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ABSTRACT 

	
Breast cancer remains one of the major global health challenges, the HER2-positive subtype is characterized by aggressive tumor growth due to overexpression of the HER2 receptor. Early detection of HER2-positive breast cancer is crucial for improving patient’s outcomes and reducing the risk of metastatic disease. Circulating tumor DNA (ctDNA), are DNA fragments which are released by cancer cells into the bloodstream, and has emerged as a promising non-invasive biomarker for early cancer detection.	Comment by user: First time can be abbrevated 

This review will explore the role of ctDNA in the early detection of HER2-positive breast cancer and its role in prognosis. Studies have shown the high relevance of ctDNA as a diagnostic biomarker, particularly in early-stage disease. Different investigations have analyzed the role of ctDNA in breast cancer patients, which results consistently showed a strong relation between ctDNA detection and early-stage disease. Additionally, research has indicated that high ctDNA levels are related with a higher risk of recurrence and poorer survival outcomes. The non-invasive nature of ctDNA testing offers several advantages compared to traditional methods, including the ability of monitoring disease progression and treatment response without any need for invasive procedures. Early detection of HER2-positive breast cancer through ctDNA analysis can potentially improve patient outcomes by enabling timely intervention and targeted therapies. By identifying patients with high risk and monitoring disease status, ctDNA testing may contribute to more effective management of HER2-positive breast cancer.

While ctDNA analysis shows great promise, it is also important to acknowledge the current limitations and challenges associated with its clinical application. Issues such as standardization of detection methods, sensitivity, and specificity need to be addressed to ensure the widespread adoption of ctDNA testing in routine clinical practice. 

In conclusion, ctDNA represents a promising biomarker for the early detection and management of HER2-positive breast cancer. Further research and advancements in ctDNA analysis are essential to completely realize its potential and improve patient outcomes.
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1. INTRODUCTION 

Breast cancer is the second most common type of cancer worldwide, with an estimated 1.67 million new cases diagnosed in 2012, accounting for 25% of all cancer cases. "The majority of breast cancer cases occur in women living in less developed regions, with incidence rates varying nearly four-fold across different parts of the world. Rates range from 27 per 100,000 in Middle Africa and Eastern Asia to 96 in Western Europe."(1) Breast cancer is responsible for the fifth-highest number of cancer-related deaths worldwide, with 522,000 deaths recorded. It is the leading cause of cancer death among women in less developed regions, accounting for 324,000 deaths or 14.3% of all cancer deaths. In more developed areas, it is the second most common cause of cancer death after lung cancer, with 198,000 deaths or 15.4% of all cancer deaths. The variation in mortality rates between different regions is less than that for incidence rates because of the higher survival rates from breast cancer in developed areas where incidence rates are higher. (1)	Comment by user: Can include the recent rates according to the globocan statistics. Because its updated.
Another subtype of breast cancer is Her2-positive breast cancer, which has higher level of proteins called Human Epidermal growth factor receptor (Her2-positive). These proteins involved in fast growing and division of breast cancer cells and the higher expression of this proteins is related to faster growth, recurrence, poor survival and more aggressive tumor. (2) HER2-positive breast cancer accounts for 15-20% of cases, characterized by overexpression of the HER2 protein. These tumors typically grow more aggressively and have a higher likelihood of metastasis compared to HER2-negative tumors. (3)   even some factors have strong influence that can lead to brain metastasis in patients with HER2+ Breast Cancer. (4)  Recent advancements in treatment, particularly the use of neoadjuvant chemotherapy combined with targeted therapies like trastuzumab, have improved outcomes for patients with HER2-positive breast cancer. Achieving a pathological complete response (pCR) through these approaches has been linked to better prognosis and survival rates, highlighting the importance of targeted treatment strategies for this aggressive subtype. (5)
The introduction of trastuzumab, a monoclonal antibody designed to bind to the HER2 protein’s outer region, marked a major step forward in treating HER2-positive breast cancer. The introduction of trastuzumab has transformed the landscape of treatment for HER2-positive breast cancer, providing significant improvements in patient outcomes. Continued research into its mechanisms of action and long-term efficacy is essential to optimize treatment strategies and enhance survival rates for this patient population. As our understanding deepens, future therapies may build on these foundational insights to further improve management of HER2-positive malignancies. (6) Although there have been advancements in treatment results, resistance to trastuzumab continues to pose a major clinical challenge, highlighting the need for new therapeutic approaches. (7)  
Despite progress in diagnosing and treating breast cancer, traditional methods have limitations, including invasiveness, high cost, inapplicability to all patients, and low accuracy. Common diagnostic and monitoring techniques involve imaging (mammography, ultrasound, MRI, CT, PET, and X-ray) and tissue biopsy. Mammography can produce false results, expose patients to unnecessary radiation, and lead to excessive biopsies, and may not quickly detect changes in tumor size. Tissue biopsy is invasive, cannot fully assess the genomic makeup of breast tumors, and is not suitable for monitoring treatment response. (8)  Tumor-circulating DNA circulating in the bloodstream, known as ctDNA, shows promise for various uses in different cancers. The better applications range from early detection to tracking disease advancement and tailoring treatment plans. Unlike invasive tumor biopsies, ctDNA analysis offers a less intrusive approach to gathering essential information about tumor features. (9)   the high levels of ctDNA, reflecting proliferative disease and poor prognosis. Molecular profiles obtained from ctDNA are consistent with those from metastatic tissue. (10)             
Circulating tumor DNA (ctDNA) analysis offers significant advantages for breast cancer patients, especially those with advanced or metastatic disease. It can help predict outcomes, track treatment effectiveness, identify actionable mutations, and even be used in early-stage cancer detection. These advancements have the potential to transform breast cancer care by providing valuable data for personalized treatment and improved patient outcomes. (11)  Urinary DNA analysis also provided a non-invasive way to monitor disease progression in HER2-positive breast cancer. Research shows its clinical value in identifying high-risk patients for early-stage recurrence. This could complement existing monitoring methods and potentially enable earlier interventions. (12)       
The primary objective of this article is to investigate and elucidate the significant potential of circulating tumor DNA (ctDNA) as a non-invasive biomarker for the early detection of HER2-positive breast cancer. In addition to early detection, this article will also explore the role of ctDNA in monitoring disease progression and guiding treatment decisions in HER2-positive breast cancer patients. By providing a comprehensive overview of ctDNA's potential, this article seeks to contribute to the advancement of breast cancer care and improve patient outcomes.

2. Background. 

Globally, breast cancer is the most prevalent cancer affecting women and the primary cause of cancer-related mortality in this population. (13)    Breast cancer is a global issue, impacting nations with diverse economic resources. While incidence rates are higher in high-income countries, mortality rates are higher in low-income countries due to limited access to timely detection and treatment. Breast cancer incidence is increasing worldwide, particularly in low-income countries. (14) In the United States alone, over 268,000 new cases were reported in 2018. Understanding the diverse presentations of Breast Cancer is crucial for effective diagnosis and treatment. Based on molecular and histological features, Breast Cancer can be classified into three main groups, Hormone Receptor-Positive (HR+), This group includes cancers that express estrogen receptor (ER+) or progesterone receptor (PR+). HER2-Positive, this group comprises cancers that overexpress the human epidermal growth factor receptor 2 (HER2). Triple-Negative Breast Cancer This group encompasses cancers that do not express ER, PR, or HER2. (15)(16)    There are different treatment options better than surgery for breast cancer such as chemotherapy, targeted therapies, and immunotherapy. (17) Breast cancer treatment often involves a combination of therapies tailored to the specific stage and subtype of the cancer. For example, Early-stage breast cancer (stages 0-II) may involve surgery, radiation therapy, chemotherapy, hormone therapy, or targeted therapy. Later-stage breast cancer (stages III-IV) typically requires a more aggressive approach, often involving a combination of surgery, chemotherapy, hormone therapy, targeted therapy, and immunotherapy. Breast cancer has various subtypes, each requiring unique treatment approaches in different stages. Understanding these subtypes is crucial for accurate diagnosis and effective treatment. (18) 




Human Epidermal Growth Factor Receptor 2 (HER2+) Breast Cancer
HER2+ breast cancer is a type of breast cancer characterized by the overexpression of the HER2 gene. This overexpression leads to aggressive tumor growth and can make treatment challenging. However, targeted therapies have shown promising results in managing this disease. HER2 is a protein that plays a crucial role in cell growth and division. When it is overexpressed, it can cause cancer cells to grow and divide rapidly. This aggressive growth can lead to larger tumors and a higher risk of metastasis. (19) 
[image: ]
Figure 1: The HER2 receptor family (targeted by lapatinib, neratinib, pyrotinib, and tucatinib) includes HER2, which lacks a known ligand. Activation occurs via homo- or heterodimerization (e.g., HER2-HER3), triggering tyrosine kinase phosphorylation in the cytoplasmic domain. This recruits downstream proteins that activate PI3K and MAPK pathways, promoting cell proliferation. (38)

Increased levels of HER2 are found in about 25-30% of invasive breast cancers, leading to more aggressive tumor growth and a less favorable prognosis. HER2 is one of four similar receptors, HER1-4, in the EGFR family, all of which are transmembrane tyrosine kinases. When activated by a ligand, these receptors dimerize and initiate signaling pathways that promote cell survival, proliferation, and gene transcription. Unlike other EGFR family members, HER2 lacks a known natural ligand and primarily relies on heterodimerization with other receptors for activation. (20)  
HER2, a vital protein in cell development and growth, is encoded by the ERBB2 gene on chromosome 17. It's part of the EGFR family, a group of proteins that regulate cell functions like growth and survival. HER2 plays a key role in signaling pathways that control these processes. The HER 2+ Breast Cancer has overexpression of HER2 receptors while HER2-negative breast cancers have normal levels of HER2 and don't respond to HER2+ targeted treatments. Furthermore, there are HER2-low breast cancers, exhibiting reduced HER2 expression, and HER2 ultralow breast cancers, demonstrating very limited HER2. Understanding the characteristics of these subgroups is vital as their clinical course may vary from HER2-negative tumors. While these classifications are still being researched, they're important for understanding how different breast cancers respond to treatment. (21) 
Our understanding of the HER2 protein has advanced significantly, leading to the development of targeted therapies that specifically attack this protein. HER2 is a receptor with three distinct parts: a portion that binds to signaling molecules outside the cell, a portion that anchors it to the cell membrane, and a portion that transmits signals inside the cell. When signaling molecules bind to HER2, it pairs up with other HER proteins, triggering a chain reaction that promotes cell growth and division. HER2 is unique because it doesn’t have its own signaling molecule. However, it readily pairs with other HER proteins, particularly HER3, contributing to the abnormal growth of cancer cells. When HER2 is overexpressed or amplified in cancer cells, it can pair with other proteins without needing a signaling molecule, leading to uncontrolled cell growth and division. The effectiveness of HER2-targeted therapies is most pronounced in cancers with elevated HER2 levels, referred to as “HER2-positive” tumors. Trastuzumab, the first humanized monoclonal antibody (mAb) against HER2, revolutionized the treatment of HER2-positive breast cancer (BC). It binds to the extracellular domain of HER2, inhibiting it’s signaling pathways and leading to cell death. While trastuzumab has shown significant success, many patients develop resistance. To address this, pertuzumab, another HER2-targeting mAb, was developed. It binds to a different part of HER2, preventing its dimerization with other receptors and blocking downstream signaling. Combination therapy with trastuzumab and pertuzumab, often with chemotherapy, has demonstrated improved outcomes for patients with HER2-positive BC. More recently, margetuximab, a mAb with an engineered Fc domain for enhanced ADCC (Antibody-Dependent Cell-Mediated Cytotoxicity) activity, has also been approved for the treatment of HER2-positive metastatic BC. These advancements in HER2-targeted therapies have significantly improved the prognosis for patients with HER2-positive breast cancer. (22) 
Some studies found that while screening programs are primarily effective in detecting slower-growing breast cancers, they can also identify a significant proportion of HER2-positive and triple-negative cancers. These aggressive subtypes are often associated with larger tumor size, lymph node involvement, and poorer prognosis. Despite their aggressive nature, screening can detect these cancers at earlier stages, leading to improve their outcomes. However, developing improved therapies for these subtypes are essential for breast cancer treatment. (23)  Another study highlights the importance of considering both metastatic heterogeneity and histological heterogeneity in predicting the prognosis of patients with HER2-positive metastatic breast cancer (MBC). Early detection through screening programs can identify these cancers at earlier stages, leading to improved outcomes. (24)  HER-2 positive breast cancer has poorer survival and bad prognosis compared to Triple negative breast cancer and this outcome was observed regardless of hormone receptor status. (25) HER2-targeted therapies have demonstrably improved long-term outcomes and disease-free survival for patients with early-stage HER2-positive breast cancer, providing crucial evidence for treatment decisions and leading to significant improvements in patient prognosis. (26) 


2.1 Current Diagnostic Methods
The incidence of breast cancer is increasing worldwide, particularly among younger women. Identifying and treating the condition in its initial stages significantly boosts survival outcomes. Various diagnostic methods, including imaging techniques and molecular biomarkers, have been developed to aid in early detection. A range of diagnostic methods, such as mammography, ultrasound, MRI, nucleic acid hybridization, real-time PCR, protein hybridization, and flow cytometry, are utilized for breast cancer diagnosis. While each method offers distinct advantages, they also possess inherent limitations and potential drawbacks. (27)  
Imaging plays a vital role in breast cancer diagnosis, providing detailed information about tumor characteristics and potential spread. While various imaging techniques, including mammography (MG), ultrasound (US), magnetic resonance imaging (MRI), positron emission computed tomography (PET), computed tomography (CT), and single‐photon emission computed tomography (SPECT), offer valuable insights, it’s crucial to weigh their benefits against their potential risks, particularly the use of radiation and contrast agents. While PET, CT, and SPECT are not typically recommended for routine breast cancer diagnosis due to their cost, practical limitations, and radiation exposure, they can be valuable in specific situations, such as screening for metastatic cancer or identifying bone and lymph node involvement. For routine breast cancer screening, MG, US, and MRI are often preferred due to their balance of effectiveness and safety. Clinicians must carefully assess the suitability of each technique to optimize diagnostic strategies, enhance patient care, and contribute to the advancement of breast cancer detection. (27)  
Although mammography is the only proven screening method to reduce breast cancer mortality, and is recommended by the American Cancer Society starting at age 45 (or earlier in some cases), it has drawbacks such as false positives, radiation exposure, and psychological stress. The US Preventive Task Force recommends biennial screening for women aged 50-74, with less frequent screening for younger women due to a higher rate of false positives. However, risk-based models can help determine the need for screening in younger women. (28)  Early detection of breast cancer through screening can significantly improve patient outcomes by allowing for earlier and less invasive treatments. While mammography is a commonly used screening tool, it has limitations in sensitivity, especially in women with dense breasts. Digital breast tomosynthesis can improve detection rates, but it still has limitations. (29)  While mammography is a widely used screening tool for breast cancer, and has limitations in detecting small tumors and can lead to false positives. This situation has led researchers to seek out alternative techniques. Near-Infrared Fluorescence (NIRF) imaging is a promising technique that can provide detailed images of tissue, potentially improving early detection. Other imaging techniques like CT and MRI, while useful, have limitations in detecting small tumors. Additionally, the frequent use of mammography over many years can increase the risk of false positives. While thermography can provide information about tumor heat, it's not sufficient for diagnosis alone. (30)    
Advances in breast cancer diagnosis and treatment have led to significant improvements in patient survival, resulting in a longer lifespan for many. Personalized medicine, particularly the emerging field of theranostics, offers a promising approach to further optimize treatment outcomes. Theranostics integrates diagnostic imaging and targeted therapy, enabling clinicians to identify patients who are most likely to benefit from specific treatments. By targeting specific molecular markers, such as HER2, theranostics aims to enhance treatment efficacy, minimize adverse effects, and ultimately improve overall patient survival. (31). Determining the HER2 status in breast cancer is crucial for guiding treatment decisions. For this assessment, the most common and FDA-approved techniques are immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH). IHC analyzes the protein levels of the HER2 marker, while FISH examines the DNA and RNA levels. (31)
Immunohistochemistry (IHC) is a common method used to assess the level of HER2 protein expression on the surface of breast cancer cells. This technique involves staining tissue samples with antibodies that bind to the HER2 protein. The intensity of staining is then evaluated to determine the level of HER2 expression. According to current guidelines, a score of 0 or 1+ indicates negative HER2 expression, while a score of 3+ indicates positive expression. Patients with HER2-positive tumors may benefit from targeted therapies. However, a score of 2+ is considered equivocal, and further testing, such as fluorescence in situ hybridization (FISH), is necessary to confirm HER2 gene amplification. While IHC is readily available and inexpensive, its accuracy can be influenced by factors such as sample preparation, antibody quality, personnel expertise, and the subjectivity of result interpretation, highlighting the need for standardized procedures and careful consideration of potential variability to ensure reliable results for personalized treatment decisions. (31)
FISH is a laboratory method that uses fluorescently labeled probes to identify specific DNA sequences within a cell. This method utilizes fluorescent probes to count copies of the ERBB2 gene and chromosome 17 centromeres within cancer cells, detecting amplification when the ratio exceeds 2.2. If the number of HER2 genes is significantly higher than normal, it suggests gene amplification, which is often associated with more aggressive tumor behavior. Compared to IHC, FISH offers a more objective and quantitative assessment of HER2 status. This is because FISH analyzes DNA, which is more stable than proteins, and it includes internal controls from normal cells within the tissue sample. However, FISH is a more complex and time-consuming technique, requiring specialized equipment and highly skilled personnel to interpret the results. Additionally, FISH is significantly more expensive than IHC. (31)
Liquid biopsy is one of the emerging non-invasive techniques that involves the analysis of biological fluids, such as blood or urine, to detect cancer cells or cancer-related biomarkers. This method offers several advantages over traditional tissue biopsies, including the non-invasive method for real-time tumor monitoring, early detection, and identification of drug resistance, ability to monitor tumor evolution over time and to identify potential resistance mechanisms. By analyzing circulating tumor cells and circulating tumor DNA (ctDNA) in blood samples, liquid biopsy can provide valuable information about a patient's tumor, including its genetic makeup, molecular profile, and response to treatment. This information can be used to guide treatment decisions, monitor disease progression, and detect early signs of recurrence. (32). Molecular biomarkers like HER2 testing (using IHC and FISH) are crucial for guiding treatment decisions. Liquid biopsy is an emerging non-invasive method for analyzing circulating tumor cells and DNA. (33). 

2.2 Circulating tumor DNA (ctDNA)
Circulating tumor DNA (ctDNA) in blood offers a promising way to understand more about different cancers. In every cancer, ctDNA levels can be very high, reflecting aggressive disease and a poorer outlook. Studies have shown that ctDNA analysis can accurately reflect the genetic makeup of the cancer itself. (10). In the late 1940s, scientists first detected DNA circulating in the blood of a patient with an autoimmune disease. Since then, advancements in technology have made it possible to isolate and analyze circulating tumor DNA (ctDNA) from the blood of cancer patients. Cancer patients typically have higher levels of DNA circulating in their blood compared to healthy individuals. This circulating DNA can provide valuable information about the cancer. In healthy people, most of the circulating DNA originates from blood cells. However, the sources of ctDNA in cancer patients are more diverse. Cancer cells can invade nearby tissues and also spread through the bloodstream. These circulating cancer cells may contribute to the release of ctDNA. It is believed that ctDNA is primarily released when cancer cells die through processes like programmed cell death (apoptosis), cell injury (necrosis), or when they are broken down by immune cells (phagocytosis). However, other mechanisms, such as the release of DNA from living cancer cells, may also play a role. (9). 
Circulating tumor DNA (ctDNA) is composed of short DNA fragments with a short half-life. This requires careful consideration of sample collection and storage methods for accurate analysis. Variant allele fraction (VAF), which represents the proportion of mutant DNA, is a crucial parameter for ctDNA quantification. VAF can vary greatly depending on the stage of cancer, with higher levels observed in metastatic disease and lower levels in early stages or minimal residual disease. The applications of ctDNA analysis are rapidly expanding. It is now approved for detecting EGFR mutations in lung cancer and guiding treatment selection. Furthermore, ctDNA analysis is being explored for monitoring metastatic cancer and predicting treatment outcomes in various cancers, including breast cancer. (9).

2.3 Circulating tumor DNA (ctDNA ) and cell free DNA (cffDNA)	Comment by user: Please correct
Cell-free DNA (cfDNA) fragments in circulation primarily originate from the breakdown of apoptotic or necrotic cells within various tissues. These fragments often exhibit a characteristic size of 180 base pairs, consistent with the size of nucleosomes. cfDNA is inherently unstable and undergoes rapid degradation by nucleases, leading to a short half-life ranging from 16 to 150 minutes. While cfDNA typically exists as naked fragments in circulation, it can also be associated with proteins or encapsulated within extracellular vesicles, potentially enhancing its stability and influencing its release into bodily fluids. Cell-free DNA (cfDNA) has been implicated in various pathological conditions, including autoimmune diseases like lupus erythematosus and rheumatoid arthritis, as well as various cancers. In the context of cancer, cfDNA released from tumor cells is specifically termed circulating tumor DNA (ctDNA). (34)(35).  
 Studies have shown that cfDNA levels are elevated in individuals with malignant gastrointestinal lesions compared to those with inflammatory conditions. However, cfDNA levels can also be within the normal range in a significant proportion of cancer patients, posing a challenge for diagnostic accuracy. Importantly, ctDNA has been shown to harbor genetic mutations associated with tumor development, such as mutations in genes like EGFR, KRAS, and TP53. This discovery established ctDNA as a valuable biomarker for cancer diagnosis, treatment guidance, and prognostic assessment. The recent FDA approval of the first ctDNA-based blood test for EGFR mutations marks a key milestone in the field. (9)(10)(34).

[image: ]
[bookmark: _Hlk195525268]Figure 2: Schematic representation of ctDNA analysis. Plasma is processed for ctDNA extraction, it is then analyzed for detecting point mutations, chromosomal rearrangement, CNV, or methylation patterns to study their clinical relevance with the disease. Different detection methods have distinct limits of detection and clinical relevance. These methods include BEAMing, ddPCR, or NGS in various ways such as targeted sequencing, exome sequencing, or whole-genome sequencing. BEAMing, beads, emulsion, amplification, and magnetics; ddPCR, droplet digital polymerase chain reaction; WES, whole exome sequencing; WGS, whole-genome sequencing. (39)

3. Role of ctDNA in Early Detection of HER2+ Breast Cancer
Serial blood sampling at defined intervals during a patient's cancer journey enables the use of ctDNA for various clinical purposes. By analyzing ctDNA at regular time points, clinicians can assess the initial diagnosis, predict the likely course of the disease, and estimate the risk of cancer recurrence. Furthermore, this approach facilitates real-time monitoring of the disease's progression and the patient's response to treatment. Digital PCR and modified NGS techniques are highly sensitive methods for detecting circulating tumor DNA (ctDNA) in early-stage cancers which makes them better candidates to be used for this application. These approaches can reliably identify even very low levels of ctDNA, down to 0.001% of the total circulating DNA. (35).
studies show promise for ctDNA in detecting BC early, potentially avoiding unnecessary biopsies, but challenges include low ctDNA levels and distinguishing cancer-related mutations from those arising from clonal hematopoiesis of indeterminate potential (CHIP). In the neoadjuvant setting, ctDNA analysis can predict treatment response to NAT. Studies show that ctDNA levels before, during, and after NAT correlate with disease progression and response to therapy and ctDNA clearance during treatment is associated with better outcomes. Challenges include the need to monitor multiple mutations and the potential influence of CHIP. Overall, ctDNA analysis holds significant potential as a valuable tool for managing BC. (35).  New improvements in how we analyze circulating tumor DNA (ctDNA) have made it easier to find even tiny amounts of this DNA in the blood. This means we can now detect ctDNA in the early stages of diseases, like breast cancer. For example, in women with early breast cancer, when ctDNA disappears from the blood after treatment, it often means the treatment worked really well, and there’s a smaller chance of the cancer coming back. Today, doctors use ctDNA to keep a close watch on how breast cancer patients are doing. They can see if the treatment is working perfectly, find cancer cells that have become resistant to drugs, and understand how the cancer is changing over time. (36).
They also use ctDNA to find specific changes in the cancer that they can target with special treatments. It’s also useful for detecting any tiny bits of cancer that might still be around after treatment, and even for finding cancers early on. While there isn’t a standard amount of ctDNA that everyone with breast cancer has at the start, it seems that changes in the amount of ctDNA over time do reflect how much cancer is present. These changes can also help doctors predict how a patient will do and how well the treatment will work. (36).
The circulating tumor DNA (ctDNA) in breast cancer diagnosis, emphasizing its potential to overcome limitations of traditional pathology. While pathology remains the gold standard, it has limitations, particularly in cases of occult breast cancer. ctDNA analysis can detect cancer in such cases, improving patient prognosis. Meta-analyses have shown that ctDNA has high sensitivity and specificity for breast cancer diagnosis, with ongoing improvements in assay technology. Qualitative ctDNA analyses, such as methylation PCR and microsatellite analysis, also demonstrate promising diagnostic accuracy. Additionally, ctDNA analysis has shown significant potential in diagnosing advanced breast cancer, particularly leptomeningeal metastases, where ctDNA analysis can outperform traditional CSF cytology. Overall, ctDNA analysis presents a valuable tool for improving breast cancer diagnosis and patient outcomes. (37).  Currently, the widespread use of ctDNA in clinical settings is hindered by its low levels in the bloodstream, necessitating highly sensitive techniques for accurate detection and measurement. Detecting ctDNA is especially problematic in the early stages of breast cancer because the tumors are small, resulting in extremely low levels of ctDNA in bodily fluids. However, recent advancements in assay technology (discussed in Section 3) have enabled the detection of ctDNA at incredibly low levels. This technological progress paves the way for the next crucial step: conducting large-scale clinical trials to evaluate the clinical value of ctDNA in diagnosing and managing early-stage cancers. (35).  


[image: ]
Figure 3: Peripheral blood-based biopsy for breast cancer diagnosis, prognosis, and precision medicine. Circulating blood markers such as CTCs and ctDNA are gaining prominence in cancer diagnosis, therapy monitoring, and development of personalized medicine. However, to bring these liquid biopsy markers into clinical practice, strategies for integrative analyses of these bio-analytes along with existing diagnostic tools need to be developed.


4. Conclusion. 
The analysis of circulating tumor DNA (ctDNA) represents a transformative step in the early detection and management of HER2-positive breast cancer. This review highlights the immense potential of ctDNA as a non-invasive biomarker capable of providing valuable insights into tumor characteristics, treatment efficacy, and disease progression. Unlike traditional diagnostic approaches, ctDNA offers real-time monitoring of cancer dynamics, minimizing the need for invasive procedures and reducing patient discomfort. Moreover, the detection of ctDNA in blood samples allows for early intervention, which is critical for improving survival rates and preventing disease metastasis in HER2-positive breast cancer patients.
Studies have demonstrated the ability of ctDNA to accurately reflect tumor genetic profiles and predict treatment outcomes, making it a crucial tool for personalized medicine. By identifying genetic mutations, ctDNA enables clinicians to tailor therapies to individual patient needs, ensuring more effective and targeted treatment strategies. Additionally, ctDNA testing can aid in identifying residual disease, monitoring minimal residual disease, and detecting potential drug resistance, all of which are vital for long-term disease management.
Despite its promising advantages, the clinical application of ctDNA still faces several challenges. Low ctDNA levels in early-stage cancers and the need for highly sensitive and specific detection methods remain significant hurdles. Furthermore, distinguishing ctDNA mutations from non-cancer-related genetic changes, such as those caused by clonal hematopoiesis, requires careful consideration. Addressing these issues through continued research and standardization of ctDNA testing methods will be essential to fully unlock its clinical potential.
[bookmark: _GoBack]In conclusion, ctDNA has the potential to revolutionize the diagnosis and treatment of HER2-positive breast cancer by enabling earlier detection, real-time monitoring, and personalized care. With advancements in assay technologies and further clinical validation, ctDNA testing could become an integral part of routine clinical practice, significantly enhancing patient outcomes and reducing the global burden of breast cancer.	Comment by user: What is your future direction for the researchers
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