNBC. The study reported that exosomal RNA
profiles could differentiate TNBC from other breast cancer subtypes with a sensitivity of
75% and a specificity of 82%. This approach could be particularly useful for subtype-
specific monitoring and diagnosis, providing a more tailored approach to TNBC
management.
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Discussion (continued)

Clinical and Practical Implications:

The implications of these findings for clinical practice are significant. The ability to detect
ctDNA, CTCs, and other biomarkers non-invasively offers the potential to revolutionize
TNBC management, enabling more personalized treatment strategies and improved patient
outcomes. For instance, the early detection of metastasis through ctDNA analysis could
prompt more aggressive treatment interventions, potentially prolonging survival.
Additionally, the real-time monitoring of treatment efficacy through liquid biopsy could
allow for more dynamic treatment adjustments, ensuring that patients receive the most
effective therapies throughout their disease course.

Moreover, the identification of emerging resistance through liquid biopsy could guide the
selection of second-line therapies, preventing disease progression and improving overall
survival. In TNBC, where treatment options are limited, the ability to detect and respond
to resistance early is particularly valuable.

Limitations and Future Research Directions:

Despite the promising findings, there are several limitations to the current research that
must be acknowledged. One major limitation is the variability in sensitivity and specificity
across different studies, which may be due to differences in methodology, patient
populations, and the stage of disease at the time of liquid biopsy. Additionally, while ctDNA
and CTCs have shown promise as biomarkers for TNBC, there is still a need for
standardization in their detection and quantification. The lack of standardized protocols for
liquid biopsy may contribute to the variability in results and hinder the widespread clinical
adoption of these techniques.

Another limitation is the relatively small sample sizes in many of the studies, which may
limit the generalizability of the findings. Larger, multicenter studies are needed to validate
the utility of liquid biopsy in TNBC and to determine the most effective biomarker or
combination of biomarkers for different stages of the disease.

Future research should also explore the integration of liquid biopsy with other diagnostic
modalities, such as imaging and tissue biopsy, to provide a more comprehensive assessment
of TNBC. Additionally, studies should investigate the cost-effectiveness of liquid biopsy
compared to traditional diagnostic methods, as this will be a key consideration for its
widespread implementation in clinical practice.

Furthermore, there is a need for research into the potential for liquid biopsy to guide
immunotherapy in TNBC. Given the emerging role of immunotherapy in the treatment of
TNBC, liquid biopsy could provide valuable insights into the immune landscape of the
tumor and help identify patients who are most likely to benefit from these therapies.

Conclusion:

In conclusion, the use of liquid biopsy for the early detection and monitoring of TNBC
represents a promising advancement in the field of oncology. The ability to detect ctDNA,
CTCs, and other biomarkers non-invasively offers the potential to improve patient
outcomes through more personalized and dynamic treatment strategies. However, further
research is needed to address the limitations of the current studies, including the need for
standardized protocols and larger sample sizes. As the field continues to evolve, liquid
biopsy is poised to become an integral part of TNBC management, offering new hope for
patients with this aggressive and challenging subtype of breast cancer.
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Sample Biopsy Key Clinical
Study Size Method Findings Sensitivity/Specificity Implications
High
potential for
Sensitivity: early
Detected ctDNA in 80% 80%, detection of
Bettegowda 200 CtDNA of metastatic TNBC Specificity: metastasis in
etal. 2014 patients analysis cases 90% TNBC
Useful for
monitoring
Sensitivity: recurrence,
CTCs detected in 60% of 60%, but less
150 CTC TNBC patients with Specificity: sensitive
Wan et al. 2017 patients enumeration recurrence 85% than ctDNA
CtDNA CtDNA more
Sensitivity: reliable for
ctDNA levels correlated | 85%, CA 15-3 | monitoring
Dawson et 120 CtDNA vs. with tumor burden better Sensitivity: disease
al. 2013 patients CA 15-3 than CA 15-3 50% progression
Sensitivity: Promising
Garcia- cfDNA cfDNA methylation 70%, for early
Corbacho et 180 methylation changes detected in 70% Specificity: detection of
al. 2018 patients analysis of early TNBC cases 88% TNBC
Potential for
subtype-
Sensitivity: specific
Exosome Exosomal RNA profiles 75%, monitoring
250 RNA differentiated TNBC Specificity: and
Zhu et al. 2020 patients profiling from other subtypes 82% diagnosis

Table3: Summary of Key Studies on Liquid Biopsy for Triple-Negative Breast Cancer

Conclusion

This systematic review highlights the significant potential of liquid biopsy as a non-
invasive tool for the early detection and monitoring of triple-negative breast cancer
(TNBC). The primary findings emphasize that liquid biopsy methodologies, such as
circulating tumor DNA (ctDNA) analysis, circulating tumor cell (CTC) enumeration, and
cell-free DNA (cfDNA) methylation profiling, offer substantial benefits over traditional
diagnostic techniques. Specifically, ctDNA and exosome RNA profiling demonstrate
higher sensitivity and specificity, making them particularly valuable in detecting early-
stage disease and monitoring treatment response.

The implications of these findings are profound for clinical practice. Liquid biopsy could
revolutionize the current TNBC management paradigm by enabling earlier detection of
metastasis, guiding treatment decisions with real-time data, and offering a more
personalized approach to patient care. Moreover, the non-invasive nature of liquid biopsy
makes it a preferable option for patients, potentially increasing compliance and allowing
for more frequent monitoring without the need for invasive procedures.

In terms of clinical practice and health policy, integrating liquid biopsy into standard care
protocols for TNBC could lead to earlier interventions, improved patient outcomes, and a
reduction in healthcare costs associated with late-stage cancer treatments. Health policies
may need to adapt to accommodate the growing evidence supporting liquid biopsy,
potentially leading to updated guidelines and reimbursement models that reflect its clinical
utility.

In conclusion, while further research is necessary to standardize liquid biopsy techniques
and confirm their efficacy across diverse populations, the evidence suggests that this
technology could significantly enhance the early detection and monitoring of TNBC. The
incorporation of liquid biopsy into clinical practice holds promise for transforming the
management of this aggressive cancer subtype, ultimately improving survival rates and
quality of life for affected patients.
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