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Neoadjuvant chemotherapy (NAC) for breast cancer is widely used in the clinical setting to improve the chance of surgery, breast conservation and quality of life for patients with advanced breast cancer. A more accurate efficacy evaluation system is important for the decision of surgery timing and chemotherapy regimen implementation. However, current methods, encompassing imaging techniques such as ultrasound and MRI, along with non-imaging approaches like pathological evaluations, often fall short in accurately depicting the therapeutic effects of NAC. Imaging techniques are subjective and only reflect macroscopic morphological changes, while pathological evaluation is the gold standard for efficacy assessment but has the disadvantage of delayed results. In an effort to identify assessment methods that align more closely with real-world clinical demands, this paper provides an in-depth exploration of the principles and clinical applications of various assessment approaches in the neoadjuvant chemotherapy process.
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1 Introduction

Breast cancer (BC) incidence continues rising, being the leading cause of cancer death in women in the last Global Cancer Statistics 2020 (1). Apart from the traditional surgical plus adjuvant therapies, neoadjuvant chemotherapy (NAC) has been increasingly applied. Breast cancer neoadjuvant chemotherapy refers to systemic chemotherapy before planned surgical treatment or local treatment of surgery plus radiotherapy for newly treated breast cancer patients who have not found distant metastasis. It aims to transform initially inoperable tumors into operable ones, providing patients with the opportunity for surgery, enhancing breast-conservation rates. Concurrently, it allows for the assessment of the tumor’s sensitivity to drugs, guiding the patient’s subsequent treatment options (2). Neoadjuvant chemotherapy, as an essential part of breast cancer treatment, is still in a stage of continuous development (3). In the past, NAC was reserved for patients with locally advanced or inoperable breast cancer with the primary purpose to reduce the tumor size (also known as downstaging) to allow breast-conservation surgery and possibly omit axillary dissection in patients who are opposed to an extensive operation. However, currently the role of NAC has expanded to include patients with early-stage, operable breast cancer. As various clinical trials and new treatment concepts continue to emerge, its treatment mode has also changed from the single chemotherapy to the current neoadjuvant chemotherapy which based on different molecular subtypes of breast cancer, such as neoadjuvant anti-human epidermal growth factor receptor 2 (HER-2) targeted therapy combined with chemotherapy and neoadjuvant endocrine therapy (4). Overall, NAC improves the outcome of breast cancer treated with surgery (5, 6). It is supposed that the combination of NAC with traditional treatment will bring the best benefits to patients in the research field (7).

Nowadays, undergoing surgery after a successive combination of drugs is considered the gold standard for assessing tumor response (8, 9). However, not all BC patients benefit from the NAC setting and, therefore, it is critical to differentiate between the subjects that will respond positively and those who will not, in order to choose alternative and more effective therapies. With the continuous enrichment of new evidence-based medicine data, the differences between various treatment concepts and clinical practices have become more apparent. How to choose neoadjuvant treatment indications in clinical practice, optimize patients’ treatment strategies, and improve treatment outcomes is still controversial. Neoadjuvant chemotherapy exerts a crucial effect on the comprehensive treatment of breast cancer, but the prediction of efficacy is not perfect (10). Factors such as tumor size, histological type, differentiation status, tumor-associated lymphocytes, and immunohistochemical marker status affect the clinical response to neoadjuvant chemotherapy. Moreover, chemotherapy response is an independent predictor of overall treatment outcome, so a reliable method is needed to predict early results of neoadjuvant chemotherapy treatment.

The current clinical evaluation methods for the efficacy of neoadjuvant chemotherapy for breast cancer are mainly divided into two categories: clinical imaging evaluation and non-imaging (micro-pathological) evaluation (Figure 1).




Figure 1 | The illustration summarizes the modalities outlined in the article to predict response to NAC. Novel technologies that utilize the molecular characteristics of cancer cells are currently being investigated; these include both molecular imaging and non-imaging profiles. Molecular-based techniques are expected to replace conventional anatomical-based techniques in predicting responses to NAC in breast cancer.



Clinical examination combined with conventional imaging modalities, containing magnetic resonance imaging, computed tomography, ultrasound, and mammography, has been utilized to predict and assess tumor response to neoadjuvant chemotherapy (11). Nevertheless, when assessing tumor anatomical and morphological features using these imaging techniques, a delay between assessment of initial tumor size and shrinkage may be detrimental to distinguishing viable tumors from fibrotic scar tissue. Before NAC, ultrasound (US or sonography or echography) of the breast should be performed to document tumor size. Sometimes, magnetic resonance imaging (MRI) may be helpful in calculating tumor volume and extent in the breast and making decisions on whether to undergo breast-conserving surgery, in addition to the diagnostic capability of breast tumor at the time of the first diagnosis (12). Once a patient has completed NAC, imaging tests should be performed to guide the surgical approach. US imaging of the involved breast and ipsilateral axilla is usually required. Additionally, MRI may be obtained if the tumor is not well visualized on US or if a better definition of the extent of tumor would assist the surgeon in determining the optimal surgical approach depending on the institution. In patients considering breast-conserving therapy, pretreatment or repeated US and MRI have been clinically important to appropriately assess the presence of tumor distribution. Furthermore, several studies indicated that the presence of tumor after NAC drawing support from histopathological examination of the tumor bed could be the golden standard as well as pCR rate. Further surrogate biomarkers could be applied for evaluating the outcomes defined by Miller-Payne system following neoadjuvant settings (8). Fine-needle aspiration cytology is considered as an accurate technique performed by experienced cytologists to assess the existence of breast cancer (13). The core breast biopsy used to be a traditional examination technique to identify the initial diagnosis of breast lumps. Fortunately, this critical technique is able to accurately predict pathologic responses after NAC (14). In previous studies, biomarker changes before and after NAC were claimed to have great clinical relevance to age or grade impacts (15). For example, ER and Ki-67 status were reported to possess obvious changes after NAC treatments in breast cancer patients. Regarding NAC ‘s efficacy, recent studies tackle the relationship between BC phenotypes and treatment outcomes (16–18), revealing pathological complete response (pCR) as a surrogate biomarker of response and survival (19, 20). Nevertheless, this procedure is invasive and time consuming. Thus, faster, less invasive and more sensitive tools are required in order to detect useful molecular and/or clinical predictors of pCR (21, 22). This paper will review the clinical application of various assessment methods in neoadjuvant chemotherapy and new technological advances.




2 Macroscopic imaging

The imaging detection of breast cancer can objectively provide specific values and then evaluate the condition of tumor lesions from different aspects. Due to the non-invasive characteristics of the operation process, imaging evaluation has become the most common method for clinical evaluation of the treatment effect during breast cancer NAC (23). Commonly used imaging evaluations of breast cancer NAC include: color Doppler ultrasound, mammography, nuclear magnetic resonance, positron emission tomography.



2.1 Ultrasound technology

With the continuous advancement of diagnosis and treatment methods, the position of ultrasound (US) technology in evaluating the efficacy of breast cancer NAC has become more and more critical. Multi-modal ultrasound technology can provide in-formation on breast tumor size, morphology, blood supply, and other aspects and can further show the internal and surrounding blood flow perfusion, determine whether the lump is liquefaction and necrosis, and so on (24). Due to its advantages in terms of ease of management, convenient operation, and lack of radiation risks, Multi-modal ultrasound imaging technology has broad application prospects in breast cancer NAC. It can conduct the multi-parameter and overall evaluation of the efficacy of neoadjuvant chemotherapy for patients to guide the clinic better and improve patients’ prognoses.

Currently commonly used clinical ultrasound techniques include: conventional ultrasound, color Doppler ultrasound, contrast-enhanced ultrasound, elastography, and automatic breast full-volume imaging. We have introduced and analyzed each ultrasound imaging method, outlining their respective advantages and limitations.



2.1.1 Conventional ultrasound

Conventional grey-scale ultrasound provides information on the morphology and internal structure of the tumor post-NAC, and its relationship with surrounding tissues, particularly noting tumor size changes (25). However, the specificity and accuracy of conventional ultrasound for NAC efficacy assessment are relatively low due to factors such as operator error and selection of cut surfaces (26). For instance, a decrease in cancer cell count under the microscope post-NAC does not always reflect as tumor shrinkage macroscopically. Instead, some lesions may exhibit honeycomb shrinkage, leading to challenges in defining lesion boundaries and accurately measuring tumor size. These limitations mean that conventional ultrasound must be supplemented with other imaging and pathology methods to ensure accurate assessment.




2.1.2 Color Doppler flow imaging

Breast cancer is a vascular-dependent disease. Its growth, infiltration, and metastasis are intrinsically linked to the formation of new blood vessels, particularly micro-vessels (27, 28). Research has established that changes in these tumor micro-vessels during neoadjuvant chemotherapy (NAC) for breast cancer often precede morphological alterations. NAC has the capacity to influence the blood supply to tumor cells, leading to cell death and modifications to the blood flow speed and resistance within and surrounding the lesion. Color Doppler Flow Imaging (CDFI) has proven to be an effective tool in mirroring the therapeutic impact of NAC in breast cancer, achieved by detecting hemodynamic shifts in the lesion area (29). Consequently, it has significant implications for the clinical evaluation of NAC’s therapeutic effect. With the aid of high-frequency probes, CDFI can produce high-resolution images and exhibit exceptional sensitivity, allowing for clear delineation of the tumor boundary and detailed representation of its microstructure and size. However, it’s worth noting that CDFI also has its constraints. For example, it can only provide a limited cross-sectional view of the tumor, hindering a comprehensive assessment of tumor shrinkage. Additionally, it lacks the ability to differentiate between residual tumor and fibrotic tissue resulting from the chemotherapy reaction (30). While CDFI is capable of an accurate assessment of breast cancer NAC efficacy in the early stages, it’s restricted to displaying blood flow signals with a diameter larger than 0.2 mm and relatively high flow rates. This constraint limits its sensitivity to display the tumor’s micro-vessels (31). Consequently, providing a complete picture of tumor vasculature proves challenging, which could lead to an insufficient evaluation of breast cancer’s blood supply. Therefore, despite its strengths, the overall capability of CDFI in evaluating NAC’s curative effect remains limited.




2.1.3 Contrast-enhanced ultrasonography

The principle of Contrast-enhanced ultrasonography (CEUS) is to use the nonlinear effect of the gas microbubbles in the blood in the sound field and the strong backscatter produced to obtain contrast-enhanced images (32). Several studies have shown that, compared with conventional ultrasound, CEUS can objectively show the blood flow perfusion in tumors, has the advantages of safety and convenience, and can more accurately evaluate the efficacy of breast cancer NAC (33–35). However, CEUS has certain limitations for tumors with less vascular distribution or tumors with a deep location, and it cannot well show the characteristics of its microvascular structures and microcirculation.




2.1.4 Ultrasound elastography

Ultrasound elastography (UE) is a new method for measuring tissue hardness proposed by Ophir J, and it is an essential supplement to conventional ultrasound (36). Studies have confirmed that the higher the hardness value of breast tumor-infiltrating foci, the worse the prognosis. After receiving NAC, the state of the tumor’s internal and surrounding tissues can be changed by the action of drugs, and its hardness will also change accordingly (37). UE can use real-time color images to reflect the difference in tissue deformation between the diseased area and the surrounding normal tissues when external forces compress them and use related technologies to quantitatively evaluate the hardness of the tissues, which has a high degree of specificity and sensitivity in the differential diagnosis of benign and malignant lesions (38). Compared with conventional ultrasound, UE has higher sensitivity in evaluating the efficacy of NAC. However, it also has limitations, such as UE’s higher operator requirements, high image quality susceptible to patient status (such as breathing, fat layer thickness, peripheral vascular beats), and not being fully sampled for larger lumps. The continuous development of UE technology has enormous potential in evaluating the efficacy of breast cancer NAC.




2.1.5 Automatic breast volume scanner

The Automatic Breast Volume Scanner (ABVS) represents a technological advancement in the field of breast disease examination. This three-dimensional ultrasound imaging tool enables automatic, full-volume, and coronal scanning of the breast (39). The three-dimensional reconstruction offered by ABVS allows a complete dynamic display of the coronal surface of breast tumors. This feature provides a more accurate representation of tumor growth and a clearer understanding of the mass’s relationship with surrounding tissues (40).

ABVS standardizes image data storage and enhances the precision of stereoscopic multi-section images through post-image processing technology (41). It rectifies the traditional limitations of ultrasound such as repeatability and operator dependence, compensating for the absence of volume imaging in CDFI and enhancing its value in diagnosing and treating breast disease.

The Breast Imaging Reporting and Data System (BI-RADS), developed by the American College of Radiology (ACR) in 2003, serves as a grading evaluation system to assess breast ultrasound images. The system categorizes the mammogram results from 0 through 6, as detailed in Table 1. It outlines the features of breast ultrasound images considering blood vessel distribution, lesion calcification, masses, and echo structures (42, 43). This system is instrumental in standardizing diagnosis results, monitoring lesion tissue over time, comprehensively evaluating clinical efficacy, and selecting quantitative computer features. Studies suggest that combining ABVS with BI-RADS can yield a more comprehensive and standardized evaluation of NAC treatment in breast cancer (44). Despite being in its exploratory stage, ongoing developments in ultrasound imaging technology suggest a promising role for ABVS in the clinical diagnosis and treatment of breast cancer NAC.


Table 1 | The interpretation of the Bread Imaging Reporting and Data System (BI-RADS).






2.1.6 Superb microvascular imaging

Superb microvascular imaging (SMI) is a new microvascular ultrasound imaging technology. With the color Doppler principle, the difference between micro-vessels and normal low-speed moving tissues is extracted, and the micro-vessels with low blood flow velocity can be detected with high frame rate and high resolution, and low-velocity micro-vessels with a diameter of >0.1 mm can be displayed (45). SMI can detect low-velocity blood flow and micro-vessels and reduce the influence of tissue motion clutter. It can image the micro-vessels of the lesion without the need for contrast agents and display micro-vessels non-invasively and sensitively (46). Therefore, SMI can early display the microvascular status of breast cancer, assess whether chemotherapy is effective, help clinical change of the treatment plan in time, improve the chemotherapy effect, and judge the prognosis. It is an effective inspection method for evaluating the efficacy of breast cancer NAC.





2.2 Mammography

Mammography (MG) is a commonly used X-ray examination method for diagnosing breast cancer. This method is less expensive, painless, and has a high sensitivity for breast cancer diagnosis, especially carcinoma in situ (47). Mammography is more sensitive to microcalcification of breast lesions, and the detection rate of breast cancer is relatively improved (48). It can be compared with the mammography performance of breast masses before and after NAC, from the shape, size, calcification range, density, and axillary lymph nodes. The size and other changes are used to evaluate the efficacy of NAC (49). Studies have shown that MG has low accuracy in assessing lesions, has a poor display effect on lesions in dense breasts (50), and has radiation damage, but due to its wide application, it is still one of the primary screening methods used by most hospitals to evaluate the efficacy of breast cancer NAC.




2.3 Magnetic resonance imaging

Breast magnetic resonance imaging (MRI) is the most sensitive and accurate examination method for evaluating the curative effect of breast cancer NAC. It has many evaluation indicators and is not affected by the density of glands. Because MRI demonstrates a higher detection rate for multi-center, multi-lesion conditions compared to traditional imaging methods (51). Compared with mammography, ultrasound, and other inspection methods, MRI can use different imaging techniques to evaluate the response to NAC treatment early and comprehensively from the aspects of morphology, hemodynamics, and metabolism.



2.3.1 Conventional magnetic resonance imaging

Tumor diameter and tumor volume are currently the most commonly used indicators for evaluating the efficacy of breast cancer NAC. Studies have shown that reducing tumor volume is the most accurate indicator of pathological response after treatment, followed by the change of tumor diameter (52). Compared with other imaging methods, MRI has higher sensitivity and accuracy in evaluating tumor size, and it has a good correlation with the final pathological evaluation results (51). In addition to the preliminary measurement of the size of the lesion, conventional MRI has a higher judgment value for tumor fibrosis after NAC and can make a preliminary imaging diagnosis of the relationship between the tumor and the surrounding tissues.

Nevertheless, conventional MRI may overestimate the extent of residual disease following NAC, especially in scenarios characterized by substantial inflammation or fibrosis. This may precipitate unnecessary surgical interventions. Additionally, its sensitivity towards smaller residual diseases is somewhat limited (51). Thus, to complement the limitations of conventional MRI, the application of functional MRI techniques, such as diffusion-weighted imaging and dynamic contrast-enhanced MRI, becomes imperative. These advanced imaging methodologies can provide additional insights into the biological and physiological characteristics of the tumor, enhancing the precision and accuracy of the assessment.




2.3.2 Dynamic contrast-enhanced magnetic resonance imaging

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is the most commonly used hemodynamic examination method, which can show the structural characteristics of the tumor and surrounding tissues in detail, detect tumor angiogenesis, and is the most sensitive detection method for breast cancer (53). The principle of this technique is to use continuous and rapid imaging methods to obtain semi-quantitative or quantitative parameters by acquiring images before and after the contrast agent injection and through calculation and analysis (54). The microvascular system in the diseased tissue is used as the physiological basis to evaluate the physiological properties of the diseased tissue. Compared with conventional MRI, this method can obtain the morphological feature information of the lesion and reflect the physiological changes of the lesion (55). Studies have confirmed that DCE-MRI analyses the density, integrity, and permeability of blood vessels in tissues through various parameters clarifies the biological changes within the tumor and thus plays a role in evaluating the efficacy of breast cancer NAC.

Of note, DCE-MRI requires the administration of a contrast agent, which can engender complications in a small subset of patients, including allergic reactions and nephrogenic systemic fibrosis. This hampers its applicability in patients with compromised renal function.




2.3.3 Diffusion-weighted imaging

In malignant tumors, the cell density increases, the normal structure of the cells are destroyed, and the movement of water molecules in the cell microenvironment is hindered. Chemotherapy drugs can kill tumor cells, reduce cell density in tumor tissue, increase tissue gaps, and have faster-moving molecules (56). Therefore, the use of MR imaging parameters to evaluate the changes in water molecule movement before and after NAC can also reflect the treatment effect of the tumor early and predict the long-term prognosis. Diffusion-weighted imaging (DWI) is an MR imaging method based on the Brownian motion of water molecules in the tissue. Its leading indicator is the apparent diffusion coefficient (ADC), which can quantify the diffusion motion of water molecules, proportional to the diffusion rate of water molecules in tissues, and visualize the strength of water molecule motion in tissues (51). Studies have shown that DWI can early detect NAC treatment response through the degree of diffusion of water molecules, tumor cell structure, and cell membrane integrity (57). However, the DWI sequence has certain limitations, its spatial resolution is low, there are differences in ROI delineation, and the sensitivity of breast cancer with different molecular subtypes is different. The accuracy of using pre-chemotherapy ADC values alone to predict the NAC response of breast cancer needs to be further evaluated clinically.




2.3.4 Intravoxel incoherent motion diffusion-weighted imaging

Intravoxel incoherent motion diffusion-weighted imaging (IVIM-DWI) is a new technology developed based on DWI, which can simultaneously reflect the diffusion of water molecules in the tissue and the perfusion of microcirculation, which has more advantages than traditional DWI. Its parameters are Perfusion fraction (f), which reflects the proportion of microcirculation perfusion-related dispersion in the total dispersion in the voxel, and its size is related to blood volume. Diffusion coefficient (D) refers to the diffusion of pure water molecules. Perfusion-related diffusion coefficient (Pseudo diffusion coefficient, D∗) is diffusion coefficient related to capillary perfusion (58). Studies have shown that the IVIM model can reflect the diffusion of water molecules in the tissue and the microcirculation perfusion, thereby distinguishing the benign and malignant breast tumors, and has potential value in the molecular classification of breast cancer, prognostic factors, and the evaluation of chemotherapy effects (56). However, IVIM is still controversial in the academic circles regarding the specification of breast cancer scanning parameters, improved image analysis models, and whether its D value and f value can predict the therapeutic effect of malignant tumors before NAC (59). Therefore, whether the IVIM model can be routinely applied in clinical practice requires further research and verification.





2.4 Positron emission tomography - computed tomography

PET-CT imaging in breast cancer provides essential information regarding morphological changes in breast lesions and lymph nodes pre- and post-neoadjuvant chemotherapy (NAC). It has been substantiated through research that PET-CT plays a critical role in assessing NAC’s effectiveness in treating breast cancer. It exhibits higher sensitivity, specificity, and accuracy in assessing residual lesions, only surpassed by MRI (60). Furthermore, it offers high specificity in evaluating axillary lymph nodes, favoring the clinical application of sentinel lymph node biopsy over axillary dissection (61). Nevertheless, PET-CT faces certain limitations, such as reduced spatial resolution, which may lead to an underestimation of invasive lobular carcinoma and in situ intraductal carcinoma (62). Moreover, due to its high radiation dose, it is not viable for routine assessment of NAC’s effectiveness in breast cancer patients.




2.5 Imageomics

The high heterogeneity of tumors poses challenges in assessing tumor response after chemotherapy using a single imaging index or parameter. Recently, the convergence of big data and medical imaging-assisted diagnostic technology has led to the emergence of a novel image analysis method known as imageomics. This technique extracts extensive features from images to quantify the characteristics of critical diseases like tumors, thereby effectively addressing the complexities arising from tumor heterogeneity (63). Contrary to traditional medical image analysis, imageomics does not necessarily rely on visual interpretation of images. Instead, it employs advanced statistical analyses and computations, combining these data with other clinical data from patients to analyze, extract, and sort through vast amounts of data. The goal is to identify relevant factors that could enhance diagnostic accuracy, prognostic evaluation, and efficacy prediction (64). Given these strengths, the use of imageomics for the analysis of high-level tumor features can effectively address the limitations of traditional morphological assessments of tumor heterogeneity. Furthermore, imageomics can evaluate the efficacy of NAC and even predict tumor prognosis prior to the occurrence of morphological changes.





3 Microscopic pathology

Despite advancements in clinical imaging evaluation techniques, the gold standard for assessing the efficacy of neoadjuvant chemotherapy for breast cancer remains the microscopic examination of pathology. The pathologic evaluation of neoadjuvant chemotherapy for breast cancer is based on microscopic changes in the postoperative lesion, which is delayed compared to clinical evaluation and can only be performed after resection of the specimen and cannot be monitored dynamically (23). Pathologic complete response (pCR) can be used as an alternative prognostic endpoint in neoadjuvant drugs for breast cancer clinical trials. Achieving pCR is essential for breast cancer patients to adjust the follow-up adjuvant treatment plan (65). After neoadjuvant treatment, the tumor has many changes in gross and histology, which brings specific difficulties to the pathological evaluation of post-operative specimens. Therefore, detailed, standardized, and complete pathological evaluation results can help clinicians more accurately determine the patient’s condition, formulate diagnosis and treatment plans, and provide a basis for clinical follow-up treatment and patient prognosis evaluation.



3.1 Histopathological evaluation

At present, the most widely used clinical pathology evaluation system is the Miller-Payne system, which is based on the number of tumor cells in the specimen before tumor treatment, determines the number of residual tumor cells in the pathological specimen unit after surgery, and calculates the tumor cell reduction ratio (Table 2) (66). After neoadjuvant chemotherapy, most of the cancer cells showed degenerative changes. The specific manifestation was that the morphology of the cancer cells was irregular, the whole cell was swollen, and the boundary was unclear. It could be observed that vacuoles appeared in the cytoplasm, and the nucleus was enlarged or showed deep staining and deformity (67). The cases diagnosed as pCR by postoperative histopathology have been confirmed by multiple studies (68), and their recurrence-free survival rate and overall survival rate are better than those of cases that have not achieved complete pathological remission.


Table 2 | The interpretation of the Miller-Payne system.






3.2 Tumor biomarkers

Breast cancer is divided into four different molecular types (Luminal A, Luminal B, Triple Negative, and HER positive) according to its hormone receptor status, human epidermal growth factor receptor 2 (HER2), and Ki-67 expression. Breast cancer patients of different types show different responsiveness to chemotherapy drugs. Immuno-histochemistry technology uses the combination of antigens and specific antibodies to observe the distribution of antigen-antibody complexes in tissues under the microscope and can perform qualitative, localized, and quantitative analysis of the corresponding protein molecules thereby assessing the efficacy of NAC (65). The immunohistochemical results of conventional breast cancer should include such as estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor (HER-2), cell proliferation marker ki-67, oncogene, and its expressed proteins (p53, BRCA1, BRCA2). At this stage, immunohistochemistry has been widely used in the pathological diagnosis of breast cancer. It can help determine the molecular classification of breast cancer and is an indispensable evaluation factor for diagnosing and treating breast cancer.



3.2.1 Estrogen receptor, progesterone receptor

Among various hormones, ER is closely related to the occurrence and development of breast cancer, and ER and PR are involved in regulating the proliferation, differentiation, and growth of breast cells and tumor cells (69). At present, scholars are paying more attention to ER research because ER’s expression status is of great significance to the selection and prognosis of endocrine therapy. It is also an indicator of whether NAC is sensitive or not. Tumor cells with ER-positive are generally better in differentiation, distant metastases occur more slowly, and patient survival prognosis will be better. Patients with ER-negative expression are more susceptible to NAC than ER-positive expression. The reason may be that ER-negative tumor cells have strong proliferation ability and poorer cell differentiation, while poorly differentiated tumor cells are more sensitive to chemotherapy (70). Some studies have shown (71, 72) that the probability of ER from negative to positive after NAC is greater than the probability of positive to negative, and an important indicator of whether endocrine therapy is effective is whether ER is positive. Therefore, the expression status of ER can be used as an essential factor to predict the efficacy of NAC, but at present, whether NAC affects the status of ER and PR is still controversial, and its clinical value still needs further research.




3.2.2 Human epidermal growth factor receptor-2

About 20% of breast cancer patients have HER-2 overexpression, and despite recent advances in the development of anti-HER2 drugs, these tumors still exhibit a high proliferation rate and have a poor prognosis (73). For HER-2 detection, some studies have shown that NAC does not affect the HER2 expression status of breast cancer patients after fluorescence in situ hybridization (FISH), although a few patients showed alterations in immunohistochemistry before and after NAC (74). Therefore, when HER-2 immunohistochemistry is positive after chemotherapy, especially in patients with alterations compared to pre-chemotherapy, FISH should be performed to avoid false-positive diagnostic results.




3.2.3 Cell proliferation marker ki-67

Ki-67 reflects the cell proliferation index, which is only expressed in the nucleus of cells in the division phase, and is absent in cells in the quiescent phase of division, so its expression level is used as an essential indicator for evaluating tumor cell proliferation and invasiveness (75). The decrease in Ki-67 expression after NAC is related to the necrosis of tumor cells and the decrease in the number of tumor cells in the division phase. Obtaining drug susceptibility information and assessing the prognosis of patients is of great significance for guiding follow-up treatment plans (76). Studies have shown that the high expression of Ki-67 is closely related to the response of neoadjuvant chemotherapy. The change of Ki-67 values before and after NAC is directly proportional to the curative effect, and low Ki-67 level has become an excellent prognostic indicator (77), but the pCR rate varies among different breast cancer subtypes. Although the conclusions of various studies are different, Ki-67 is still supported by most scholars as a predictor of NAC efficacy in some subtypes of breast cancer.

Although the predictors of NAC in breast cancer remain unclear, the status of ER, PR, HER-2, and Ki-67 indicators is useful for prediction and efficacy evaluation. Additionally, these indicators assist in drug selection. Accurate pathological assessment both before and after NAC is essential for formulating chemotherapy regimens.





3.3 Tumor abnormal protein

Tumor Abnormal Protein (TAP), also known as aberrant glycan glycoprotein, represents a type of abnormal glycoprotein and a calcium-histone complex. It arises from mutations in proto-oncogenes and tumor suppressor genes during the initial stages of cell carcinogenesis. The occurrence and development of TAP are often accompanied by a significant increase in TAP expression (78). Studies have shown that with the increase in tumor diameter, pathological grade, and the appearance of positive lymph nodes, ER negative, and PR negative in patients, the abnormal rate of TAP and the area of aggregates show an up-ward trend, suggesting that TAP plays a vital role in the progression of breast cancer (79). For those with better clinical efficacy, the expression level of TAP before NAC is low and the expression level of TAP is further decreased after chemotherapy, and the increase of TAP expression level is often accompanied by disease progression (80). TAP detection is a convenient operation with minimal blood sampling, reliable results, and several other advantages. Its diagnostic and preventive significance holds particular value in evaluating the efficacy of breast cancer NAC.




3.4 Tumor immunology



3.4.1 Tumor infiltrating lymphocytes

Tumor infiltrating lymphocytes (TILs) refer to the heterogeneous lymphocyte population dominated by lymphocytes in tumor cancer nests and stroma. They are the direct response cells of the body’s immune system to the tumor’s local immune response, and they are also an essential part of the tumor microenvironment (81). Some clinical studies have shown that TILs are related to the efficacy and prognosis of neoadjuvant chemotherapy and have different roles in different subtypes. In the more aggressive subtypes of breast cancer (TNBC or Her-2(+) breast cancer), TILs have a more apparent predictive effect on the efficacy of neoadjuvant chemotherapy (82). From the current data, TILs are a quantifiable indicator. Different types of TILs have different prognostic values in breast cancer. However, it should be noted that due to the different subtypes of tumor infiltrating lymphocytes in breast cancer, the predictive function of chemotherapy efficacy is different. At present, the research on TILs is still in the stage of quantitative analysis, and the analysis of their functions still needs to be further explored. TILs may become a new factor predicting the efficacy and prognosis of breast cancer NAC in the future, providing new ideas for clinicians.




3.4.2 Circulating immune cells

With the research on tumor immunity in recent years, the levels of TILs, including cytotoxic T lymphocytes and natural killer (NK) cells, are essential indicators for predicting chemotherapy sensitivity and survival (83). Breast cancer is a systemic disease. Studies have shown that there may also be a potential relationship between circulating immune cells and NAC prognosis. T lymphocytes in the blood play a significant role in immune regulation, mainly CD4+ helper T cells and CD8+ cytotoxic T cells. Clinical studies have shown that reducing or inversion of the CD4+/CD8+ ratio indicates the body’s cellular immune function disorder. Therefore, the CD4+/CD8+ ratio can be used to evaluate the body’s cellular immune function (84). In addition, some researchers have found that increasing the level of peripheral blood NK cells and maintaining the functional response of T cells to specific antigens may be related to the excellent efficacy of chemotherapy in breast cancer patients (85). Studies have shown that the high proportion of pre-NAC T cells and NK cells is an essential predictor of pCR, which may be related to the anti-tumor immunity induced by chemotherapy. In addition, the increase in the proportion of NK cells after chemotherapy also indicates a greater chance of obtaining pCR. These phenomena suggest that the status of peripheral blood lymphocytes may also be closely related to the efficacy of NAC (86). By monitoring the number and ratio change of peripheral blood lymphocyte subsets before and after NAC in breast cancer patients by flow cytometry, it can understand the immune function of breast cancer patients and make up for the lack of human factors on the evaluation of NAC efficacy. However, the exact relationship between the status of the pre-NAC lymphocyte subset and the efficacy of NAC is not fully understood. This idea still needs to be confirmed by further prospective studies.




3.4.3 Circulating tumor cells

Circulating tumor cells (CTCs) are a kind of tumor cells that fall off from the primary tumor or metastasis due to diagnosis and treatment operations or spontaneous reasons and enter the peripheral blood circulation through the blood vessel or lymphatic system. Studies have confirmed that monitoring CTCs during adjuvant treatment can reflect the efficacy in time, provide a basis for evaluating the sensitivity and prognosis of the treatment plan, and help to adjust the treatment strategy in time according to the patient’s situation, and select the best treatment plan, timing and intensity (87, 88). However, whether the change of CTCs after breast cancer NAC is related to the efficacy of NAC is still controversial. Relevant studies have initially shown that changes in the number of CTCs have a special relationship with the efficacy of NAC. After NAC, the positive rate and value of CTCs are significantly reduced. Compared with the pathological gold standard, CTCs can reflect the efficacy of NAC to a certain extent (89). While analysis of CTCs offers a reproducible and minimally invasive approach, acting as a surrogate for tumor tissue, to dynamically monitor tumor genomic alterations and promptly identify drug resistance and novel therapeutic targets (72), its clinical utility remains circumscribed due to the scarcity of CTCs and a paucity of evidence for CTCs-guided interventions. The potential role of CTCs in assessing the therapeutic efficacy of breast cancer NAC warrants further elucidation through prospective, large-scale, multicenter clinical trials.





3.5 Tumor microenvironment

The internal environment of tumor cells is termed the tumor microenvironment, crucial for tumor cell growth, invasion, and metastasis (90). The tumor microenvironment plays a vital role in the onset, progression, metastasis, and recurrence of breast cancer. Central to the tumor microenvironment are the host’s immune and systemic inflammatory responses. The latter can amplify the aggressiveness of tumor cells and diminish their treatment sensitivity (91). Several inflammatory cytokines are instrumental in tumor growth, angiogenesis, and immune regulation. Research indicates that the neutrophil-to-lymphocyte ratio (NLR) and the platelet-to-lymphocyte ratio (PLR) before treatment reliably mirror the body’s inflammatory status. In non-luminal breast cancer patients, peripheral blood NLR and PLR can serve as objective markers, predicting the risk of clinical progression post-NAC (92). These patients face heightened coagulation risks, given the close ties between the coagulation system and tumor onset, progression, and metastasis. Fibrinogen, a key coagulation factor, is involved in tumor cell proliferation, migration, and angiogenesis.

Research indicates that breast cancer is a vascular-rich malignant tumor. Elevated fibrinogen levels are strongly associated with the invasion, metastasis, and prognosis of breast cancer. Patients who present with high fibrinogen levels prior to treatment often exhibit a less favorable prognosis, with an increased risk of mortality (93). Moreover, existing studies have confirmed that miRNAs are stably present in the blood circulation, exhibiting non-invasive, reproducible, and dynamic monitorability. They are regarded as stable blood biomarkers, essential for evaluating the tumor microenvironment (94). Adequate blood supply is essential for tumor cells to form lesions and metastases. Monitoring angiogenesis, blood flow obstruction, and alterations in the composition of nutrients and metabolic wastes within the blood can shed light on the survival status of tumor cells. It is imperative to note that while numerous predictors exist within the tumor microenvironment for NAC, the definitive clinical implications of these predictors necessitate further prospective studies.





4 The progress of new technology

In the era of precision medicine, early evaluation of NAC efficacy for breast cancer has emerged as a prominent trend. While a multitude of methods exist, traditional diagnostic techniques, such as color Doppler ultrasound, remain foundational. Each approach has its merits and limitations. As new technologies for assessing NAC efficacy continue to emerge, their clinical value awaits validation.



4.1 New ultrasound imaging system

Tumor angiogenesis plays a vital role in the occurrence and development of breast cancer, and changes in its physiological characteristics often precede anatomical changes. The blood vessels in breast cancer exhibit a networked structure. Owing to the robust metabolism and high oxygen consumption of cancer cells, tumors characteristically display a phenomenon marked by high blood content coupled with reduced oxygen levels. The concentration of hemoglobin and deoxyhemoglobin in the tumor mirrors the vascular density within and surrounding the tumor (95). The optical tomography image ultrasonography system (OPTIMUS) integrates both an ultrasound imaging subsystem and a light scattering imaging subsystem. This system captures the image details and metabolic status of breast masses, further allowing the generation of a comprehensive diagnostic index (synthesis diagnostic index, SDI) for breast lesion assessment. In principle, the system can gauge parameters like total hemoglobin and deoxyhemoglobin in tumor tissue, indirectly reflecting the activity of tumor blood vessels. A salient feature of OPTIMUS is its capability to non-invasively measure and monitor local blood parameters (96), facilitating early and molecular-level assessments of NAC efficacy. However, OPTIMUS does present certain limitations. For instance, studies have indicated discrepancies in diagnosing superficial or small tumors, leading to elevated SDI values. Furthermore, any light leakage during data acquisition can lead to erroneous results (97). The combination of other imaging tests can improve the accuracy. In real-world clinical practice, while OPTIMUS holds promise for early evaluation of breast cancer NAC efficacy, it remains prudent to withhold definitive judgments due to limited clinical validation; its limitations are yet to be addressed.

Similarly, diffuse spectral imaging technology represents another near-infrared optical imaging method grounded in visualizing tissue hemodynamics, providing insights into the state of tissue microvessels. Research has established that this technology is capable of quantifying changes in water and lipid content, which have been shown to correlate with chemotherapy efficacy (98). Quantitative ultrasound is a tissue characterization technology that can detect the ultrasound radio frequency signal of the tissue reverse radiofrequency. It can reflect the effectiveness of NAC by monitoring the apoptosis of early tumor cells in the treatment. Quantitative ultrasound and diffuse spectral imaging parameters are statistically significant for judging the pathological response after one cycle of NAC (99). Quantitative ultrasound and diffuse spectral imaging are non-invasive examinations, cost-effective, and provide information about metabolism, physiological characteristics, and biological activity. However, their application in predicting and monitoring the NAC curative effect still needs further research.




4.2 Single-cell sequencing

Triple-negative breast cancer (TNBC) is characterized by the absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER-2) expression. Studies have shown that TNBC patients have high somatic mutations, frequent TP53 mutations, and complex aneuploidy rearrangements, leading to extensive intratumoral heterogeneity (100). Compared to other breast cancer subtypes, TNBC patients typically present with larger primary tumors at diagnosis and exhibit a higher degree of malignancy. Lacking specific therapeutic targets, TNBC does not respond well to hormone or targeted therapies. Presently, treatment options predominantly rely on chemotherapy-based systemic approaches. Nevertheless, approximately 50% of TNBC patients demonstrate resistance to NAC, contributing to the refractory nature of the disease (101).

In recent years, with the emergence of high-throughput sequencing technologies, single-cell sequencing (SCS) has evolved and become an optimal method for probing the intricacies of TNBC tumors. SCS allows for the acquisition of genomic, transcriptomic, and epigenetic data from individual cells, effectively highlighting the unique mutational phenotypes found in single tumor cells. This technology serves as a powerful tool in addressing intratumoral heterogeneity, reconstructing evolutionary lineage, and identifying rare cell subpopulations. It offers promising avenues for refining the precision treatment strategies for TNBC (102, 103).

Studies have shown that the application prospects of SCS in TNBC’s NAC include: (1) determination of tumor subtypes, grouping, and precise treatment; (2) revealing the mechanism of resistance and monitoring drug response; (3) clarifying the mechanism of metastasis and discovering therapeutic targets; (4) exploring immunity evolution, evaluation of treatment effect.

However, SCS technology and associated methodologies present certain challenges:1) In the process of single-cell separation and extraction, it is still a challenge to accurately screen target cells and prevent contamination; 2) In the process of target molecule amplification and sequencing, uneven coverage, the presence of noise, and inaccurate quantification of sequencing data occur from time to time (104). While SCS technology offers promising advancements for monitoring NAC efficacy in TNBC patients, its widespread clinical adoption is hindered by the substantial costs associated with bioinformatics analysis. Such financial burdens can be particularly challenging for patients already grappling with the weight of their disease. As the medical community increasingly prioritizes individualized treatment, the role of NAC in TNBC becomes even more crucial. Employing SCS technology in this domain holds the potential to usher the personalized treatment of TNBC into a new era.




4.3 Serological indicators

With the in-depth research on breast diseases, NAC has become the first choice treatment for patients with locally advanced breast cancer, inflammatory breast cancer, and breast-conserving patients. At present, the efficacy evaluation of NAC mainly focuses on clinical imaging examination and invasive histopathological evaluation (105). In contrast, serological indicators have the advantages of convenient material extraction, slight body trauma, and repeatable monitoring. Therefore, effective serological indicators are of great benefit in assessing the efficacy of neoadjuvant chemotherapy. Peripheral blood vascular endothelial growth factor (VEGF) is a specific mitogen for vascular endothelial cells derived from arteriovenous and lymphatic vessels. Studies have shown that serum VEGF is an effective indicator for the early diagnosis of breast cancer (106). In clinical practice, high expression of serum VEGF is related to poor prognosis, but there are few reports about the use of serum VEGF to evaluate the efficacy of neoadjuvant chemotherapy. CTCs are a kind of tumor cells that fall off from the primary tumor or metastasis due to diagnosis and treatment operations or some spontaneous reasons and enter the peripheral blood circulation of the body through the blood vessel or lymphatic system. Previous studies have confirmed that CTCs can be used as an independent indicator of disease progression and overall survival prognosis in patients with metastatic breast cancer (107). Studies have confirmed a correlation between serum VEGF levels and CTCs levels (108). As the most potent vascular growth-stimulating factor known so far, VEGF directly participates in tumor angiogenesis, promoting tumor growth and metastasis. CTCs are a real-time “liquid biopsy” marker (109). Combining the “Tumor Vascular Regulation Theory” and CTCs, the formation of CTCs is closely related to the blood vessel and lymphatic system. VEGF directly participates in the formation of blood vessels, enhances vascular permeability, and accelerates the formation of lymphatic vessels (110). Highly expressed VEGF provides the vascular and lymphatic systems needed for CTCs to shed. In summary, changes in serum VEGF levels and CTCs levels can be used to evaluate the efficacy of neoadjuvant chemotherapy, adding a new option for the accurate evaluation of neoadjuvant efficacy.




4.4 Metabolite

Current studies have found that some breast cancer patients have low sensitivity to NAC or even no effect, and delays in other treatments due to chemotherapy and adverse (111) effects may even increase the risk of death for patients. Therefore, it is urgent to find a factor that can predict the sensitivity of chemotherapy to reduce the failure rate of treatment. There are many methods to evaluate the effect of chemotherapy in the clinic, but there are certain shortcomings in imaging examination and pathological examination. Soluble E-cadherin (sE-cadherin) is a soluble fragment produced by the cleavage of E-cadherin. Following carcinogenesis, the amount of sE-cadherin in the patient’s serum and urine increases considerably, influencing early-stage tumor identification and critical in clinical illness assessment (111). sE-cadherin is an extracellular fragment formed by the degradation of E-cadherin by a variety of proteases. The amount of sE-cadherin in healthy people’s serum and urine is extremely low, whereas the amount of sE-cadherin in stomach cancer, prostate cancer, and other malignancies is high (112). Existing studies have explored the relationship between sE-cadherin and various malignant tumors and believe it can become a new tumor marker for diagnosis, efficacy, and prognostic evaluation (113).

Clinical studies have shown that the expression level of sE-cadherin in the peripheral blood of cancer patients is significantly increased. In contrast, the level of sE-cadherin in the serum of healthy people is very low. Moreover, sE-cadherin is associated with pathological features such as TNM staging, tumor size, and pathological tissue grading in breast cancer patients (114). As a metabolite, sE-cadherin is easy to collect, no biopsy is required, and the detection method is simple and mature. It suggests that metabolites can be used as an indicator or can be used as a diagnostic indicator for breast cancer screening, providing important reference information for the prognosis evaluation of breast cancer patients. However, there are few studies on metabolomics in breast diseases, and it is expected to become a new research hotspot in the future.





5 Conclusion and outlook

Breast cancer treatment has progressed from primary surgical treatment to a complete whole-body therapy involving surgery, chemotherapy, and targeted therapy, marking a significant milestone in medical history. Unfortunately, so far, a large number of clinical trials have confirmed that for most patients, neoadjuvant chemotherapy cannot effectively prolong the disease-free survival rate and overall survival rate of breast cancer patients. However, NAC is reducing the tumor volume to increase the breast-conserving rate. It is of great significance to downgrade locally advanced inoperable patients to provide surgical opportunities and evaluate the sensitivity of tumor cells to chemotherapy drugs. Neoadjuvant therapy has different treatment plans and cycles for breast cancer patients of different molecular types. During the treatment process, close monitoring and timely assessment of the efficacy of chemotherapy are vital. Standardized efficacy evaluation can grasp the current tumor burden of breast cancer patients, guide the next step of the treatment plan, and find an accurate time window before each step of the treatment decision.

At present, the evaluation of the efficacy of neoadjuvant therapy for breast cancer includes two aspects: non-invasive clinical evaluation and invasive tissue pathological evaluation. Clinical evaluation is the evaluation system that indirectly measures the size changes of solid tumors through imaging or physical examination, while histopathological evaluation system is the evaluation of obtaining pathological specimens of the lesion tissue through methods such as surgery or needle biopsy and observing the evaluation of tumor cell residues. Imaging examinations include breast X-ray examination, breast ultrasound examination, and breast MRI examination, but none of them can distinguish between necrotic tissue and fibrous scar tissue after chemotherapy, and the accuracy rate is low. Clinical evaluation is affected by subjective factors such as the experience of clinical physicians, and the evaluation is prone to deviations, and there are drawbacks that the curative effect cannot be accurately evaluated. Histopathological evaluation is the gold standard for evaluating tumor response after chemotherapy. The diagnostic accuracy is reliable, but it needs to be performed after NAC and surgery. It has a noticeable lag and cannot understand the sensitivity of chemotherapy drugs in time, and it is not easy to adjust the chemotherapy regimen in time. It is easy to miss the best time to adjust the plan. Therefore, it is crucial to find new indicators that can respond to the curative effect on time and be tested repeatedly to monitor it.

In summary, NAC is an essential treatment for breast cancer. Early evaluation of its efficacy has become a hot trend in today’s precision medicine era. Although there are many methods, various methods have their pros and cons. The evaluation of new technologies still needs a large number of clinical verifications. An accurate assessment of the stage of disease development is conducive to the development of individualized treatment plans and effectively curbs the overtreatment phenomenon that prevails at this stage. In order to seek more convenient, more sensitive, and more specific disease diagnosis and evaluation methods, the author believes that the improvement and improvement of NAC efficacy evaluation can be considered from the following aspects, physical evaluation of blood vessel growth, tumor size, and other indicators, functional evaluation of tumor growth, metabolism and other indicators, and supplementation of imaging examination to improve the accuracy of lesion judgment. NAC can be better used in clinical treatment by studying tumor molecular biology in large sample cases. Therefore, while developing new technologies, in the process of clinical application, macroscopic imaging must be combined with microscopic biomarkers, and substantive indicators must be combined with functional indicators to establish a more scientific and efficient system of disease treatment evaluation.





Author contributions

There was equal contribution from YC and YQ to the manuscript. The manuscript was written by YQ and YC after reviewing the literature. YC and YQ drafted and revised table. YC designed and made the figure. Manuscript design and revision were done by KW. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the National Natural Science Foundation of China (#81972490).




Acknowledgments

The authors gratefully acknowledge the financial supports by the National Natural Science Foundation of China (grant No.#81972490). The authors also acknowledge Dr. XH for help with language editing and figure artwork.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Conforti, F, Pala, L, Sala, I, Oriecuia, C, De Pas, T, Specchia, C, et al. Evaluation of pathological complete response as surrogate endpoint in neoadjuvant randomised clinical trials of early-stage breast cancer: systematic review and meta-analysis. BMJ (2021) 375:e066381. doi: 10.1136/bmj-2021-066381

3. Li, J, and Jiang, Z. Chinese society of clinical oncology breast cancer (Csco bc) guidelines in 2022: stratification and classification. Cancer Biol Med (2022) 19(6):769. doi: 10.20892/j.issn.2095-3941.2022.0277

4. Dubsky, P, Pinker, K, Cardoso, F, Montagna, G, Ritter, M, Denkert, C, et al. Breast conservation and axillary management after primary systemic therapy in patients with early-stage breast cancer: the lucerne toolbox. Lancet Oncol (2021) 22(1):e18–28. doi: 10.1016/S1470-2045(20)30580-5

5. Tabchy, A, Valero, V, Vidaurre, T, Lluch, A, Gomez, H, Martin, M, et al. Evaluation of a 30-gene paclitaxel, fluorouracil, doxorubicin, and cyclophosphamide chemotherapy response predictor in a multicenter randomized trial in breast cancer30-gene T/fac response predictor in breast cancer. Clin Cancer Res (2010) 16(21):5351–61. doi: 10.1158/1078-0432.CCR-10-1265

6. Hatzis, C, Pusztai, L, Valero, V, Booser, DJ, Esserman, L, Lluch, A, et al. A genomic predictor of response and survival following taxane-anthracycline chemotherapy for invasive breast cancer. Jama (2011) 305(18):1873–81. doi: 10.1001/jama.2011.593

7. Untch, M, Konecny, GE, Paepke, S, and von Minckwitz, G. Current and future role of neoadjuvant therapy for breast cancer. Breast (2014) 23(5):526–37. doi: 10.1016/j.breast.2014.06.004

8. Vasudevan, D, Jayalakshmy, P, Kumar, S, and Mathew, S. Assessment of pathological response of breast carcinoma in modified radical mastectomy specimens after neoadjuvant chemotherapy. Int J Breast Cancer (2015) 2015:536145. doi: 10.1155/2015/536145

9. Fisusi, FA, and Akala, EO. Drug combinations in breast cancer therapy. Pharm Nanotechnol (2019) 7(1):3–23. doi: 10.2174/2211738507666190122111224

10. Lv, C, Yan, C, Xiang, C, and Yu, L. Predictive value of acoustic radiation force impulse imaging in breast cancer after neoadjuvant chemotherapy. Biotechnol Genet Eng Rev (2023), 1–11. doi: 1080/02648725.2023.2191087


11. Hayashi, M, Yamamoto, Y, and Iwase, H. Clinical imaging for the prediction of neoadjuvant chemotherapy response in breast cancer. Chin Clin Oncol (2020) 9(3):31. doi: 10.21037/cco-20-15

12. Sannachi, L, Gangeh, M, Tadayyon, H, Sadeghi-Naini, A, Gandhi, S, Wright, FC, et al. Response monitoring of breast cancer patients receiving neoadjuvant chemotherapy using quantitative ultrasound, texture, and molecular features. PloS One (2018) 13(1):e0189634. doi: 10.1371/journal.pone.0189634

13. Garbar, C, and Curé, H. Fine-needle aspiration cytology can play a role in neoadjuvant chemotherapy in operable breast cancer. Int Scholarly Res Notices (2013) 2013:935796. doi: 935796


14. Layman, RM, Thomas, DG, Griffith, KA, Smerage, JB, Helvie, MA, Roubidoux, MA, et al. Neoadjuvant docetaxel and capecitabine and the use of thymidine phosphorylase as a predictive biomarker in breast cancer. Clin Cancer Res (2007) 13(14):4092–7. doi: 10.1158/1078-0432.CCR-07-0288

15. Xian, Z, Quinones, AK, Tozbikian, G, and Zynger, DL. Breast cancer biomarkers before and after neoadjuvant chemotherapy: does repeat testing impact therapeutic management? Hum Pathol (2017) 62:215–21. doi: 10.1016/j.humpath.2016.12.019

16. Cortazar, P, Zhang, L, Untch, M, Mehta, K, Costantino, JP, Wolmark, N, et al. Pathological complete response and long-term clinical benefit in breast cancer: the ctneobc pooled analysis. Lancet (2014) 384(9938):164–72. doi: 10.1016/S0140-6736(13)62422-8

17. Fasching, PA, Gaß, P, and Hein, A. Neoadjuvant treatment of breast cancer-advances and limitations. Breast Care (2016) 11(5):313. doi: 10.1159/000452463

18. Haque, W, Verma, V, Hatch, S, Suzanne Klimberg, V, Brian Butler, E, and Teh, BS. Response rates and pathologic complete response by breast cancer molecular subtype following neoadjuvant chemotherapy. Breast Cancer Res Treat (2018) 170:559–67. doi: 10.1007/s10549-018-4801-3

19. Zhang, J, Sun, M, Chang, E, Lu, C-Y, Chen, H-M, and Wu, S-Y. Pathologic response as predictor of recurrence, metastasis, and survival in breast cancer patients receiving neoadjuvant chemotherapy and total mastectomy. Am J Cancer Res (2020) 10(10):3415. doi: 10.2139/ssrn.3680079

20. Xu, W, Chen, X, Deng, F, Zhang, J, Zhang, W, and Tang, J. Predictors of neoadjuvant chemotherapy response in breast cancer: A review. OncoTargets Ther (2020) 13:5887. doi: 10.2147/OTT.S253056

21. Debik, J, Euceda, LR, Lundgren, S, HvdL, G, Garred, Ø, Borgen, E, et al. Assessing treatment response and prognosis by serum and tissue metabolomics in breast cancer patients. J Proteome Res (2019) 18(10):3649–60. doi: 10.1021/acs.jproteome.9b00316

22. Wang, Y, Li, L, Liu, X, Wang, Y, Tang, Z, Wu, Y, et al. Treatment response correlation between primary tumor and axillary lymph nodes after neoadjuvant therapy in breast cancer: A retrospective study based on real-world data. Gland Surg (2021) 10(2):656. doi: 10.21037/gs-20-686

23. Harbeck, N, Schneeweiss, A, Thuss-Patience, P, Miller, K, Garbe, C, Griesinger, F, et al. Neoadjuvant and adjuvant end-points in health technology assessment in oncology. Eur J Cancer (2021) 147:40–50. doi: 10.1016/j.ejca.2021.01.006

24. Taleghamar, H, Moghadas-Dastjerdi, H, Czarnota, GJ, and Sadeghi-Naini, A. Characterizing intra-tumor regions on quantitative ultrasound parametric images to predict breast cancer response to chemotherapy at pre-treatment. Sci Rep (2021) 11(1):1–13. doi: 10.1038/s41598-021-94004-y

25. Dobruch-Sobczak, K, Piotrzkowska-Wróblewska, H, Klimonda, Z, Karwat, P, Roszkowska-Purska, K, Clauser, P, et al. Multiparametric ultrasound examination for response assessment in breast cancer patients undergoing neoadjuvant therapy. Sci Rep (2021) 11(1):1–9. doi: 10.1038/s41598-021-82141-3

26. Candelaria, RP, Adrada, BE, Lane, DL, Rauch, GM, Moulder, SL, Thompson, AM, et al. Mid-treatment ultrasound descriptors as qualitative imaging biomarkers of pathologic complete response in patients with triple-negative breast cancer. Ultrasound Med Biol (2022) 48(6):1010–8. doi: 10.1016/j.ultrasmedbio.2022.01.018

27. Adrada, BE, Candelaria, R, Moulder, S, Thompson, A, Wei, P, Whitman, GJ, et al. Early ultrasound evaluation identifies excellent responders to neoadjuvant systemic therapy among patients with triple-negative breast cancer. Cancer (2021) 127(16):2880–7. doi: 10.1002/cncr.33604

28. Ochi, T, Tsunoda, H, Matsuda, N, Nozaki, F, Suzuki, K, Takei, H, et al. Accuracy of morphologic change measurements by ultrasound in predicting pathological response to neoadjuvant chemotherapy in triple-negative and her2-positive breast cancer. Breast Cancer (2021) 28(4):838–47. doi: 10.1007/s12282-021-01220-5

29. Shia, W-C, Chen, D-R, Huang, Y-L, Wu, H-K, and Kuo, S-J. Effectiveness of evaluating tumor vascularization using 3d power doppler ultrasound with high-definition flow technology in the prediction of the response to neoadjuvant chemotherapy for T2 breast cancer: A preliminary report. Phys Med Biol (2015) 60(19):7763. doi: 10.1088/0031-9155/60/19/7763

30. Kim, R, Chang, JM, Lee, H-B, Lee, SH, Kim, S-Y, Kim, ES, et al. Predicting axillary response to neoadjuvant chemotherapy: breast mri and us in patients with node-positive breast cancer. Radiology (2019) 293(1):49–57. doi: 10.1148/radiol.2019190014

31. Zhang, L, Bao, L-Y, Tan, Y-J, Zhu, L-Q, Xu, X-J, Zhu, Q-Q, et al. Diagnostic performance using automated breast ultrasound system for breast cancer in Chinese women aged 40 years or older: A comparative study. Ultrasound Med Biol (2019) 45(12):3137–44. doi: 10.1016/j.ultrasmedbio.2019.08.016

32. Han, X, Jin, S, Yang, H, Zhang, J, Huang, Z, Han, J, et al. Application of conventional ultrasonography combined with contrast-enhanced ultrasonography in the axillary lymph nodes and evaluation of the efficacy of neoadjuvant chemotherapy in breast cancer patients. Br J Radiol (2021) 94(1125):20210520. doi: 10.1259/bjr.20210520

33. Jarrett, AM, Hormuth, DA II, Wu, C, Kazerouni, AS, Ekrut, DA, Virostko, J, et al. Evaluating patient-specific neoadjuvant regimens for breast cancer via a mathematical model constrained by quantitative magnetic resonance imaging data. Neoplasia (2020) 22(12):820–30. doi: 10.1016/j.neo.2020.10.011

34. Lee, YJ, Kim, SH, Kang, BJ, and Kim, YJ. Contrast-enhanced ultrasound for early prediction of response of breast cancer to neoadjuvant chemotherapy. Ultraschall Med (2019) 40(2):194–204. doi: 10.1055/a-0637-1601

35. Xing, D, Mao, N, Dong, J, Ma, H, Chen, Q, and Lv, Y. Quantitative analysis of contrast enhanced spectral mammography grey value for early prediction of pathological response of breast cancer to neoadjuvant chemotherapy. Sci Rep (2021) 11(1):1–9. doi: 10.1038/s41598-021-85353-9

36. Sigrist, RM, Liau, J, El Kaffas, A, Chammas, MC, and Willmann, JK. Ultrasound elastography: review of techniques and clinical applications. Theranostics (2017) 7(5):1303. doi: 10.7150/thno.18650

37. Gu, J-H, He, C, Zhao, Q-Y, and Jiang, T-A. Usefulness of new shear wave elastography in early predicting the efficacy of neoadjuvant chemotherapy for patients with breast cancer: where and when to measure is optimal? Breast Cancer (2022) 29(3):478–86. doi: 10.1007/s12282-021-01327-9

38. Cong, R, Li, J, and Guo, S. A new qualitative pattern classification of shear wave elastograghy for solid breast mass evaluation. Eur J Radiol (2017) 87:111–9. doi: 10.1016/j.ejrad.2016.12.021

39. Jeffers, AM, Sieh, W, Lipson, JA, Rothstein, JH, McGuire, V, Whittemore, AS, et al. Breast cancer risk and mammographic density assessed with semiautomated and fully automated methods and bi-rads. Radiology (2017) 282(2):348. doi: 10.1148/radiol.2016152062

40. Girometti, R, Zanotel, M, Londero, V, Bazzocchi, M, and Zuiani, C. Comparison between automated breast volume scanner (Abvs) versus hand-held ultrasound as a second look procedure after magnetic resonance imaging. Eur Radiol (2017) 27(9):3767–75. doi: 10.1007/s00330-017-4749-4

41. Girometti, R, Zanotel, M, Londero, V, Linda, A, Lorenzon, M, and Zuiani, C. Automated breast volume scanner (Abvs) in assessing breast cancer size: A comparison with conventional ultrasound and magnetic resonance imaging. Eur Radiol (2018) 28(3):1000–8. doi: 10.1007/s00330-017-5074-7

42. He, P, Cui, L-G, Chen, W, and Yang, R-L. Subcategorization of ultrasonographic bi-rads category 4: assessment of diagnostic accuracy in diagnosing breast lesions and influence of clinical factors on positive predictive value. Ultrasound Med Biol (2019) 45(5):1253–8. doi: 10.1016/j.ultrasmedbio.2018.12.008

43. Xiao, X, Dong, L, Jiang, Q, Guan, X, Wu, H, and Luo, B. Incorporating contrast-enhanced ultrasound into the bi-rads scoring system improves accuracy in breast tumor diagnosis: A preliminary study in China. Ultrasound Med Biol (2016) 42(11):2630–8. doi: 10.1016/j.ultrasmedbio.2016.07.005

44. D’Angelo, A, Orlandi, A, Bufi, E, Mercogliano, S, Belli, P, and Manfredi, R. Automated breast volume scanner (Abvs) compared to handheld ultrasound (Hhus) and contrast-enhanced magnetic resonance imaging (Ce-mri) in the early assessment of breast cancer during neoadjuvant chemotherapy: an emerging role to monitoring tumor response? La radiologia Med (2021) 126(4):517–26. doi: 10.1007/s11547-020-01319-3

45. Park, AY, Seo, BK, and Han, M-R. Breast ultrasound microvascular imaging and radiogenomics. Korean J Radiol (2021) 22(5):677. doi: 10.3348/kjr.2020.1166

46. Wang, B, Chen, Y-Y, Yang, S, Chen, Z-W, Luo, J, Cui, X-W, et al. Combined use of shear wave elastography, microvascular doppler ultrasound technique, and bi-rads for the differentiation of benign and Malignant breast masses. Front Oncol (2022) 12, 906501. doi: 10.3389/fonc.2022.906501

47. Li, J, Song, Y, Xu, S, Wang, J, Huang, H, Ma, W, et al. Predicting underestimation of ductal carcinoma in situ: A comparison between radiomics and conventional approaches. Int J Comput assisted Radiol Surg (2019) 14(4):709–21. doi: 10.1007/s11548-018-1900-x

48. Jiang, M, Li, C-L, Luo, X-M, Chuan, Z-R, Lv, W-Z, Li, X, et al. Ultrasound-based deep learning radiomics in the assessment of pathological complete response to neoadjuvant chemotherapy in locally advanced breast cancer. Eur J Cancer (2021) 147:95–105. doi: 10.1016/j.ejca.2021.01.028

49. Théberge, I, Vandal, N, Guertin, M-H, and Perron, L. The mammography screening detection of ductal carcinoma in situ and invasive breast cancer according to women’s characteristics: is it the same? Breast Cancer Res Treat (2019) 174(2):525–35. doi: 10.1007/s10549-018-05095-7

50. Park, J, Chae, EY, Cha, JH, Shin, HJ, Choi, WJ, Choi, Y-W, et al. Comparison of mammography, digital breast tomosynthesis, automated breast ultrasound, magnetic resonance imaging in evaluation of residual tumor after neoadjuvant chemotherapy. Eur J Radiol (2018) 108:261–8. doi: 10.1016/j.ejrad.2018.09.032

51. Comes, MC, La Forgia, D, Didonna, V, Fanizzi, A, Giotta, F, Latorre, A, et al. Early prediction of breast cancer recurrence for patients treated with neoadjuvant chemotherapy: A transfer learning approach on dce-mris. Cancers (2021) 13(10):2298. doi: 10.3390/cancers13102298

52. Choi, WJ, Kim, WK, Shin, HJ, Cha, JH, Chae, EY, and Kim, HH. Evaluation of the tumor response after neoadjuvant chemotherapy in breast cancer patients: correlation between dynamic contrast-enhanced magnetic resonance imaging and pathologic tumor cellularity. Clin Breast Cancer (2018) 18(1):e115–e21. doi: 10.1016/j.clbc.2017.08.003

53. Wu, C, Jarrett, AM, Zhou, Z, Elshafeey, N, Adrada, BE, Candelaria, RP, et al. Mri-based digital models forecast patient-specific treatment responses to neoadjuvant chemotherapy in triple-negative breast cancer. Cancer Res (2022) 82(18):3394–404. doi: 10.1158/0008-5472.CAN-22-1329

54. Guo, L, Du, S, Gao, S, Zhao, R, Huang, G, Jin, F, et al. Delta-radiomics based on dynamic contrast-enhanced mri predicts pathologic complete response in breast cancer patients treated with neoadjuvant chemotherapy. Cancers (2022) 14(14):3515. doi: 10.3390/cancers14143515

55. Tahmassebi, A, Wengert, GJ, Helbich, TH, Bago-Horvath, Z, Alaei, S, Bartsch, R, et al. Impact of machine learning with multiparametric magnetic resonance imaging of the breast for early prediction of response to neoadjuvant chemotherapy and survival outcomes in breast cancer patients. Invest Radiol (2019) 54(2):110. doi: 10.1097/RLI.0000000000000518

56. Chen, H, Li, W, Wan, C, and Zhang, J. Correlation of dynamic contrast-enhanced mri and diffusion-weighted mr imaging with prognostic factors and subtypes of breast cancers. Front Oncol (2022) 12. doi: 10.3389/fonc.2022.942943

57. Suo, S, Yin, Y, Geng, X, Zhang, D, Hua, J, Cheng, F, et al. Diffusion-weighted mri for predicting pathologic response to neoadjuvant chemotherapy in breast cancer: evaluation with mono-, bi-, and stretched-exponential models. J Trans Med (2021) 19(1):1–12. doi: 10.1186/s12967-021-02886-3

58. Montemezzi, S, Camera, L, Giri, MG, Pozzetto, A, Caliò, A, Meliadò, G, et al. Is there a correlation between 3t multiparametric mri and molecular subtypes of breast cancer? Eur J Radiol (2018) 108:120–7. doi: 10.1016/j.ejrad.2018.09.024

59. Liu, Z, Li, Z, Qu, J, Zhang, R, Zhou, X, Li, L, et al. Radiomics of multiparametric mri for pretreatment prediction of pathologic complete response to neoadjuvant chemotherapy in breast cancer: A multicenter study. Clin Cancer Res (2019) 25(12):3538–47. doi: 10.1158/1078-0432.CCR-18-3190

60. Chang, JM, Leung, JW, Moy, L, Ha, SM, and Moon, WK. Axillary nodal evaluation in breast cancer: state of the art. Radiology (2020) 295(3):500–15. doi: 10.1148/radiol.2020192534

61. Groheux, D, Biard, L, Lehmann-Che, J, Teixeira, L, Bouhidel, FA, Poirot, B, et al. Tumor metabolism assessed by fdg-pet/ct and tumor proliferation assessed by genomic grade index to predict response to neoadjuvant chemotherapy in triple negative breast cancer. Eur J Nucl Med Mol Imaging (2018) 45(8):1279–88. doi: 10.1007/s00259-018-3998-z

62. Romeo, V, Accardo, G, Perillo, T, Basso, L, Garbino, N, Nicolai, E, et al. Assessment and prediction of response to neoadjuvant chemotherapy in breast cancer: A comparison of imaging modalities and future perspectives. Cancers (2021) 13(14):3521. doi: 10.3390/cancers13143521

63. Gallins, P, Saghapour, E, and Zhou, Y-H. Exploring the limits of combined image/'Omics analysis for non-cancer histological phenotypes. Front Genet (2020) 11:555886. doi: 10.3389/fgene.2020.555886

64. Gillies, RJ, Kinahan, PE, and Hricak, H. Radiomics: images are more than pictures, they are data. Radiology (2016) 278(2):563. doi: 10.1148/radiol.2015151169

65. Guerini-Rocco, E, Botti, G, Foschini, MP, Marchiò, C, Mastropasqua, MG, Perrone, G, et al. Role and Evaluation of Pathologic Response in Early Breast Cancer Specimens after Neoadjuvant Therapy: Consensus Statement. London, England: SAGE Publications Sage UK (2021). p. 03008916211062642.

66. Ogston, KN, Miller, ID, Payne, S, Hutcheon, AW, Sarkar, TK, Smith, I, et al. A new histological grading system to assess response of breast cancers to primary chemotherapy: prognostic significance and survival. Breast (2003) 12(5):320–7. doi: 10.1016/S0960-9776(03)00106-1

67. Rogé, M, Salleron, J, Kirova, Y, Guigo, M, Cailleteau, A, Levy, C, et al. Different prognostic values of tumour and nodal response to neoadjuvant chemotherapy depending on subtypes of inflammatory breast cancer, a 317 patient-study. Cancers (2022) 14(16):3928. doi: 10.3390/cancers14163928

68. Garutti, M, Griguolo, G, Botticelli, A, Buzzatti, G, De Angelis, C, Gerratana, L, et al. Definition of high-risk early hormone-positive her2– negative breast cancer: A consensus review. Cancers (2022) 14(8):1898. doi: 10.3390/cancers14081898

69. Bui, KT, Willson, ML, Goel, S, Beith, J, and Goodwin, A. Ovarian suppression for adjuvant treatment of hormone receptor-positive early breast cancer. Cochrane Database Sys Rev (2020) 3(3):CD013538. doi: 10.1002/14651858.CD013538

70. Okano, M, Oshi, M, Butash, AL, Asaoka, M, Katsuta, E, Peng, X, et al. Estrogen receptor positive breast cancer with high expression of androgen receptor has less cytolytic activity and worse response to neoadjuvant chemotherapy but better survival. Int J Mol Sci (2019) 20(11):2655. doi: 10.3390/ijms20112655

71. Keilty, D, Namini, SN, Swain, M, Maganti, M, Cil, TD, McCready, DR, et al. Patterns of recurrence and predictors of survival in breast cancer patients treated with neoadjuvant chemotherapy, surgery, and radiation. Int J Radiat Oncol Biol Phys (2020) 108(3):676–85. doi: 10.1016/j.ijrobp.2020.04.044

72. Pu, S, Wang, K, Liu, Y, Liao, X, Chen, H, He, J, et al. Nomogram-derived prediction of pathologic complete response (Pcr) in breast cancer patients treated with neoadjuvant chemotherapy (Nct). BMC Cancer (2020) 20(1):1–12. doi: 10.1186/s12885-020-07621-7

73. Schettini, F, and Prat, A. Dissecting the biological heterogeneity of her2-positive breast cancer. Breast (2021) 59:339–50. doi: 10.1016/j.breast.2021.07.019

74. Díaz-Gil, L, Brasó-Maristany, F, Locatelli, C, Centa, A, Győrffy, B, Ocaña, A, et al. Modelling hypersensitivity to trastuzumab defines biomarkers of response in her2 positive breast cancer. J Exp Clin Cancer Res (2021) 40(1):1–16. doi: 10.1186/s13046-021-02098-z

75. Chen, X, He, C, Han, D, Zhou, M, Wang, Q, Tian, J, et al. The predictive value of ki-67 before neoadjuvant chemotherapy for breast cancer: A systematic review and meta-analysis. Future Oncol (2017) 13(9):843–57. doi: 10.2217/fon-2016-0420

76. Luen, S, Salgado, R, Dieci, M, Vingiani, A, Curigliano, G, Gould, R, et al. Prognostic implications of residual disease tumor-infiltrating lymphocytes and residual cancer burden in triple-negative breast cancer patients after neoadjuvant chemotherapy. Ann Oncol (2019) 30(2):236–42. doi: 10.1093/annonc/mdy547

77. Dowsett, M, Smith, IE, Ebbs, SR, Dixon, JM, Skene, A, A'Hern, R, et al. Prognostic value of ki67 expression after short-term presurgical endocrine therapy for primary breast cancer. J Natl Cancer Institute (2007) 99(2):167–70. doi: 10.1093/jnci/djk020

78. Feng, W, Zong, W, Li, Y, Shen, X, Cui, X, and Ju, S. Abnormally expressed long noncoding rna B3galt5-as1 may serve as a biomarker for the diagnostic and prognostic of gastric cancer. J Cell Biochem (2020) 121(1):557–65. doi: 10.1002/jcb.29296

79. Nam, HJ, and Baek, SH. Epigenetic regulation in breast cancer. Adv Exp Med Biol (2021) 1187, 103–19. doi: 10.1007/978-981-32-9620-6_5

80. Suh, KJ, Ryu, HS, Lee, K-H, Kim, H, Min, A, Kim, T-Y, et al. Prognostic effects of abnormal DNA damage response protein expression in breast cancer. Breast Cancer Res Treat (2019) 175(1):117–27. doi: 10.1007/s10549-019-05128-9

81. Oshi, M, Newman, S, Tokumaru, Y, Yan, L, Matsuyama, R, Kalinski, P, et al. Plasmacytoid dendritic cell (Pdc) infiltration correlate with tumor infiltrating lymphocytes, cancer immunity, and better survival in triple negative breast cancer (Tnbc) more strongly than conventional dendritic cell (Cdc). Cancers (2020) 12(11):3342. doi: 10.3390/cancers12113342

82. Kolberg-Liedtke, C, Feuerhake, F, Garke, M, Christgen, M, Kates, R, Grischke, EM, et al. Impact of stromal tumor-infiltrating lymphocytes (Stils) on response to neoadjuvant chemotherapy in triple-negative early breast cancer in the wsg-adapt tn trial. Breast Cancer Res (2022) 24(1):1–13. doi: 10.1186/s13058-022-01552-w

83. Denkert, C, von Minckwitz, G, Darb-Esfahani, S, Lederer, B, Heppner, BI, Weber, KE, et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of breast cancer: A pooled analysis of 3771 patients treated with neoadjuvant therapy. Lancet Oncol (2018) 19(1):40–50. doi: 10.1016/S1470-2045(17)30904-X

84. Liang, H, Li, H, Xie, Z, Jin, T, Chen, Y, Lv, Z, et al. Quantitative multiplex immunofluorescence analysis identifies infiltrating pd1+ Cd8+ and cd8+ T cells as predictive of response to neoadjuvant chemotherapy in breast cancer. Thorac Cancer (2020) 11(10):2941–54. doi: 10.1111/1759-7714.13639

85. Verma, C, Kaewkangsadan, V, Eremin, JM, Cowley, GP, Ilyas, M, El-Sheemy, MA, et al. Natural killer (Nk) cell profiles in blood and tumour in women with large and locally advanced breast cancer (Llabc) and their contribution to a pathological complete response (Pcr) in the tumour following neoadjuvant chemotherapy (Nac): differential restoration of blood profiles by nac and surgery. J Trans Med (2015) 13(1):1–21. doi: 10.1186/s12967-015-0535-8

86. Jin, X, Wang, K, Shao, X, and Huang, J. Prognostic implications of the peripheral platelet-to-lymphocyte ratio and neutrophil-to-lymphocyte ratio in predicting pathologic complete response after neoadjuvant chemotherapy in breast cancer patients. Gland Surg (2022) 11(6):1057. doi: 10.21037/gs-22-244

87. Peeters, D, Van Dam, P, Van den Eynden, G, Rutten, A, Wuyts, H, Pouillon, L, et al. Detection and prognostic significance of circulating tumour cells in patients with metastatic breast cancer according to immunohistochemical subtypes. Br J Cancer (2014) 110(2):375–83. doi: 10.1038/bjc.2013.743

88. Deng, Z, Wu, S, Wang, Y, and Shi, D. Circulating tumor cell isolation for cancer diagnosis and prognosis. EBioMedicine (2022) 83:104237. doi: 10.1016/j.ebiom.2022.104237

89. Bidard, F-C, Michiels, S, Riethdorf, S, Mueller, V, Esserman, LJ, Lucci, A, et al. Circulating tumor cells in breast cancer patients treated by neoadjuvant chemotherapy: A meta-analysis. JNCI: J Natl Cancer Institute (2018) 110(6):560–7. doi: 10.1093/jnci/djy018

90. Bareche, Y, Buisseret, L, Gruosso, T, Girard, E, Venet, D, Dupont, F, et al. Unraveling triple-negative breast cancer tumor microenvironment heterogeneity: towards an optimized treatment approach. JNCI: J Natl Cancer Institute (2020) 112(7):708–19. doi: 10.1093/jnci/djz208

91. Wellenstein, MD, Coffelt, SB, Duits, DE, van Miltenburg, MH, Slagter, M, de Rink, I, et al. Loss of P53 triggers wnt-dependent systemic inflammation to drive breast cancer metastasis. Nature (2019) 572(7770):538–42. doi: 10.1038/s41586-019-1450-6

92. Van Berckelaer, C, Vermeiren, I, Vercauteren, L, Rypens, C, Oner, G, Trinh, XB, et al. The evolution and prognostic role of tumour-infiltrating lymphocytes and peripheral blood-based biomarkers in inflammatory breast cancer patients treated with neoadjuvant chemotherapy. Cancers (2021) 13(18):4656. doi: 10.3390/cancers13184656

93. Yuan, Y, Vora, N, Sun, C-L, Li, D, Soto-Perez-de-Celis, E, Mortimer, J, et al. Association of pre-chemotherapy peripheral blood pro-inflammatory and coagulation factors with reduced relative dose intensity in women with breast cancer. Breast Cancer Res (2017) 19(1):1–10. doi: 10.1186/s13058-017-0895-5

94. Yang, Q, Zhao, S, Shi, Z, Cao, L, Liu, J, Pan, T, et al. Chemotherapy-elicited exosomal mir-378a-3p and mir-378d promote breast cancer stemness and chemoresistance via the activation of ezh2/stat3 signaling. J Exp Clin Cancer Res (2021) 40(1):1–18. doi: 10.1186/s13046-021-01901-1

95. Chung, SH, Feldman, MD, Martinez, D, Kim, H, Putt, ME, Busch, DR, et al. Macroscopic optical physiological parameters correlate with microscopic proliferation and vessel area breast cancer signatures. Breast Cancer Res (2015) 17(1):1–14. doi: 10.1186/s13058-015-0578-z

96. Rauch, GM, Adrada, BE, Kuerer, HM, Van La Parra, RF, Leung, JW, and Yang, WT. Multimodality imaging for evaluating response to neoadjuvant chemotherapy in breast cancer. Am J Roentgenol (2017) 208(2):290–9. doi: 10.2214/AJR.16.17223

97. Fowler, AM, Mankoff, DA, and Joe, BN. Imaging neoadjuvant therapy response in breast cancer. Radiology (2017) 285(2):358–75. doi: 10.1148/radiol.2017170180

98. Reig, B, Heacock, L, Lewin, A, Cho, N, and Moy, L. Role of mri to assess response to neoadjuvant therapy for breast cancer. J Magnetic Resonance Imaging (2020) 52(6):10.1002/jmri.27145. doi: 10.1002/jmri.27145

99. Ueda, S, Yoshizawa, N, Shigekawa, T, Takeuchi, H, Ogura, H, Osaki, A, et al. Near-infrared diffuse optical imaging for early prediction of breast cancer response to neoadjuvant chemotherapy: A comparative study using 18f-fdg pet/ct. J Nucl Med (2016) 57(8):1189–95. doi: 10.2967/jnumed.115.167320

100. Wang, Y, Waters, J, Leung, ML, Unruh, A, Roh, W, Shi, X, et al. Clonal evolution in breast cancer revealed by single nucleus genome sequencing. Nature (2014) 512(7513):155–60. doi: 10.1038/nature13600

101. Trayes, KP, and Cokenakes, SE. Breast cancer treatment. Am Family Physician (2021) 104(2):171–8.

102. Baslan, T, and Hicks, J. Unravelling biology and shifting paradigms in cancer with single-cell sequencing. Nat Rev Cancer (2017) 17(9):557–69. doi: 10.1038/nrc.2017.58

103. Papalexi, E, and Satija, R. Single-cell rna sequencing to explore immune cell heterogeneity. Nat Rev Immunol (2018) 18(1):35–45. doi: 10.1038/nri.2017.76

104. Azizi, E, Carr, AJ, Plitas, G, Cornish, AE, Konopacki, C, Prabhakaran, S, et al. Single-cell map of diverse immune phenotypes in the breast tumor microenvironment. Cell (2018) 174(5):1293–308. e36. doi: 10.1016/j.cell.2018.05.060

105. Burstein, H, Curigliano, G, Thürlimann, B, Weber, W, Poortmans, P, Regan, M, et al. Customizing local and systemic therapies for women with early breast cancer: the St. Gallen international consensus guidelines for treatment of early breast cancer 2021. Ann Oncol (2021) 32(10):1216–35. doi: 10.1016/j.annonc.2021.06.023

106. Zajkowska, M, Lubowicka, E, Fiedorowicz, W, Szmitkowski, M, Jamiołkowski, J, and Ławicki, S. Human plasma levels of vegf-a, vegf-C, vegf-D, their soluble receptor-vegfr-2 and applicability of these parameters as tumor markers in the diagnostics of breast cancer. Pathol Oncol Res (2019) 25(4):1477–86. doi: 10.1007/s12253-018-0527-0

107. Costa, C, Muinelo-Romay, L, Cebey-López, V, Pereira-Veiga, T, Martínez-Pena, I, Abreu, M, et al. Analysis of a real-world cohort of metastatic breast cancer patients shows circulating tumor cell clusters (Ctc-clusters) as predictors of patient outcomes. Cancers (2020) 12(5):1111. doi: 10.3390/cancers12051111

108. Strati, A, Zavridou, M, Kallergi, G, Politaki, E, Kuske, A, Gorges, TM, et al. A comprehensive molecular analysis of in vivo isolated epcam-positive circulating tumor cells in breast cancer. Clin Chem (2021) 67(10):1395–405. doi: 10.1093/clinchem/hvab099

109. Tay, TKY, and Tan, PH. Liquid biopsy in breast cancer: A focused review. Arch Pathol Lab Med (2021) 145(6):678–86. doi: 10.5858/arpa.2019-0559-RA

110. Wang, Q-S, He, R, Yang, F, Kang, L-J, Li, X-Q, Fu, L, et al. Foxf2 deficiency permits basal-like breast cancer cells to form lymphangiogenic mimicry by enhancing the response of vegf-C/vegfr3 signaling pathway. Cancer Lett (2018) 420:116–26. doi: 10.1016/j.canlet.2018.01.069

111. Zhou, W, Wu, M, Lin, H, Chen, W, Lu, G, Yang, F, et al. Potential value of tumor stiffness and se-cadherin in predicting the response to neoadjuvant therapy in her2-positive breast cancers. Future Oncol (2022) 18(25):2817–25. doi: 10.2217/fon-2022-0326

112. Dwedar, FI, Shams-Eldin, RS, Nayer Mohamed, S, Mohammed, AF, and Gomaa, SH. Potential value of circulatory microrna10b gene expression and its target E-cadherin as a prognostic and metastatic prediction marker for breast cancer. J Clin Lab Anal (2021) 35(8):e23887. doi: 10.1002/jcla.23887

113. Zhang, Z, Wang, J, Shanmugasundaram, KB, Yeo, B, Möller, A, Wuethrich, A, et al. Tracking drug-induced epithelial–mesenchymal transition in breast cancer by a microfluidic surface-enhanced raman spectroscopy immunoassay. Small (2020) 16(13):1905614. doi: 10.1002/smll.201905614

114. Na, T-Y, Schecterson, L, Mendonsa, AM, and Gumbiner, BM. The functional activity of E-cadherin controls tumor cell metastasis at multiple steps. Proc Natl Acad Sci (2020) 117(11):5931–7. doi: 10.1073/pnas.1918167117




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Chen, Qi and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2023.1169010_cover.jpg
, frontiers ‘ Frontiers in Oncology

Neoadjuvant chemotherapy for breast
cancer: an evaluation of its efficacy and
research progress





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Neoadjuvant chemotherapy for breast cancer: an evaluation of its efficacy and research progress

      

        		

          1 Introduction

        



        		

          2 Macroscopic imaging

        

          		

            2.1 Ultrasound technology

          

            		

              2.1.1 Conventional ultrasound

            



            		

              2.1.2 Color Doppler flow imaging

            



            		

              2.1.3 Contrast-enhanced ultrasonography

            



            		

              2.1.4 Ultrasound elastography

            



            		

              2.1.5 Automatic breast volume scanner

            



            		

              2.1.6 Superb microvascular imaging

            



          



          



          		

            2.2 Mammography

          



          		

            2.3 Magnetic resonance imaging

          

            		

              2.3.1 Conventional magnetic resonance imaging

            



            		

              2.3.2 Dynamic contrast-enhanced magnetic resonance imaging

            



            		

              2.3.3 Diffusion-weighted imaging

            



            		

              2.3.4 Intravoxel incoherent motion diffusion-weighted imaging

            



          



          



          		

            2.4 Positron emission tomography - computed tomography

          



          		

            2.5 Imageomics

          



        



        



        		

          3 Microscopic pathology

        

          		

            3.1 Histopathological evaluation

          



          		

            3.2 Tumor biomarkers

          

            		

              3.2.1 Estrogen receptor, progesterone receptor

            



            		

              3.2.2 Human epidermal growth factor receptor-2

            



            		

              3.2.3 Cell proliferation marker ki-67

            



          



          



          		

            3.3 Tumor abnormal protein

          



          		

            3.4 Tumor immunology

          

            		

              3.4.1 Tumor infiltrating lymphocytes

            



            		

              3.4.2 Circulating immune cells

            



            		

              3.4.3 Circulating tumor cells

            



          



          



          		

            3.5 Tumor microenvironment

          



        



        



        		

          4 The progress of new technology

        

          		

            4.1 New ultrasound imaging system

          



          		

            4.2 Single-cell sequencing

          



          		

            4.3 Serological indicators

          



          		

            4.4 Metabolite

          



        



        



        		

          5 Conclusion and outlook

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1169010-g001.jpg
Prediction of response to NAC

Breast
tissue

Breast
oyst

\Right 12

3 CMINIPPLE = RS < -2 B &1 g g‘ .
RiouT TRANG 4 08 PALP ; 3 oan > ? B! 4-,,&‘%

markers

Imageomics Tumor Immune Microenviro

L &I L&
FEEEEL

Primary tmer

2 0s0 L
I_ mil

PR O

S ES &S

FEEEE S
imary s

Identified metabolites

OPTIMUS Serum Biomarkers Metabolomics






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Categories Mammograms’ results Treatments
Category 0 No findings Additional imaging evaluation and/or comparison to prior mammograms is needed.
Category 1 Negative No treatments.
Category 2 Benign(noncancerous) finding No treatments.
Category 3 Probably benign finding Follow-up in a short time frame is suggested.
Category 4 Suspicious abnormality Biopsy should be considered.
Category 5 Highly suggestive of malignancy Appropriate action should be taken.
Category 6 Known biopsy-proven malignancy Appropriate action should be taken.
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Mammograms’ results

Grade 0

Grade 1

Grade 2

Grade 3

Grade 4

No change or some alteration to individual malignant cells but no reduction in overall cellularity.
A minor loss of tumor cells but overall cellularity still high; up to 30% loss.
Between an estimated 30% and 90% reduction in tumour cells.
A marked disappearance of tumor cells such as only small clusters or widely dispersed individual cells remain; more than 90% loss of tumor cells.

No malignant cells identifiable in sections from the site of the tumor; only vascular fibroelastotic stroma remains often containing macrophages. However,
ductal carcinoma in situ (DCIS) may be present.






