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Editorial on the Research Topic 


Heterogeneity in breast cancer: clinical and therapeutic implications


Breast cancer (BC) is a complex disease with high intratumoral and intertumoral heterogeneity. Such heterogeneity plays a critical role in treatment response, therapeutic failure, and disease outcome (1). Despite significant advances in early detection and therapy, BC remains the leading cause of cancer-related death in women worldwide (2). While clinicians and researchers are actively engaged in identifying the optimal treatment strategy, the limited understanding of the molecular mechanism of BC heterogeneity in the context of drug resistance and disease recurrence represents one of the major challenges in current BC research. To address this issue, there is a growing interest in developing innovative methods to better understand the mechanisms underlying BC heterogeneity in order to facilitate effective diagnosis and provide tailored treatment.

The Research Topic entitled “Heterogeneity in Breast Cancer: Clinical and Therapeutic Implications” includes 16 research articles, 1 review, 1 network meta-analysis, and 1 case report that address various aspects of heterogeneity in BC disease: histologic and immunohistochemical characteristics, clinical manifestations, radiomic features, surgical and medical approaches, treatment responses, implications of DNA repair gene alterations and treatment adherence. Below are the main topics covered in the various articles.

Conventional imaging techniques, such as mammography, ultrasound, and magnetic resonance imaging (MRI) are effective tools for measuring heterogeneity in BC patients. Several studies have demonstrated that specific imaging-related features such as mass lesion shape, margin characteristics, T2 signal intensity, and contrast enhancement dynamics, reflect the distinct molecular subtypes of breast tumors.

Moreover, in order to improve current prognostic models and treatment planning, radiomics, a non-invasive approach that combines quantitative features extracted from medical imaging with genomic biosignatures, has emerged in recent years as a strategy to study BC heterogeneity (3).

Phyllodes tumors are uncommon neoplasms that exhibit both epithelial and mesenchymal characteristics, resembling fibroadenomas in terms of their histological appearance. These tumors can range in morphological presentation from benign to malignant. When assessed by conventional MRI, it can be challenging to distinguish between the features of benign, borderline, and malignant phyllodes tumors due to their overlapping characteristics (4). In their retrospective study, Fang et al. demonstrated that the apparent diffusion coefficient (ADC) value, a parameter derived from diffusion-weighted imaging (DWI), offers quantitative information with the ability to differentiate between phyllodes tumors, fibroadenomas, and breast neoplasms and to provide a classification of phyllodes tumors.

The integration of histological, clinicopathological, and molecular information, in addition to individual patient characteristics and preferences, is essential to establishing the optimal therapeutic pathway for a patient. 

Surrogate classification of BC subtypes based on biological markers such as estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), and Ki67 expression levels accurately predict clinical characteristics of recurrence patterns and disease-free survival. Several studies on BC have revealed that single Progesterone Receptor (sPR) expression is associated with more aggressive behavior in early-stage BC, resembling the characteristics of triple-negative breast cancer (TNBC)  (5). Luo et al. conducted a retrospective analysis involving a large cohort of 10,877 metastatic BC patients to understand the behavior and prognosis of sPR-positive and TNBC patients with advanced disease. The study results suggest that, as in the early stage, even in the advanced or metastatic setting, sPR-positive and TNBC patients show similar biological behavior supporting chemotherapy as the preferred treatment option for these subtypes.

Triple-positive breast cancer (TPBC), characterized by positivity for HER2, ER, and PR, is a rare subtype displaying features linked to a less favorable prognosis compared to other Luminal B-like BC (6).

To improve risk assessment, Geng et al. conducted a retrospective analysis of data from the Fourth Military Medical University Affiliated Xijing Hospital and the SEER database. The study identified several independent risk factors affecting the prognosis of TPBC patients, including age, chemotherapy, radiotherapy, TNM stage, and the type of surgery. These prognostic variables were then utilized to construct a nomogram designed to predict the 3-year and 5-year overall survival rates of TPBC patients. Nomograms are statistical prognostic models that are particularly useful for individualizing the clinical decision-making process, especially in the case of rare tumor types, and provide an easier estimation of the probability of a specific event than that with traditional evaluation methods (7). In particular, this nomogram serves as a valuable tool for clinicians to estimate and communicate the likelihood of survival outcomes based on individual patient characteristics and treatment modalities.

Approximately half of breast cancers, traditionally classified as HER2 negative exhibit low levels of HER2 expression, identified by an immunohistochemical (IHC) score of 1+ or 2+ with negative in situ hybridization. Retrospective data suggests that HER2-low BC does not represent a distinct subtype in terms of biological characteristics. Nevertheless, the prognostic impact of HER2-low expression BC remains controversial (8).

In a meta-analysis of 14 studies involving 52106 patients Wei et al. found that among early-stage, HER2-low-expressing BC patients, OS was better in the overall population and the hormone receptor-positive and TNBC subgroups. Notably, favorable DFS and RFS were observed in both the overall population and the hormone receptor-positive subgroup.

Since HER2-low breast cancer is highly unstable during disease progression, Shang et al. explored the evolution of HER2 expression in primary breast cancer and residual tumors after neoadjuvant therapy in 775 patients with pathological non-pCR breast cancer after preoperative therapy. HER2-low-expressing breast cancers accounted for just over half (59.61%) of the total HER2-negative cohort, with the proportion of HER2-low cases in breast cancer samples with residual tumors after neoadjuvant therapy being lower than in BC primaries. This discrepancy was primarily attributed to the phenomenon of HER2-low cases switching to HER2-zero status. Specifically, approximately 17% of patients with HER2-low primary BC experienced a transition to HER2-zero status following neoadjuvant therapy. In contrast, approximately 38% of patients initially identified as HER2-zero in the primary tumor shifted to HER2-low, providing additional evidence of the instability associated with HER2-low expression. This study confirmed the correlation between HER2-low and HR status but also demonstrated a correlation with AR status. These findings underscore the importance of re-evaluating HER2 status in BC patients following neoadjuvant therapy. This approach expands the range of treatment options available to patients. However, whether HER2-low BC can be definitively classified as a new subtype requires further confirmation through additional studies.

The metaplastic tumor is another extremely rare BC defined by the histological presence of at least two cell types, typically epithelial and mesenchymal components. This variant shows a TNBC phenotype with more aggressive behavior, less chemosensitivity, and a worse prognosis in comparison to other BC types (9). Based on the Surveillance, Epidemiology, and End Results (SEER) database and cases from the Union Hospital of Fujian Medical University, Zheng et al. analyzed prognostic factors (age, T stage, N stage, M stage, surgery, and radiotherapy) and constructed a nomogram to provide more accurate individualized survival analyses for patients with this rare histotype. Male BC is a seldom-occurring condition, accounting for less than 1% of all malignancies in men and less than 1% of malignant breast tumors. Due to the absence of established treatment guidelines, patients with BC are currently managed similarly to the female population. Nevertheless, male BC exhibits different characteristics and clinical behavior compared to its female counterpart, highlighting the need for a unique predictive model to develop a personalized therapeutic approach (10). To this end, Wen et al. developed a prediction model based on univariate and multivariate logistic regression analyses. By extrapolating data from the SEER registry between 2010 and 2015 and cases from Fujian Medical University Union Hospital, the authors showed that the type of surgery, age, T and M status, histologic grade, expression of ER and HER2, and use of chemotherapy were predictors of male BC prognosis and used them to construct a nomogram that outperformed the AJCC staging system. 

Improved survival rates following cancer diagnosis have resulted in an increase in the occurrence of second primary cancers. While extensive research has been conducted on the risks of second primary malignancies in female BC patients over several decades, there is a notable lack of knowledge when it comes to second primary tumors in men (11). Huang et al. performed an analysis of data from 1,843 male patients with BC collected from the SEER database. They employed competing risk models and nomograms to create tools for predicting the probability of cancer-specific mortality and the development of second primary malignancies. According to their predictive model, factors such as older age at diagnosis, advanced TNM stage, lack of surgery and radiotherapy, a waiting time of more than one month before treatment initiation, and positive hormone receptor and HER2 status were associated with a less favorable prognosis in male BC patients. Furthermore, they developed an additional prediction model to assess the risk of second primary malignancies in male BC survivors. This model aims to facilitate risk-based follow-up and counseling.

Nearly 10% of breast cancers are related to the inheritance of damaged genes. The most common inherited gene mutations that increase the risk of BC are involved in the DNA repair pathway. In particular, genetic variants in Homologous Recombination Repair (HRR) genes, including BRCA1 and BRCA2, ATM, PALB2, and RAD51, play a critical role in BC inheritance and susceptibility (12). Yu and Wang’s meta-analysis focused on the relationship between polymorphisms in the HRR RAD51, G172T XRCC2, and XRCC3 genes and BC risk, showing an increased cancer risk associated with polymorphisms in the RAD51 genes which was significantly higher in the Arab population.

Moreover, homologous recombination deficiency confers increased sensitivity to PARPi and platinum (13). In order to assess the efficacy and safety of various pharmacotherapies for patients with metastatic, locally advanced, or recurrent BC carrying pathogenic BRCA1/BRCA2 variants, Zhu et al. conducted a network meta-analysis including nine randomized controlled trials (RCTs) with 1,912 participants. They demonstrated that, despite the increased occurrence of side effects, the most effective treatment combination for patients with advanced BC harboring germline BRCA variants was the use of PARP inhibitors alongside platinum-based chemotherapy.

Furthermore, the complex crosstalk between tumor cells and other cells in the microenvironment contributes to defining the tumor’s profile and behavior. Among these, tumor-infiltrating immune cells play two contrasting roles: they can protect against tumor progression by killing immunogenic neoplastic cells but, at the same time, they can also contribute to tumor escape and drug resistance by shaping tumor immunogenicity. Reactivation of the immune system using immune checkpoint inhibitors (ICIs) has emerged as a promising therapeutic strategy for many solid tumors and, more recently, for BC patients. BC has traditionally been considered an immunologically “cold” tumor with a low tumor mutational burden. However, among BC, TNBC and HER2+ subtypes exhibit certain indicators of immunogenicity, including Tumor Mutational Burden (TMB), high Tumor Infiltrating Lymphocytes (TILs), and expression of immunoinhibitory molecules. Preclinical studies demonstrating the enhanced immune-mediated effects of anti-HER2 monoclonal antibody therapy when combined with PD-1 antibodies, strongly support the addition of ICIs in HER2+ BC. Various immunotherapeutic strategies, including combinations of anti-HER2 therapy with ICIs and novel vaccines, are currently under investigation for the management of HER2+ BC (14). Nevertheless, none of these approaches has received regulatory approval to date. Padmanabhan et al. developed a mathematical model-based study demonstrating that the combination therapy of trastuzumab (anti-HER2 monoclonal antibody) and BMS-202 (anti-PD-1/PD-L1 small molecule inhibitor) significantly inhibits the growth of HER2+ BC cell lines, surpassing the efficacy of monotherapies, even in an immune cell-depleted environment. Results from in vitro monoculture experiments suggest that BMS-202 may suppress tumor growth not only by modulating the immune response but also by interfering with HER2+ BC growth signaling pathways. However, further studies are needed to demonstrate the potential interaction between PD-1/PD-L1 inhibitors and HER2 growth signaling pathways in BC.

In addition to genetic aberrations and the tumor microenvironment, environmental conditions, which are known to vary with changes in altitude, are relevant modulators of disease development and outcome (15). Chen et al. focused on BC patients at high altitudes who showed distinct characteristics in patient delay, BMI, tumor size, lymph node metastasis, and subtype distribution. This study highlights the complexity of factors influencing BC heterogeneity and suggests the need for a personalized therapeutic approach for patients living at high altitudes.

The prognosis of BC is influenced not only by the intrinsic characteristics of the tumor and its interactions with the microenvironment but also, particularly in the early stages, by the impact of surgical and radiotherapy (RT) treatments, along with patient adherence to medical therapy.

In the early stages, breast-conserving treatment or mastectomy are the surgical options. Given the increasing incidence of BC in young women and the limited evidence available regarding its management in this population (16), Pu et al. explored whether young patients (≤35 years old) might derive greater survival benefit from either breast-conserving surgery (BCS) or mastectomy. They performed a univariate and multivariate logistic regression analysis to identify independent factors influencing the benefit of BCS in young BC patients. According to the nomogram, among patients aged ≤35 years, those with older age, with lower T and N stages, and treated with postoperative RT without chemotherapy were more likely to benefit from BCS. These findings provide clinicians with guidance for decision-making.

Adjuvant RT after BCS for early-stage BC is considered the standard treatment because it improves the survival rate and reduces the risk of recurrence. The supine position has been widely used for radiotherapy in BC, but some evidence suggests better cosmetic outcomes and lower rates of late toxicity in the prone position (17). Gao et al. compared the prone and supine positions to assess differences in dose distribution and normal organ sparing when using VMAT in these two positions. In addition, they aimed to identify the biotype that derives the greatest benefit from RT administered in the prone position. The greatest benefit of the prone position was reported in patients with right-sided BC, those characterized by a drooping breast shape, a larger breast and cup size, and, in particular, a larger chest height dimension.

Adjuvant endocrine therapy (AET) is a mainstay of treatment in the management of women with HR+ tumors. However, the side effects of AET pose a significant challenge for BC survivors, leading to irregular adherence and treatment interruptions, which may have detrimental effects on their overall survival (18). The review by Huifang et al. focuses on the mechanism of poor adherence to endocrine therapy in BC patients. Clinical data show that the neuro-immuno-endocrine mechanisms play a decisive role in the occurrence of adverse reactions leading to poor compliance. The rapid decrease in estrogen levels triggered by AIs within a short timeframe intensifies sympathetic activity, thereby modulating the release of inflammatory factors by diverse immune cells. Therefore, gaining a deeper understanding of the potential mechanisms underlying poor adherence during treatment could reveal pharmacological targets and guide early clinical intervention, aiming to improve adherence and maximize the benefits for BC patients.

In de novo metastatic disease, which accounts for approximately 6% of metastatic BC, locoregional therapy (LRT) is controversial with inconsistent results from randomized control trials (RCTs) (19). In their review, Merloni et al. examine all available data and aim to identify a specific patient subgroup that may derive the greatest benefit from LRT for the primary tumor. Even if the majority of RCTs did not support LRT of the primary tumor, this conclusion should be interpreted with caution in view of the limitations identified including small sample sizes and the utilization of outdated systemic therapies. Conversely, the results of some retrospective studies and one Turkish randomized trial suggest that patients with oligometastatic, bone-only disease, and HR-positive disease may be the best candidates for LRT. In this context, biomarkers such as circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA) may be useful to better predict the metastatic disease course. Therefore, considering the advances in systemic therapies and radiotherapeutic/surgical methods the authors suggest designing further randomized trials, in which a properly selected population, and new biomarkers are strongly encouraged.

In conclusion, our Research Topic offers a comprehensive overview of various aspects of BC heterogeneity to unravel the complexity of BC. These efforts aim to lay the foundation for more effective and personalized diagnostic and therapeutic approaches. Continued research in this area is crucial, as it has the potential to guide future cancer therapy and ultimately improve outcomes.
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Objective

To determine the preoperative magnetic resonance imaging (MRI) findings of breast cancer on dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) and diffusion-weighted magnetic resonance imaging (DWI) in different molecular subtypes.



Materials and methods

A retrospective study was conducted on 116 breast cancer subjects who underwent preoperative MRI and surgery or biopsy. Three radiologists retrospectively assessed the morphological and kinetic characteristics on DCE-MRI and tumor detectability on DWI, by using apparent diffusion coefficient (ADC) values of lesions. The clinicopathologic and MRI features of four subtypes were compared. The correlation between clinical and MRI findings with molecular subtypes was evaluated using the chi-square and ANOVA tests, while the Mann–Whitney test was used to analyze the relationship between ADC and prognostic factors.



Results

One hundred and sixteen women diagnosed with breast cancer confirmed by surgery or biopsy had the following subtypes of breast cancer: luminal A (27, 23.3%), luminal B (56, 48.2%), HER2 positive (14, 12.1%), and triple-negative breast cancer (TNBC) (19, 16.4%), respectively. Among the subtypes, significant differences were found in axillary node metastasis, histological grade, tumor shape, rim enhancement, margin, lesion type, intratumoral T2 signal intensity, Ki-67 index, and paratumoral enhancement (p < 0.001, p < 0.001, p < 0.001, p < 0.001, p < 0.001, p < 0.001, p < 0.001, p < 0.001, and p = 0.02, respectively). On DWI, the mean ADC value of TNBC (0.910 × 10−3 mm2/s) was the lowest compared to luminal A (1.477×10−3 mm2/s), luminal B (0.955 × 10−3 mm2/s), and HER2 positive (0.996 × 10−3 mm2/s) (p < 0.001). Analysis of the correlation between different prognostic factors and ADC value showed that only axillary lymph node status and ADC value had a statistically significant difference (p = 0.009).



Conclusion

The morphologic features of MRI can be used as imaging biomarkers to identify the molecular subtypes of breast cancer. In addition, quantitative assessments of ADC values on DWI may also provide biological clues about molecular subtypes.





Keywords: ADC value, dynamic contrast-enhanced MR imaging, diffusion-weighted MR imaging, breast cancer, molecular subtypes



Introduction

Breast cancer is a group of heterogeneous diseases with different molecular subtypes, morphological features, clinical behaviors, and treatment responses. For a better patient-based approach, one of the most important indicators to evaluate disease and its prognosis is the molecular subtype, together with tumor size, histological grade, and the presence of metastatic axillary lymph nodes (1, 2). In addition to these, other standard histological factors are useful to determine different prognoses and management of the disease, including histological grade, the Ki-67 proliferation index, and the expression of the estrogen receptor (ER), the progesterone receptor (PR), and the human epidermal growth factor receptor 2 (HER2) (3). By immunohistochemistry and fluorescence in-situ hybridization, the current commonly accepted molecular subtypes include luminal A (ER+/PR+/HER2−, Ki-67 < 15%), luminal B (ER+/PR+ or –/HER2 positive or negative, Ki-67 ≥ 15%), HER2-enriched (EP−/PR−, HER2 positive), and triple-negative breast cancer (TNBC) (ER−/RP−, HER2 negative). Several studies have confirmed that distinct molecular subtypes respond differently to therapy and are related to different prognoses: luminal A is usually the most common molecular subtype and typically confers the best prognosis, luminal B shows a good response to radiation therapy and has intermediate survival, and HER2-enriched and triple-negative breast cancer have a good response to chemotherapy but the worst overall survival (4, 5).

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is the most accurate and the highest sensitivity diagnostic imaging technique for detecting breast cancer, which might not be identified with mammography or ultrasound (6, 7). In the case of breast cancer, the ability to predict tumor molecular subtypes with imaging may provide an important contribution to clinical practice of early treatment planning and understanding of prognosis. Until now, very little is known about the diffusion-weighted MRI (DWI) characteristics of different subtypes of breast cancer (8). By studying the underlying biological and functional characteristics, DWI is expected to eventually improve our understanding of the subtypes of breast cancer, especially prognosis and treatment plans (9–13). The aim of our study was to investigate the MRI features of the molecular subtypes of cancer in patients using DCE-MRI and DWI.



Materials and methods


Patient selection

The local institutional review board approved this retrospective study, and the informed consent requirement was waived. A retrospective analysis was performed on 116 women aged 26–74 years who underwent breast magnetic resonance examination and have been submitted to biopsy or surgery with the diagnosis of breast cancer in our hospital from September 2017 to March 2022. The following exclusion criteria were applied: 1) patients treated with neoadjuvant chemotherapy; 2) patients with incomplete information on ER, PR, and HER2 status; and 3) those who dropped treatment or did not receive follow-up treatment in our hospital.



Histopathologic assessment

Serial slices of specimens from breast-conserving surgery or from mastectomy were analyzed by one pathologist who evaluated the size of the tumor, axillary node invasion, and histopathologic grade according to the Elston–Ellis classification and then classified the histotype according to the World Health Organization system. The tissue specimens were fixed with 10% formaldehyde, embedded in paraffin, sliced into 5-μm-thick sections, and stained with hematoxylin and eosin (HE). The receptor status was considered positive if the expression of each receptor was 10% or greater. In HER2 immunohistochemical staining, a score of 0 or 1+ was negative, 3+ was positive, and 2+ was equivocal, and the status of patients was verified using fluorescence in-situ hybridization (FISH), where FISH results were either positive or negative. Breast cancer was classified into four types according to the expression of ER/PR/HER2 in immunohistochemistry.



Imaging protocol

All breast MR examinations were performed using a 3.0-T MRI system (Signa Pioneer, GE Healthcare (Boston, USA)) in a prone position using dedicated bilateral breast surface coils. Each study included a precontrast non-fat-saturated T1-weighted sequence, a precontrast fat-saturated T2-weighted sequence, and DWI (with two b-values, 0 and 1,000 s/mm2). Gadolinium with meglumine Magenwijan (Guangzhou, China) was administered intravenously at 0.2 mmol/kg. The images were collected once before the contrast scan with 3D Vibrant technology (California, USA), and then eight images within 6 min should be collected after contrast injection. All the 3D Vibrant images used the ReadyView dynamic enhancement curve post-processing.



Image interpretation

Magnetic resonance imaging including DWI was independently reviewed by three radiologists (with 15, 9, and 6 years of experience in breast MRI, respectively), using the American College of Radiology BI-RADS (Breast Imaging Reporting and Data System) MR lexicon (14). All of them were blinded to clinical and pathologic information. The conclusions of the three radiologists were compared and discordances were resolved by consensus. The MR imaging findings were evaluated for lymph node involvement, morphological characteristics (margin, shape, T2 intensity), rim enhancement, and contrast enhancement kinetics, while kinetic analysis was evaluated with a time–intensity curve (TIC). TIC is based on a region of interest (ROI) that is plotted on the brightest enhancement region to avoid bleeding and necrosis. In the end, morphological manifestations, enhancement types, and TIC types of lesions were analyzed and recorded.



Statistical analysis

The chi-square test or Fisher’s exact test was used to compare the clinicopathological features among the four tumor subtypes for categorical variables and the ANOVA test for continuous variables. Categorical data were presented as frequency and percentage, whereas continuous data were presented as mean and standard deviation. To evaluate the normality of the quantitative variable distributions, the Mann–Whitney test and the Kruskal–Wallis test were carried out. All analyses were performed using SPSS version 23 (SPSS Inc., SPSS®, Chicago, IL, USA), with p <0.05 considered to indicate a significant difference.




Results


Clinicopathological features

The clinicopathological features of the patients are summarized in Table 1. Of the 116 invasive breast cancers, 27 (23.3%) were classified as luminal A, 56 (48.2%) as luminal B, 14 (12.1%) as HER2-enriched, and 19 (16.4%) as TNBC. The mean age of the patients was 51.90 ± 10.68 years (range 26 to 74). In our study, invasive ductal carcinoma was the main pathologic type (107 cases, 92.3%), and there were 9 cases only (accounting for 7.7%) of invasive lobular carcinoma and other types of breast cancer. The highest histological grade (grade 3) was associated with HER2-enriched and TNBC compared to the luminal subtypes. Tumor histological grade was significantly different among the four subtypes (p < 0.001), as well as the mean Ki-67 index (p < 0.001) and the presence of axillary nodal status (p < 0.001). However, there were no differences in age and tumor sizes.


Table 1 | Clinicopathological features stratified by molecular subtypes.





MR imaging features

In our study, mass lesions were the most commonly detected in MRI (94%). MR imaging features stratified by molecular subtypes are summarized in Table 2 and two cases are shown in Figures 1, Figure 2. On DCE-MRI, the differences in tumor shape, internal enhancement mode, tumor margin, tumor type, and intratumoral T2 signal intensity among the molecular types were statistically significant between groups (p < 0.001, p < 0.001, p < 0.001, p < 0.001, respectively). Compared to other molecular types, TNBC was more likely to present a regular shape (73.7%), rim enhancement (73.7%), unifocal tumor (78.9%), smooth margin (89.5%), and higher intratumor enhancement of T2 by Bonferroni-adjusted multiple comparisons (89.5%). Moreover, we found that all TNBC patients presented with medium/high T2 signal. Although TNBC in the study was more frequently detected as unifocal lesions than other subtypes (78.9%), the difference was not statistically significant. A detailed analysis of the kinetic curves has shown that all cases have a similar behavior, reaching a plateau before washing out. After dividing the cases into three groups with respect to the tumor diameter (<2, ≥2, <5, ≥5 cm), it was found that there was no significant difference in the distribution of each curve among subgroups as well as tumor size. In addition, the comparative analysis of paratumor signal intensity showed statistically significant differences among subtypes (p = 0.02), which could be better used for molecular typing identification.


Table 2 | MR imaging features stratified by molecular subtypes.






Figure 1 | A 53-year-old woman diagnosed with invasive ductal carcinoma of the luminal B subtype. The T2-weighted image shows a strong hyperintense signal inside the mass without enhancement on subtracted images, representing necrosis. The Vibrant technology shows an irregular mass with an irregular margin and a heterogeneous enhancement. Kinetic curves generated from two regions of the enhanced ring demonstrate a plateau appearance (type II curve).






Figure 2 | A 50-year-old woman with a solitary hyperintensity in T2 lesion, with rim enhancement in Vibrant and a type II kinetic curve (plateau).





Correlation between the prognostic factors and apparent diffusion coefficient values

On DWI, the mean apparent diffusion coefficient (ADC) value of TNBC (0.910 × 10−3 mm2/s) was lower compared to the mean ADC values for luminal A, luminal B, and HER2+ (1.477, 0.955, and 0.996; p < 0.001) (Table 2). The correlation between the prognostic factors and ADC values is summarized in Table 3. The average ADC values of the ER-positive (84, 72.4%) and PR-positive (72, 62.1%) groups were greater than those of the ER- and PR-negative ones (0.993 × 10−3 vs. 0.941 × 10−3 mm2/s, 1.002 × 10−3 vs. 0.940 × 10−3 mm2/s). However, the difference between the ADC values of the HER2 and axillary lymph nodes under different states was higher in the negative group (1.001 × 10−3 vs. 0.923 × 10−3 mm2/s, 1.078 × 10−3 vs. 0.892 × 10−3 mm2/s). The difference was statistically significant only in axillary lymph node status (p = 0.009).


Table 3 | The correlation between the prognostic factors and ADC values.






Discussion

Knowing the molecular subtypes of breast cancer is key to defining a correct, patient-oriented plan. The different molecular subtypes of breast cancer could have different initial symptoms and metastatic spread and respond differently to radiotherapy and chemotherapy (15). These findings suggest that diagnostic tests, treatment strategies, and surveillance may better guide the collection of information from each patient’s specific molecular subtype of breast cancer. Our study provides an additional step in that direction by identifying clinical findings between different molecular subtypes, which may help guide the preoperative use of breast MR imaging.

The cancer subtype has been shown to be a key condition to determine the correct treatment. As of today, though, the existence of axillary lymph node metastasis still determines the treatment sequence (preoperative vs. postoperative), the type of therapy (endocrine, chemotherapy, and/or targeted therapy), and the drugs and cycle used (16, 17). Lymph node status is also helpful to estimate the prognosis and the consequent benefits of systemic therapies. The clinical approaches to the assessment and treatment of axillary breast cancer in the early stage are evolving and are guided by studies supporting less aggressive surgery (18) and more aggressive radiotherapy for lymph node-positive disease (19). However, the relationship between tumor subtypes and axillary lymph node status is currently unclear. Previous studies have had conflicting results on the incidence of lymph node metastasis in TNBC, with no clear evidence of increase in axillary lymph node metastasis in more aggressive tumors (20, 21). Our study found that pathological analysis confirmed the presence of metastatic lymph node metastasis in luminal B and HER2-positive breast cancer, which was consistent with Grimm et al. Because HER2 and luminal B subtypes are easier to diagnose, the clinical use of MRI to help guide treatment plans such as axillary management and systemic therapy may be more effective for HER2 and luminal B subtypes and may influence clinical outcomes (22).

Breast cancer subtypes have some specific imaging features. From the literature, we know that some particular characteristics of TNBC can be found on breast MRI, such as regular shape, smooth edge, rim enhancement, unifocal lesion, higher histological grade, and high intratumoral signal intensity on T2-weighted images (23–27). In contrast, the luminal type of breast cancer showed more irregular-shaped masses on MRI (24, 27), which was consistent with our findings. In our study, 73.7% of TNBC showed rim enhancement. Navarro Vilar et al. (27) confirmed that 68.7% of TNBC tumors had rim enhancement. Based on this conclusion, the authors pointed out that rim enhancement of the mass is the most useful finding for predicting TNBC. According to relevant literature, the incidence of rim enhancement in TNBC varies from 41% to 80% (7, 24, 27), and our findings are also within this range. Meanwhile, we found irregular margin features, homogeneous enhancement, and medium/low T2 signal intensity within the tumor associated with luminal subtypes. These findings are similar to other studies in the literature (23, 27). Due to the different intensities of tissue hyperplasia response, high-grade and fast-growing masses have a well-defined margin, while low-grade and slow-growing masses have a poorly defined margin and are spiculated, which may be explained by the desmoplastic reaction in adjacent breast tissues. This is the main reason for the detection of different morphological characteristics in different subtypes. What is striking is that morphological features such as round shape, circumscribed margin, and increased T2 signal intensity are also indicators of benign breast lesions (28). It should be kept in mind when evaluating breast MRI that these features are common in invasive breast cancer subtypes.

DCE-MRI has high sensitivity in assessing breast cancer, but there are differences in specificity. DWI can improve the diagnostic accuracy of DCE-MRI, and it is usually used as a component of multiparameter imaging to evaluate breast cancer (29–33). Some studies have reported the relationship between ADC values and prognostic factors in other subtypes of breast cancer, except TNBC (34, 35). Studies have reported that in luminal breast cancer, the average ADC value in the high proliferation group was significantly lower than that in the low proliferation group (36). However, few studies have reported the relationship between ADC value and the prognostic factors of breast cancer. In our study, the mean value of ADC was lower in the positive axillary lymph node, HER2-positive, ER-negative, and PR-negative groups. Although such difference was statistically significant only in the axillary lymph node status group, we assumed that the difference between ADC value and other prognostic factors may also be meaningful within a larger sample. A low ADC value is known as a hallmark of malignancy (28, 37). On this premise, we boldly hypothesized that ADC value might be a prognostic indicator of breast cancer.

As we all know, breast cancer is a heterogeneous disease, so early detection may be more helpful in clinical practice, such as early treatment planning and follow-up strategies. Unfortunately, the molecular typing of breast cancer can only be determined by the histopathological assessment of receptor status. Studies have shown that different molecular subtypes can be predicted by imaging findings, such as the shape of mass lesions, rim features, T2 signal intensity, and contrast enhancement features (23–26, 28–31). However, to our knowledge, there is no formal diagnostic method based on MRI.

Different from past research, we not only compared tumor lesions on MRI but also observed specific differences in the signal performance of surrounding tissues. The comparative analysis of paratumor signal intensity showed statistically significant differences among subtypes, which could help us better conduct molecular typing. Furthermore, all patients in our study received 3.0 T MRI. Compared to 1.5 T, our image resolution and quality were better, and these greatly enhanced the credibility of our study.

However, our study also had limitations. The biggest limitation was that the sample size was relatively small, with a limited number of some tumor subtypes. Secondly, this was a retrospective study and all the data were from a single institution, which may lead to selection bias. Finally, our study design did not collect patient prognostic data, which will be an important next step in evaluating the relationship between molecular subtypes and preoperative MRI.



Conclusions

In summary, breast cancer subtypes, especially TNBC, exhibit multiple characteristic MRI features on DCE-MRI. With advances in imaging technology, the morphologic features of MRI can be used as imaging biomarkers to identify the molecular subtypes of breast cancer in the future. In addition, quantitative assessments of ADC values on DWI may also provide biological clues about molecular subtypes. Of course, a multicenter study with a larger sample size is needed to investigate this issue.
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Background

There is a gradual increase of female breast cancer under 35 years old, who was characterized as poor prognosis. Whether young patients could obtain greater survival benefits from breast-conserving surgery (BCS) than mastectomy remains controversial.



Methods

Breast cancer patients (≤35 years old) were selected from the Surveillance, Epidemiology, and End Results (SEER) database and divided into BCS and mastectomy group. Propensity score matching (PSM) was used to eliminate the distributional imbalance of variables among two groups. The influence of BCS on overall survival (OS) and breast cancer-specific survival (BCSS) was evaluated by Cox regression. Logistic regression was used to identify factors related to the benefit of BCS and to construct a nomogram. The nomogram was validated by the First Affiliated Hospital of Xi’an Jiaotong University cohort.



Results

Totally, 15,317 cases in the SEER database and 149 cases of external validation cohort were included. BCS was an independent protective factor for OS (P = 0.028) and BCSS (P = 0.042). A nomogram was established, and the AUC values both in the internal and external validation set were 0.780. The applicability of the model was verified in the PSM cohort and indicated that the survival advantage in the BCS-Benefit group was higher than that in the BCS-Nonbenefit and mastectomy group (P <0.001).



Conclusions

For young breast cancer patients, BCS may bring better OS and BCSS than mastectomy, but not all benefit from it. We constructed a model for young patients (≤35 years old) that could identify appropriate candidates who benefit from BCS.





Keywords: young breast cancer, breast-conserving surgery, mastectomy, survival, nomogram



Introduction

The incidence of breast cancer in young women has been increasing since the mid-1990s and has become a leading cause of cancer death in them (1).There is no consensus on a cutoff age value for defining young women with breast cancer by Eastern and Western scholars. The European Society for Medical Oncology (ESMO) used <40 years old as cutoff age (2), while Chinese researchers regard 35 years old as a reasonable cutoff age. In addition, considering that there is a significant incidence age difference of breast cancer in the worldwide: the average age of breast cancer diagnosis is 45–55 years in China (3), which is 10 years younger than that in Western countries. Therefore, we choose the patients <=35 years old for analysis. Many studies have shown that age <=35 years old was an independent risk factor for local recurrence of breast cancer (4, 5). A previous cohort study reported that the overall survival (OS) and the breast cancer-specific survival (BCSS) rates of patients aged 30 and 30-39 years old were significantly lower than those who were 40-49 or 50-59 (6). The reasons for the poor prognosis in young women with breast cancer are complex, the most important being the more aggressive nature of it, including a high proportion of triple-negative, human epidermal growth factor receptor 2 (HER2) overexpression, grade 3, lymphovascular invasion, and lymphocytic infiltration (7).

The option for local surgical treatment has a significant impact on the prognosis of breast cancer patients. The NSABP B-06 demonstrated that survival outcomes after breast-conserving surgery (BCS) combined with radiotherapy (BCT) were equivalent to those after mastectomy for those with early breast cancer (8). Moreover, A large cohort study found that BCT improved 10-year OS compared with mastectomy (9). However, whether young patients obtain a greater survival benefit from BCS than mastectomy remains controversial. Some analyses of outcomes in young patients who underwent BCS versus mastectomy showed no significant differences in the risk of mortality (10–13). Moreover, some studies have reported that those younger than 35 had an independent risk factor for local recurrence after undergoing BCS (5, 8, 14–17). More recently, several studies have found that patients who underwent BCT have a survival benefit compared to those receiving a mastectomy (9, 18–20).To our knowledge, there are no studies to determine who is more likely to benefit from BCS.

This study aimed to determine who benefits from BCS by extracting breast cancer patients under the age of 35 from the Surveillance, Epidemiology, and End Results (SEER) database for retrospective analysis. Logistic regression was used to screen out factors related to the benefit of BCS and constructed a nomogram. In addition, a cohort from the First Affiliated Hospital of Xi’an Jiaotong University was used for confirmation of the findings. Finally, suitable candidates for BCS were identified and referred for clinical treatment.



Materials and methods


Study population and data collection

Figure 1 shows the process of case screening and analysis. We obtained the data of young female patients with stage T1-3 breast cancer from 1995 to 2016 in the SEER database. The included data were demographic characteristics (age, race, and marital status), tumor-related characteristics (laterality of tumor, grade, histological type, TNM stage, surgical approach, radiation, chemotherapy, and molecular subtype), and follow-up information (survival time and status). Cases with the following characteristics were excluded (1): age > 35 years old (2); male breast cancer (3); bilateral breast cancer (4); distant metastasis (5); follow-up time less than one month (6); incomplete case information. We included 15,317 cases from the SEER database for retrospective analysis. In addition, we also extracted 149 young breast cancer cases who met the inclusion criteria from the First Affiliated Hospital of Xi’an Jiaotong University from 2015 to 2020 as an external validation cohort. The endpoints of this study were OS and BCSS. No intervention or treatment is conducted to patients and the data from SEER database is publicly available, so informed consent is waived in this study.




Figure 1 | Flow diagram of data analysis.





Evaluation of the independent protective effect of BCS on prognosis

We divided the samples into two groups according to the surgical approach: the BCS group and the mastectomy group. To adjust for unbalanced variable distributions between the two groups, we performed propensity score matching (PSM) (21) for age, race, marital status, laterality, grade, histology type, AJCC T stage, N stage, radiation, chemotherapy, and subtype. Patients who received a BCS were matched 1:1 on propensity scores with those who received a mastectomy. The standardized mean difference (SMD) was used to evaluate the difference in distribution between the groups for each variable (22). SMD <10% indicated no significant difference. We next observed the differences in OS and BCSS between the two groups before and after PSM using the Kaplan-Meier (KM) survival analysis. Among the PSM cohort, we performed univariate and multivariate Cox regression analyses to evaluate the independent protective effect of BCS on OS and BCSS.



Construction and validation of a screening nomogram

Entire cohort were randomly divided into training set and validation set in a ratio of 7:3. We performed univariate and multivariate Logistic regression analysis to screen independent predictors of the benefit of BCS in the training set, with a threshold of P <0.05. A nomogram was then constructed based on the results to quantify the likelihood of a benefit from BCS in young patients and to screen possible candidates for receiving it. Next, we validated the predictive performance of the model on the validation set and external cohort. The discrimination and calibration of the model were evaluated by the time-dependent area under the receiver operating characteristic (ROC) curve (AUC) and calibration curve, respectively. Concurrently, we generated decision curve analysis (DCA) to assess the clinical utility of the model (23). In addition, using the 50% likelihood of benefit based on the score of each patient calculated by the nomogram, we divided the patients in the BCS cohort into two groups: the BCS-Benefit group (benefit possibility>50%) and the BCS-Nonbenefit one (benefit possibility <=50%). The KM survival analysis was performed to compare the OS of patients in the BCS-Benefit, BCS-Nonbenefit, and mastectomy groups to determine if the model could quantify the benefit probability of BCS and identify candidates for receiving it.



Statistical analysis

The demographic and clinicopathological characteristics were compared using Pearson’s chi-square test. BCSS and OS were observed by Kaplan-Meier analysis and Cox regression analysis, and the survival outcomes were compared using the log-rank test. Logistic regression analysis was used to screen out independent predictors of the benefit of BCS. All statistical analyses were performed with R software (version 4.1.1, R Foundation for Statistical Computing, Vienna, Austria). A two-tailed P <0.05 was considered statistically significant.




Results


Demographic and clinicopathological features of the patients

We included 15,317 cases from the SEER database (Table 1) and 149 cases from the First Affiliated Hospital of Xi’an Jiaotong University (Supplementary Table 1) for this analysis. As shown in Table 1, 5,738 (37.5%) patients received BCS and 9,579 (62.5%) patients received mastectomy. Most patients were white with IDC histology. Patients with low T stage, N stage, and that had received radiation and chemotherapy accounted for the majority. Most variables before PSM were distributed differently between the two groups (SMD >10%). The unbalance distribution was adjusted for all covariates after PSM, and the 3,625 patients that had BCS were matched with 3625 who had a mastectomy. As shown in Figure 2, all demographic and clinicopathological characteristics, including age, race, marital status, laterality, histology type, grade, T stage, N stage, radiation, chemotherapy, and molecular subtype, were all balanced between the two groups (SMD <10%).


Table 1 | Clinical and pathological characteristics for breast cancer patients before and after PSM.






Figure 2 | The matching effects of the propensity score matching (PSM).





Influence of BCS on the prognosis among PSM cohort

The OS and BCSS before and after PSM of young breast cancer patients are shown in Figure 3. The results revealed that those receiving BCS had a better OS (Figures 3A, B). Similarly, those receiving BCS also produced beneficial outcomes for BCSS (Figures 3C, D). The detailed 3-year, 5-year, and 10-year OS and BCSS rates are shown in Table 2. We also determined the effect of receiving BCS on the prognosis of young breast cancer patients and performed univariate and multivariate Cox regression analysis on OS (Table 3) and BCSS (Supplementary Table 2). The regression analyses indicated that receiving BCS was a significantly protective factor for OS (mastectomy vs. BCS; HR = 1.127, 95% confidence interval (CI): 1.013–1.254, P = 0.028) and BCSS (mastectomy vs. BCS, HR = 1.126; 95% CI: 1.004–1.263, P = 0.042). Moreover, other variables such as age, race, grade, T stage, N stage, and molecular subtype were also independent prognostic factors in young breast cancer patients. However, radiation and chemotherapy were not independent factors for OS and BCSS.




Figure 3 | The KM survival analysis of OS (A, B) and BCSS (C, D) between BCS group and mastectomy group before (A, C) and after PSM (B, D).




Table 2 | Comparison of patient survival rates between the two surgery groups before and after PSM.




Table 3 | Univariate and multivariable analysis of overall survival (OS) predictors in breast cancer patients after PSM.





A nomogram to quantify the benefits of BCS

We conducted univariate and multivariate Logistic regression analysis to identify independent factors influencing the benefit of BCS in young breast cancer patients. The age (P = 0.002), marital status (P < 0.001), T stage (P < 0.001), N stage (P < 0.001), radiation (P < 0.001), and chemotherapy (P < 0.001) were screened out as independent influencing factors (Table 4). Based on these variables, we established a nomogram to identify candidates for BCS in young patients with T1-3 and N0-3 breast cancer (Figure 4). The probability of benefit from BCS was calculated according to the total points in the nomogram (Supplementary Tables 3 and 4). ROC and calibration curves were generated to evaluate the discrimination and calibration. The AUC values in the training and validation sets were 0.790 (Figure 5A) and 0.780 (Figure 6A), respectively. In the external validation cohort, the model also achieved an AUC value of 0.780 (Figure 7A). The calibration curves in the three cohorts indicated that the nomogram has a good prediction ability (Figures 5B, 6B, 7B), with the predicted probability being highly consistent with the actual observed probability. In addition, the DCA curve confirmed the clinical utility of the nomogram (Figures 5C, 6C, 7C).




Figure 4 | The nomogram to predict the benefit from breast conserving surgery (BCS).






Figure 5 | The ROC curve (A), calibration curve (B), and DCA curve (C) of the nomogram in the training set.






Figure 6 | The ROC curve (A), calibration curve (B), and DCA curve (C) of the nomogram in the internal validation set.






Figure 7 | The ROC curve (A), calibration curve (B), and DCA curve (C) of the nomogram in the external validation set.




Table 4 | Univariate and multivariable Logistic analysis of BCS benefit for young breast cancer patients.



Finally, we verified the use of the model in the PSM cohort. Based on the risk score in the nomogram, 1,259 patients were classified in the BCS-Benefit group, and 2,366 patients were classified in the BCS-Nonbenefit group. The KM survival curves were generated to observe the difference in survival benefits between groups (Figure 8). The results showed that the survival advantage of patients in the BCS-Benefit group was higher than that in the BCS-Nonbenefit or mastectomy ones (P <0.001). Moreover, there was no significant difference in OS between the BCS-non-benefit group and mastectomy one (P =0.700). These results indicated that not all young breast cancer patients benefit from BCS, and some have an equal benefit to a mastectomy.




Figure 8 | The KM survival analysis of patients in the BCS-Benefit group, BCS-Nonbenefit group, and mastectomy group.






Discussion

In recent years, the incidence of breast cancer in women under the age of 40 and even 30 has continued to increase, while the prognosis for them is poor. In addition, there are more challenges and demands in the treatment of young breast cancer patients, as well as more socioeconomic implications. There is a lack of reliable evidence for the treatment decisions due to the small proportion of young breast cancer patients in clinical trials (11, 24). Therefore, it is necessary to determine the best way to manage the treatment of young breast cancer patients.

Sun et al. compared prognosis between BCT and mastectomy for early breast cancer in young patients under 40 years old, they found that there was no significant survival difference for 18-35 years old group (25). Quan et al. draw a similar conclusion (26). But two retrospective studies found that BCS could significantly improved prognosis in young breast cancer patients under the age of 40 (27, 28).However, none of the previous studies above have comprehensively establish a model to screen young breast cancer patients who are suitable for BCS. Our study is the first to quantify the benefit of BCS in young breast cancer patients by Logistic regression and to construct a nomogram. In our analysis, the cohort was divided into BCS group and mastectomy group. PSM was performed to eliminate demographic or pathological baseline imbalances between the two groups. We next observed the clinicopathological features between the two groups and identified BCS as an independent factor for OS and BCSS in young patients by univariate and multivariate Cox regression analyses. Finally, we screened out the factors affecting the benefit of BCS by univariate and multivariate Logistic regression and constructed a nomogram. The nomogram was validated that its predictive performance was favorable both in internal and external cohort. Our research showed that receiving BCS could improve the OS and BCSS of young patients, but not all of them benefited from it.

We found that most young patients should receive BCS and benefit from it. This conclusion is consistent with the recommendations of many breast cancer conference guidelines. The St. Gallen Consensus Group in 2013 stated that young age is not an absolute contraindication to BCS (29). The European Association of Breast Cancer Specialists (EUSOMA) working group suggested that BCT is the first choice for suitable young breast cancer patients (30). Moreover, the first International Consensus Conference on Breast Cancer in Young Women proposed the same recommendation (31). For young breast cancer patients, it is emphasized that there be a balance between tumor treatment efficacy, postoperative aesthetics, and long-term complications to protect their physical and mental health. In addition, young patients have a high risk of recurrence after BCS, and follow-up management should be strengthened.

Our analysis indicated that among patients under 35 years old, those who are older age, have lower T and N stage, radiation, as well as no chemotherapy, were associated with a benefit from BCS. Studies have shown that age is an independent risk factor for tumor recurrence after BCS (7). According to our nomogram, in patients <= 35 years old, younger age was associated with less benefit after receiving BCS. In addition, the key to BCS in clinical practice is to ensure that there is no residual tumor at the resection margin when removing the tumor. Therefore, BCS can be performed on patients with T1-3 stage who have an appropriate breast volume and a ratio of tumor to breast volume. Plastic repair techniques for tumors may improve breast shape and symmetry after BCS in young breast cancer patients. For N stage, preoperative confirmation of lymph node metastasis is not an absolute contraindication to BCS, and even for some N1 patients, BCS and postoperative radiotherapy can avoid further axillary lymph node dissection (32). However, patients with N1-3 breast cancer have higher local and regional recurrence risks compared with node-negative patients after BCS (33). Therefore, how to select T and N stages that are more suitable for BCS is crucial. Our model confirms that patients with lower T and N stages are more likely to benefit from BCS, which also provides a reference for clinicians to make decisions. In terms of systemic treatment, BCS followed by radiation is a widely accepted standard approach that allows for organ preservation in most early-stage breast cancers (8, 14). Our study also confirms that patients with postoperative radiation are more likely to benefit from BCS.

The greater benefit of BCS without chemotherapy than with chemotherapy is seen in Logistic regression, and the following aspects should be considered. The cohort study in 127 hospitals in the UK (POSH) and the breast cancer study in young women in Europe (HOHO) showed that young breast cancer patients had a higher proportion of HR+ tumor compared with older women (34, 35). Similar results were found in our findings, with the highest proportion of HR+HER2-type in our study cohort. ESO-ESMO 5th International Consensus Guidelines for Breast Cancer in Young Women (BCY5) confirmed that young breast cancer patients with luminal-like tumors have poorer outcome (2), which may explained by different tumor or host biological behavior, less chemotherapy-induced amenorrhea, poor endocrine therapy response, and poor adherence to adjuvant endocrine therapy etc. According to our analysis, beneficial was diminished after BCS for those received chemotherapy, which was generally associated with poor tumor features of patients received chemotherapy rather than treatment failure. However, considering that our study was a large retrospective study and the under-representation of young breast cancer patients, the results still need to be treated with caution, and more prospective studies are needed to be further verified in the future.

Despite our model having a promising predictive value in identifying appropriate candidates for BCS among young women with breast cancer, several limitations remain. First, some information is missing from the SEER database, such as BRCA1/2 mutation, Ki67, HER2 status before 2010, and tumor progression, which may affect the performance of the model. Second, the impact of systemic therapy on prognosis cannot be analyzed comprehensively, such as endocrine therapy, targeted therapy, and immune therapy. Third, PSM requires a large sample size to achieve high-quality matching, and may lose more data and cause the remaining samples to be unrepresentative. Finally, this is a retrospective study, which may have selection bias, and our findings need to be supplemented and validated with prospective studies.

In conclusion, our findings suggest that BCS can bring better OS and BCSS than mastectomy for young breast cancer patients, but not all benefit from it. Herein we constructed a model for young breast cancer patients (≤35 years old) which could identify appropriate candidates who may benefit from BCS. For patients assigned to the BCS-Nonbenefit group, their OS did not differ from those who received a mastectomy. These findings could provide a reference for clinicians in therapy decisions.
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Purpose

Finding a better treatment position (prone or supine) for whole-breast irradiation for Chinese female patients diagnosed with breast cancer by identify the associations between predictive somatotype parameters and dosimetric gains.



Materials and methods

Two volumetric-modulated arc therapy (VMAT) plans were deployed for whole-breast irradiation in supine and prone position with a total dose of 50 Gy in 25 fractions. Dose-volume parameters were compared and analysed both in the target volume and organs at risk, and equivalent uniform dose-based figure-of-merit (fEUD) models were further used to quantitatively evaluate the overall merits of the two plans. Body shape parameters, including body mass index (BMI), body surface area (BSA), breast shape, cup size, bust size and chest size, were collected. Anatomic features such as the central heart distance (CHD) were measured on supine CT. Spearman’s correlation analysis, receiver operating characteristic (ROC) curve analysis, and the linear regression models were conducted.



Results

Doses to the heart and left anterior descending coronary artery (LADCA) are greater in left-sided breast cancer (BC) patients in the prone position than in the supine position, and the opposite was true for right-sided BC patients (p<0.001). 19 of 63 patients (5 left-sided and 14 right-sided BC) achieved greater benefit from the prone position according to the fEUD score. Right-sided BC patients with a bust size ≥92.25 cm, drop-type breasts and cup size ≥B are very likely to benefit from prone-position radiotherapy. The CHD is significantly positively associated with △fEUD among right-sided BC patients (rho=0.506, p=0.004). Using a cut-off point of 2.215, the CHD had 71.4% sensitivity and 81.2% specificity in predicting a successful prone plan.



Conclusions

Right-sided BC patients had better dosimetric gain in the prone position than left-sided BC patients. The CHD is an especially good and novel predictor that could help to select prone-benefitting right-sided BC patients.





Keywords: breast neoplasms, radiotherapy, prone position, somatotype, Chinese women



Introduction

Breast cancer (BC) is the most commonly diagnosed cancer both in China and the whole world (1, 2). Given the increased prevalence of cancer screening, the proportion of early BC diagnoses has significantly increased. Breast-conserving surgery (BCS) is the standard surgical treatment for operable, early-stage BC. The percentage of patients undergoing BCS increased from 10.83% to 30.83% between 2006 and 2015 in China (3). Adjuvant radiotherapy (RT) after BCS for early-stage BC can effectively improve the survival rate and reduce the risk of recurrence (4, 5) while providing satisfactory cosmetic results as well as psychological support. As such, postoperative RT is considered the standard treatment for early-stage BC.

Generally, the supine position has been widely used for clinical RT in BC, as it is more comfortable and reproducible for patients than the prone position. However, irradiation for BC patients in the prone position could achieve better dose distributions and spare more normal tissue than the supine position (6–8), especially those with large breasts. Two randomized trials focused on the 2-year and 5-year whole breast irradiation outcomes in the prone versus supine positions among large-breasted women (9, 10) demonstrated better cosmetic outcomes and lower rates of late toxicity in the prone position.

Consistent criteria have yet to be established for selecting patients who would benefit most from prone RT. Studies on prone positioning for BC treatment have mainly been conducted in American and European countries. One South Korean study (11) suggested that patients with small breast volumes (such as those with a clinical target volume (CTV) of approximately 100 cm3) could also benefit from the prone position.

Therefore, we conducted this study comparing the prone position with the supine position for delivering volumetric-modulated arc therapy (VMAT) to Chinese BC patients. The purpose was to assess the effects of the prone position on the dose distribution and determine differences in normal organ sparing between VMAT in the two positions. We further attempted to identify that body shape characteristics associated with prone position-benefitting breast RT among Chinese women to provide a reference basis for the rational, clinical use of the radiotherapy position.



Materials and methods


Patients and treatment simulations

The inclusion criteria were as follows: age between 18 and 70 years, pathologically confirmed stage 0-II BC (Tis-T2) after BCS, and Eastern Cooperative Oncology Group performance status 0 or 1. Patients were excluded if they needed irradiation of the locoregional lymph node area and had prosthetic implants, supraclavicular/internal mammary nodes, bilateral BC, previous irradiation or other malignancies. All patients were asked to provide their written informed consent before being registered in the study, and the present study was approved by the ethics committee of Tumor Hospital of Yunnan Province (approval number of Institutional Review Board: KYLX2022025).

Enrolled patients underwent two computed tomography (CT) simulations in the supine and prone positions. First, patients were imaged on a conventional supine breast board (R610-DCF, Klarity Medical & Equipment Co. Ltd. Guangzhou, China) with arms above the head to adequately expose the breast (Figure 1A). Then, they were repositioned on a prone board (R62-BCF4, Klarity Medical & Equipment Co. Ltd. Guangzhou, China) with a removable right and left aperture to allow the index breast tissue to hang away from the chest wall (Figure 1B). The borders of the breast tissue and midline of the chest were marked for each patient with radio-opaque wires before CT acquisition. For both setups, free-breathing CT scans were performed using a large-aperture CT system (SOMATOM Sensation Open 24, Siemens, Germany) without contrast, starting below the mandible and caudally ending below the lower edge of the liver with a slice thickness of 3.0 mm. The CT scan images were transferred to the Treatment Planning System (Monaco version 5.11, Elekta AB, Stockholm, Sweden) of the department.




Figure 1 | Supine/Prone breast board. (A) Supine breast board(Klarity, R610-DCF).(B) Prone breast board(Klarity, R62-BCF4).





Radiotherapy planning and evaluation

CTVs and organs at risk (OARs) were contoured manually according to the Radiation Therapy Oncology Group (RTOG) breast cancer atlas (12) (Figures 2A, B). The breast CTV was contoured up to the inferior margin of the clavicular heads (cranially), to the farthest visible breast contour, at approximately the level of apex disappearance (caudally), to the perforating mammary vessels or to the edge of the sternum (medially), to the anterior edge of the latissimus dorsi (laterally), to the junction of the breast tissue and the pectoralis muscles (posteriorly), and up to 5 mm under the skin surface (anteriorly). The CTV was delineated based on the glandular breast tissue visible on the CT images. Planning target volumes (PTVs) were generated by the addition of three-dimensional, 5-mm margins to the CTV up to 5 mm from the skin. The whole heart was delineated in accordance with the guidelines proposed by Feng et al. (13). The left-anterior descending coronary artery (LADCA) does not include the left main trunk, which was delineated down to the apical level. Considering the planned volume of the heart while beating, the uniform diameter of the LADCA is 1 cm. OARs such as lungs, spinal cord, esophagus and liver were delineated according to the RTOG 1106 atlas (14). In detail, all inflated and collapsed, fibrotic, and emphysematic lungs were contoured with inclusion of small vessels extending beyond the hilar regions, excluding the proximal bronchial tree. The contralateral breast was delineated up to 5 mm under the skin surface. The spinal cord was delineated starting at the same cranial level as the esophagus to the bottom of L2 or at the level in which the cord ended. The oesophagus was delineated starting cranially from the inferior margin of the cricoid and ending inferiorly at the gastroesophageal junction. The whole liver was delineated along the outer edge of the liver, excluding the gallbladder. The CTV and OARs were delineated on CT slices by one radiation oncologist and verified by two other senior experienced radiation oncologists.




Figure 2 | Supine/Prone treatment plans with target and organs at risk delineation. (A) Treatment plans of the supine position. (B) Treatment plans of the prone position.



The RT plans were generated for a Versa HD linear accelerator (Elekta Medical Systems Co., Stockholm, Sweden) with 6 MV photon energy. Previous studies have showed that (15), VMAT could achieve better target conformability and uniformity compared to intensity-modulated radiation therapy (IMRT). Considering the further comparison of dosimetric differences between important normal organs, such as the heart and lung, on the basis of ensuring adequate target coverage, the VMAT irradiation technology being commonly used in our institutions and in this study. Referring to the correlational researches (15, 16), we used a continuous VMAT (cVMAT) treatment plan with one dual arc of (140.0 ± 10.0)∼(320.0 ± 10.0)° for the supine position (Figure 2A). The prone plans consisted of tangential VMAT (tVMAT) plans with two tangential dual arcs of (140.0 ± 10.0)∼(120.0 ± 10.0)° and (340.0 ± 10.0)∼(310.0 ± 10.0)° rotations, accounting for the limitations of the machine boom rotation (Figure 2B). A prescription dose of 50 Gy in 25 fractions was delivered to the whole breast according to the ICRU report 83 (17), with the prescribed dose covering ≥95% of the PTV and ≤7% receiving 105% of the prescribed dose. And according to the relevant research (11) and institutional experience, we constrainted OARs were as follow: V20 < 30% for contralateral lung; mean heart dose < 6 Gy (left and right), and maximum dose of spinal cord <40Gy in the supine position; V20 < 20% for contralateral lung; mean heart dose < 8 Gy (left) or 6Gy (right), and maximum dose of spinal cord < 40 Gy in the prone position. A radiotherapy planning consensus for both sets was achieved by the agreement of more than two physicists. Only the supine treatment plan was used for real-world clinical daily RT.

All plans were compared according to the planning target volume coverage, dose-volume histogram and other dosimetric parameters of normal tissues. For target coverage, we recorded the minimum, maximum and mean doses to the PTV (Dmin, Dmax, Dmean), V95%, V105%, V100%, homogeneity index (HI) (18), and conformity index (CI) (19). The CI and HI were calculated using the following equations: 1) CI=(TV95/TV) × (TV95/V95), where V95 is the total volume receiving 95% of the prescription dose, TV is the target volume, and TV95 is the target volume receiving 95% of the prescription dose, with values closer to 1 indicating optimal conformation; 2) HI= (D2% -D98%)/D50%, where D2%, D50% and D98% are the doses covering 2%, 50% and 98% of the volume of the PTV, with lower values indicating administration of a more homogeneous dose to the target volume. For normal organs, such as the heart and ipsilateral and contralateral lung, we compared Dmax, Dmean, and the percentage of the volume that received more than 5, 10, 20, 30, and 40 Gy (V5, V10, V20, 30, and V40).



Anthropometric body shape parameters

Body shape parameters, including height, weight, body mass index (BMI), body surface area (BSA), bust size and chest size were collected. BMI=weight(kg)/height(m)2. BSA=0.0073×/height(m)+0.0127×weight(kg)-0.2106. Bust size was measured as the circumference around the chest at the plane of the nipple. Chest size was measured as the circumference around the chest under the fold of the breasts. We also collected general information, including the breast shape (Figure 3) and cup size of all patients.




Figure 3 | Type of breast shape.





Supine anatomic feature measurements

Song et al. (20) reported that breast separation (BS) was positively correlated with the mean skin dose and was an important parameter for the selection of electronic tissue compensation radiotherapy. BS was defined as the distance between the entry points of two opposing beams on the central plane. In addition, the central lung distance (CLD) has been said to provide a close estimation of the volumetric lung dose; when the CLD is greater than 3.0 cm, the reduction in the dose delivered to the ipsilateral lung was found to be remarkable when using the medial breast technique (21). The CLD was defined as the perpendicular distance from the chest wall to the posterior border of the tangential fields.

Since the BS and the CLD could only be recorded after RT planning, we choose the modified breast separation (mBS) and modified central lung distance (mCLD) as alternative indicators which could be measured on routine chest CT. The mBS was defined as the distance from the border of the sternum and the anterior border of the latissimus dorsi extending to the skin. The mCLD was defined as the maximum perpendicular distance from the mBS to the posterior part of the anterior chest wall. Both parameters were measured on the central plane (similar to the central PTV plane) from the lower edge of the clavicular head to the cardiac apex on supine CT (Figure 4).




Figure 4 | Anatomic parameters in the supine CT. The central plane from the low edge of clavicular head to the cardiac apex in the supine CT. The breast separation (BS) is the distance between entry points of two opposing beams on the central plane. The central lung distance (CLD) is the perpendicular distance from chest wall to the posterior boarder of the tangential fields.The modified breast separation (mBS) is the distance from the border of the sternum and the anterior border of latissimus dorsi then extending to skin.The modified central lung distance (mCLD) is the maximum perpendicular distance from BS to the posterior part of the anterior chest wall.



Additionally, we creatively assessed a new concept, the central heart distance (CHD), as a predictive parameter for the heart doses. The CHD is the perpendicular distance from the centre point of the heart to the midline on the central heart plane on supine CT (Figure 5). The central heart plane is the middle CT slice from the bifurcation of the pulmonary trunk (superior border) to the last slice containing cardiac tissue (inferior border). The midline was measured from the sternum centre to the posterior margin of the spinous process. The centre point of the heart was automatically computed as a three-dimensional point by Monaco® TPS 5.11.




Figure 5 | CHD in the supine CT. The central heart plane. The central heart distance (CHD) is the perpendicular distance from centre point of heart to the midline.





EUD and fEUD models for plan comparison

The equivalent uniform dose (EUD), defined as the uniform dose giving the same biological effect as a given nonuniform dose distribution, was generalized to normal structures and tumours by Niemierko in 1999 (22). The generalized EUD (gEUD) was calculated based on the power-law dependence of the dose response for the tumour and the OARs with the following simplified formula:  , where vi is the fraction of the reference volume irradiated with dose Di, and a is a free structure-specific parameter that is usually positive for OARs and negative for tumours. Base on the article by a previously published article by Boughalia et al. (23), we set a(PTV)=-6, a(heart)=2, a(ipsilateral lung)=2, a(contralateral lung)=5, a(LADCA)=5, a(contralateral breast)=5, and a(liver)=5. The vi and di values in the prone and supine position plans of each patient were derived from the Monaco TPS and substituted into the EUD formula to calculate the EUD values of the target areas and OARs in the two plans.

Qi et al. (24) created an EUD-based figure-of-merit (fEUD) to quantify the overall plan quality when attempting to use the EUD model to optimize the target and OAR doses. The results showed that the fEUD model can effectively evaluate plans for brain, head and neck, lung, pancreas and prostate tumours. In our previous study, the fEUD model was successfully applied to evaluate the quality of the physical scheme in cervical cancer. The fEUD is computed according to the following equation:

	

where n and m are the numbers of OARs and targets, respectively, wi and wj are the corresponding weighting factors, and k is the relative importance factor between the weighted sums of the EUDs for all targets and the OARs. We set wi, wj and k to 1 in this study. The fEUD value ranges from 0 to 1, with greater values indicating superior plan quality. Then, the EUD value is substituted into the fEUD formula to calculate the fEUD value of the prone position and supine position. Finally, we calculated fEUD(prone-supine) to compare the overall quality of the two plans. A positive value of fEUD(prone-supine) indicates that the prone position plan is better, and a negative value indicates that the supine position plan is better.



Statistical analysis

Dosimetric parameters were examined by the paired t test or Wilcoxon signed-rank test. Correlations were measured using Spearman’s correlation coefficient (rho). Receiver operating characteristic (ROC) curve analyses were used to examine the predictive validity of the somatotype parameters. Linear regression models were used to explore more conveniently measurable predictors. All statistical analyses were conducted by SPSS Statistics software for Windows ver. 25.0 (IBM Corp., Armonk, NY). Differences were considered significant at p values < 0.05.




Results


Dosimetric analyses

Between June 2020 and June 2021, 160 female patients underwent whole-breast RT after BCS were randomly chosen for this study. Of these patients, 58 did not meet the inclusion criteria, and 39 did not give consent and were excluded. Finally, a total of 63 patients were enrolled (33 with left-sided and 30 right-sided breast cancer). The baseline patient characteristics are shown in Table 1.


Table 1 | Patient and tumor characteristics (N=63).



We performed comparisons between the prone and supine positions for the entire patient cohort, and the results are summarized in Table 2. For all patients, the prone position reduced the doses to lungs but increased the average volume of the breast and ipsilateral lung and the Dmean of the contralateral breast relative to the supine position (p< 0.05). For left-sided BC, compared with those of the supine position, all dose values (Dmean and V5-V40) of the heart and the Dmax and Dmean of LADCA were higher in the prone position (p ≤ 0.001). For right-sided BC, the Dmax and Dmean of the LADCA was lower in the prone position than in the supine position (p< 0.001). The Dmean of the heart was lower in the prone position, although the difference was not significant.


Table 2 | Comparison between supine and prone positions for left-sided and right-sided groups.





Overall plan figure-of-merit (fEUD)

Table 3 shows the fEUD values for the prone and supine VMAT plans. We found that 19 patients (5 with left-sided and 14 with right-sided BC) benefitted from the prone position according to this quality score. The mean, minimum, maximum volume of the CTV for these 19 patients were found to be 686.45cm3, 396.98cm3, 1512.25cm3, respectively.


Table 3 | fEUD values for prone plans superior to supine plans.





Correlation analysis

According to the comparison between the two setups’ fEUD values, we used “△fEUD” to assess whether the prone plan was better than the supine plan; if so, the patient was given a value of 1, and otherwise. Correlations between various analysed parameters were calculated using the Pearson test or Spearman rank test, depending on the normality of the distribution. If the assumption of normality was not fulfilled, we calculated the Spearman correlation coefficients. So Spearman’s correlation analysis was conducted between the △fEUD value and the values of the different somatotype parameters (Figure 6). Figure 6 shows the correlation between somatotype parameters and the △fEUD value; for example, the value in the BS grid indicates that the Spearman correlation coefficient (rho) between BS and △fEUD is 0.368, and the corresponding p value is 0.003. We found a weak, positive correlation between BS and △fEUD, and the p value indicates statistical significance. In other words, a longer BS indicates a greater likelihood that the prone position will be better than the supine position. △fEUD was weakly negatively correlated with breast side, bust size, BS and CTV (rho=0.276~0.368, p< 0.05). Subsequently, a multi-index ROC curve was drawn to evaluate the accuracy of these predictors. As shown in Figure 7A, the AUC values for supine CTV, BS, bust size and breast side were 0.702, 0.731, 0.673 and 0.687, respectively; this indicated that supine CTV≥495.996 cm3 (68.4% sensitivity, 68.2% specificity), BS≥21.735 cm (57.9% sensitivity, 84.1% specificity), bust size≥92.25 cm (84.2% sensitivity, 59.1% specificity) and breast side=right (73.7% sensitivity, 63.6% specificity) could predict a benefit from the prone position.




Figure 6 | Color map of rho between “△fEUD” and somatotype parameters. “△fEUD”, whether the prone plan is better than the supine, yes=1, no=0.






Figure 7 | Receiver operating characteristic (ROC) curves. (A) ROC curves of side, bust size, BS and CTV. Area under the curve (AUC) of BS (orange), supine-CTV (blue), breast side (green) and bust size(purple) were 0.731, 0.702, 0.687, 0.673, respectively. (B) ROC curves of CHD for right-sided patients. The cut-off value is 2.215, with a sensitivity of 71.4% and a specificity of 81.2%.



The above results potentially suggest that right-sided breast cancer patients with a CTV≥495.996 cm3, BS≥21.735 cm and bust size≥92.25 cm were very likely to benefit from prone RT. However, the CTV and BS values were not available directly from routine chest CT images. Therefore, we attempted to explore the relationship between BS and CTV and other directly measurable somatotype parameters. Positive correlations were identified between BS and breast shape (rho=0.468, p< 0.001) and between CTV and cup size (rho=0.452, p< 0.001), according to the Spearman correlation analysis. Analysis of the linear models (Table 4) demonstrated that BS≥21.735 cm could represent a breast shape of at least drop type. The model-dependent variable was the BS (linear variable). The independent variable was breast shape (categorical variable), including drop-type, hemisphere-type, cone-type and disc-type, as listed in Table 1. Table 5 shows that CTV≥495.996 cm3 could represent a cup size of at least B. The model-dependent variable was the CTV (linear variable). The independent variable was cup size (categorical variable), including AA, B, C, and G, as listed in Table 1.


Table 4 | Coefficients of Model BS.




Table 5 | Coefficients of Model CTV.



Lower doses were delivered to the heart, LADCA and both lungs for right-sided breast cancer patients, and the fEUD model scored 14/30 right-sided breast cancer patients as the “prone beneficial group”, as previously described. Based on these data, we found that the CHD was significantly and positively associated with △fEUD among right-sided breast cancer patients (rho=0.506, p =0.004), and ROC curve analyses showed an AUC of 0.792 (Figure 7B). When using 2.215 cm as the cut-off value, the CHD index achieved a sensitivity of 71.4% and a specificity of 81.2% in predicting a successful response to prone RT for right-sided breast cancer patients. The CHD was originally designed as a cardiac dose predictor; Spearman’s correlation analysis showed that the CHD was negatively correlated with ΔHeart V10 (prone-supine) among right-sided BC patients (rho=-0.441, p< 0.05) but was not correlated with the heart dose values among left-sided BC patients.




Discussion

Prone-position breast RT has previously been confirmed to be more beneficial for women with pendulous or large breasts of volumes ≥750 or 920.3 cm3 than the supine position (6, 8) because it elongates the treated breast away from the chest wall, which could help to prevent acute skin toxicity, especially along the inframammary fold. This study is one of few about prone breast RT that focus specifically on patients of Eastern ethnicities, such as Chinese, Korean and Japanese, who usually have a smaller breast size and body size than Western women.

Our results suggest that right-sided BC patients with a bust size≥92.25 cm, drop-type breasts and cup size≥ B are highly likely to benefit from prone positioning, while left-sided BC patients conversely are unsuitable for prone RT because of their higher heart and LADCA doses than in the supine position. According to relevant previous studies, the reasons for this phenomenon may include the following. 1) The heart could fall anteriorly towards the chest wall due to gravity in the prone position, moving it closer to the breast target volume and increasing the area that receives higher doses. 2) The average breast size was 549.24 cm3 (in the supine position) in this research, generally smaller than the recommended prone-beneficial breast volume of 750 cm3 in some studies (6). Taking the motion of the heart into account, if the breast is not sufficiently large and pendulous enough to be pulled away from the chest wall, the cardiac dose is likely to increase. 3) The RT technique used in this study is VMAT. Compared with IMRT, which was used in the majority of previous prone-position breast RT studies, the VMAT technique has been shown to improve the target dose homogeneity and conformity but inferior in terms of cardiac protection (15, 25). Our institution has been using the VMAT technique for many years for BC patients who receive RT after BCS in the supine position. With the goal of ensuring better target area coverage, there have been ongoing measures and concerted efforts to help reduce the cardiopulmonary dose as much as possible. Nevertheless, the possible benefit from prone RT for left-sided BC patients cannot be completely excluded. Our research found that the minimum CTV of left-sided BC patients in the prone-beneficial group was 498.615 cm3. A Korean study (11) also showed a dosimetric advantage in prone breast RT for patients with a small breast size (approximately 100 cm3).

When exploring the relationship between body shape and dosimetry, we chose two methods to collect somatotype parameters, i.e., anthropometric and image CT measurements. Moreover, the fEUD model, proposed by Qi et al. (24) was used to score the prone and supine plans for a quantitative assessment of overall quality. The OARs in the formula do not include the skin, spinal cord, or oesophagus, which are less irradiated within the treatment field. Correlation and ROC curve analyses showed that the possibility of a benefit from the prone position increased for a CHD≥2.215 cm for right-sided BC patients.

Several studies (20, 21, 26) have demonstrated that the maximum heart distance (MHD) is a good predictor of the mean heart dose. The MHD was measured as the maximum width of the heart in the tangent fields. Nonetheless, considering the following limitations of the MHD, we did not use it in this study. 1) The MHD needs to be recorded on beam’s eye view of the simulation CT, not on a routine physical examination CT. 2) BC can be either left or right-sided, the MHD in this study was not always a positive value but could also be 0 or negative. Therefore, it cannot be comprehensively and efficiently measured and analysed. 3) The central level of the heart is the distance to the level where the MHD is located, and there is no clear relationship between the two (27). In addition, although it has been demonstrated that other CT lines, such as BS, CLD, mBS and mCLD, are related to cardiopulmonary sparing, they do not yield an obvious prediction.

Therefore, we creatively defined the CHD, which is longer in the prone position than in the supine position because of the left-anterior motion caused by gravity. Logically, if a left-sided BC patient has a longer CHD in the supine position, it means the heart is closer to the target area, and the irradiated volume and dose to the heart will increase when changing from the supine to the prone position. In contrast, the longer the CHD is, the more cardioprotective it is for right-sided BC patients. Consistent with the above hypothesis, our results indicate that the CHD was a good predictive parameter that could be measured on routine chest CT to help select patients with right-sided BC who may benefit from prone-position radiotherapy.

The clinical application and popularization of prone breast RT are mainly restricted for the daily repeatability and stability. Some patients can not tolerate RT in the prone position, especially those with lumbar spine diseases or thoracic malformations. In studies concerning prone BC RT, multiple institutions have modified their prone setups to improve comfort and reduce errors (28). At present, there is no standardized prone-treatment board for breast RT. The prone boards from Orfit, Bionix, and especially Civco have been described in related studies (11, 29). Our prone board was provided by Klarity, and the tendency of the heart to move left anteriorly was less obvious, but the separation of the contralateral breast from the tangential field was not as notably protective as with the board from Civco. No comparison related to comfort and stability could be made.

We first raised the conception of CHD in this study to compare prone vs. supine whole breast radiotherapy for Chinese women, whose somatotype is relatively smaller than that of Western women. We sought to determine whether the smaller body figures and breast size of the Chinese population could benefit from prone radiotherapy. Additionally, we attempted to identify that anatomical characteristics could potentially indicate the benefit of normal tissue, further select the dominant treatment position without two CT simulations,which means more costs for the patients and more workload for physicians and physicists. We also used fEUD models in a innovative and prudent manner to quantitatively evaluate the overall merits of the two plans and the CHD and other geometric lines to explore their correlation with dosimetry.

However, we are aware that the relative small number of cases might increases the contingency of our analysis and some associations might be underestimated. Further studies in a wider cohort are needed to validate our existing results in a greater depth.



Conclusions

For whole-breast irradiation after breast-conserving surgery, compared with the supine position, the prone position resulted in lower heart and ipsilateral lung doses for right-sided BC patients, while higher heart and LADCA doses were observed for patients with left BC. The prone benefit was more prominent for right-sided BC patients with drop-type breasts, greater bust and cup sizes, and, notably, longer CHD.
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As the most commonly used endocrine therapy regimen for patients with hormone receptor-positive (HR+) breast cancer (BC) at present, aromatase inhibitors (AIs) reduce the risk of localized and distant recurrence, contralateral BC and secondary cancer, and prolong disease-free survival. Clinical data show that poor adherence during AI treatment is mainly attributed to muscle and joint pain, fatigue, anxiety, depression and sleep disturbances during treatment. The rapid decline of estrogen caused by AIs in a short period of time enhances sympathetic activity, activates T cells in the body, produces inflammatory factors such as tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ) and interleukin (IL)-17A, and promotes the occurrence of inflammation and bone loss. This article reviewed the mechanism of poor dependence on AIs in BC patients from the neuro-immuno-endocrine (NIE) perspective and provided clues for clinical intervention against poor adherence.
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Introduction

Global cancer reports show that breast cancer (BC), the highest incidence of cancer, has surpassed lung cancer, whose number of annual new cases is estimated to be 2.3 million (1). About 60% of premenopausal patients and 75% of postmenopausal ones have tumors that are positive for hormone receptors, and estrogen can bind to estrogen receptors (ERs) to accelerate BC development and metastasis (2). Thus, endocrine therapy is the first-line treatment option for such patients, specifically selective ER modulators (SERMs) in premenopausal patients and aromatase inhibitors (AIs) in postmenopausal ones. According to the results of a recent meta-analysis, ovarian function suppression (OFS) + AI was able to lower the absolute risk of recurrence to five to 10 years for patients with premenopausal hormone receptor-positive (HR+) BC compared with OFS + SERM (3), and bone density could be maintained by using bisphosphonates to reduce fractures resulting from AIs (4). As a result, AIs have become the most commonly used endocrine therapy for patients with HR+ BC. With the publication of clinical findings, the International Breast Group (BIG) 1-98 study had a median follow-up of 12.6 years, and the results showed that taking letrozole alone for five years significantly reduced the incidence of contralateral BC within 10 years (5). The results of a meta-analysis by CHEN J et al. suggest that prolonged AI therapy for two-three years is necessary and sufficient for patients only receiving tamoxifen or tamoxifen + AI treatment for a total of five years, with positive lymph nodes or tumors ≥ 2 cm (6). Despite significantly increasing the risk of cardiotoxicity, osteoporosis, fractures, bone pain, arthralgia, myalgia and ≥ grade 3 hot flashes in patients, extended therapy can reduce the risk of localized and distant recurrence, contralateral BC and secondary cancer (7, 8), and prolong disease-free survival compared with non-prolonged AI therapy (9).

According to their different action mechanisms, AIs are divided into two categories. The first one is nonsteroidal AIs which bind reversibly to aromatase through ionic bonds and prevent the binding of androgens to the enzyme through competition, namely “competitive inhibition”. The second one is steroidal AIs which bind irreversibly to aromatase in the form of covalent bonds and cause the permanent inactivation of the enzyme, namely “suicidal inhibition”, and such inhibitors are called “lethal inhibitors”. Also known as amino hypnosis, Amlumide is the first generation of AIs, which is nonsteroidal and can inhibit the synthesis of all steroid hormones in adrenal glands and display the function of “drug-induced adrenal resection”. With large side effects, the drug is inconvenient to use and needs to be taken with hydrocortisone. The second generation of AIs includes nonsteroidal fartrazole and steroidal formessteine that have small side effects due to their selective inhabitation of aromatase and whose efficacy however is not better than tamoxifen. Mainly composed of nonsteroidal drugs like anastrozole and letrozole and steroidal ones like exemestane, the third generation of AIs highly selectively inhibits aromatase, with strong specificity and significantly reduced side effects (10).



Poor compliance status and risk factors such as pain sensation, painful mood and sleep disturbances

A total of 8,769 patients with stage I-III HR+ BC were included in a retrospective study between 1996 and 2007, of whom 43%, 26% and 30% took SERM, AI and at least one of both, respectively. A 4.5-year follow-up was conducted, and only 49% of patients underwent hormone therapy throughout the course (11). Statistical analysis showed that early endocrine discontinuation increased all-cause mortality by 26%, and mortality increased with the decreased level of adherence, with an improvement in the overall survival of women who were married, got a high self-esteem scale score, had no lymph nodes and received radiation therapy (12). Karen et al. conducted a 5-year prospective observational study on 321 patients, among whom 43.6% and 56.4% took SERM and AI, respectively. AI therapy is more likely to be discontinued than SERM therapy, and endocrine symptoms and sleep disturbances present during treatment are the main causes of discontinuation (13).

Naoko et al. conducted a questionnaire survey of 8,875 endocrine-treated patients, and obtained the following results: 56- to 69-year-old patients taking AI exhibited significantly higher knuckle stiffness and vaginal dryness than those taking SERM, but demonstrated significantly lower hot flashes, increased vaginal discharge, weight gain and genital bleeding; ≥70-year-old patients taking AI exhibited significantly more frequent or severe sweating, drowsiness, knuckle stiffness, knee/shoulder pain and limb numbness (14). The survey is consistent with the results of the Malaysian study where the development of musculoskeletal pain in patients using AI was more than twice that in those using SERM, patients with longer menopausal periods were less likely to have musculoskeletal pain and menopausal symptoms, and patients receiving primary or secondary education demonstrated significantly fewer menopause urogenital symptoms (15).

A multicenter phase IV clinical trial showed that musculoskeletal pain during AI treatment occurred primarily in the first six months of treatment, with a higher incidence in patients without a pre-treatment history of musculoskeletal pain and greater post-treatment pain intensity in patients with a prior history of pain (16). Joint pain increased significantly during the first year of AI treatment and the health-related quality of life decreased. Patients switching to AI therapy after two-three years of tamoxifen experienced greater pain and were at greater risk of stopping the drug in the first 12 months (17). The results of a prospective cohort study showed that senescence perceptions related to joint pain and depressive symptoms during AI treatment were significantly associated with AI non-compliance, and AI compliance may be improved by intervention in negative emotions (18). After one year of endocrine therapy, speech memory experienced a significant decrease from baseline (19). The results of an 18-year meta-analysis also indicated that endocrine therapy worsened the speech memory of BC patients (20).



Clinically relevant risk factors

Arimidex, Tamoxifen, alone or in combination (ATAC) was a randomized, double-blind and multicenter clinical trial where patients with early postmenopausal BC were randomly assigned to the anatrozole alone, tamoxifen alone or anastrozole plus tamoxifen group, and patients with articular symptoms before enrollment were not analyzed. The results suggest that joint symptoms may be correlated with a sharp decrease in estrogen concentration in early endocrine therapy. Specifically, patients had a history of chemotherapy and estrogen replacement therapy, body mass index (BMI) >30 and positive HRs, and received a combination of anastrozole and tamoxifen (21). The integrated employment and skills (IES) trial recruited postmenopausal primary BC patients who had received two-three years of tamoxifen treatment and were assigned at random to continue the use of tamoxifen or switch to exemestane for five years of endocrine therapy. A retrospective analysis of its data found that the risk of carpal tunnel syndrome was increased approximately tenfold after the treatment of exemestane, and the presence or absence of musculoskeletal symptoms in the first six months of treatment appeared not to be related to improved survival. In terms of musculoskeletal symptoms, the results after adjusting for confounding factors showed that some factors were unclear, including weight≥80 kg, geographical area, history of hormone therapy, musculoskeletal diseases, endocrine or metabolic diseases, osteoporosis, ovariectomization (OVX), chemotherapy, radiotherapy and diabetes, pre-treatment hot flashes, arthralgia, myalgia, osteoarthritis (OA) and acquired hypothyroidism as risk factors, no statistically significant length of menopause, type of surgery, age, lymphedema at baseline and diuretic use (22). Combined with these two randomized controlled trials (RCTs), it can be found that BMI >30 or body weight ≥ 80 kg and history of hormone therapy may have a more clear effect on musculoskeletal symptoms.

Paul et al. conducted a multicenter RCT evaluating the advantages and disadvantages of exemestane versus anastrozole in patients with early-stage breast cancer. The results showed no significant differences between the two treatment groups in overall survival, distant metastases, distant disease-free survival, local recurrence, death, contralateral new primary breast cancer, menopausal-like symptoms (hot flashes, arthritis, arthralgia and myalgia), myocardial infarction, stroke, transient ischemic attack, fractures, and depression. Atrial fibrillation, mild bilirubin abnormalities, acne, and virilization were more common in the exemestane group. The anastrozole group had higher rates of anxiety, pain elsewhere (mouth, breast, etc.), postmenopausal vaginal bleeding, hypertriglyceridemia, hypercholesterolemia, and a new diagnosis of self-reported osteoporosis. Minority women in the exemestane group had fewer deaths and lower discontinuation rates than those in the anastrozole group compared with white women (23). Results from a multicenter, randomized, double-blind, phase 3 clinical trial in patients with advanced breast cancer showed that exemestane treatment associated a higher incidence of hot flashes, arthralgias, and musculoskeletal stiffness and most symptoms were grade 1 or 2 compared with the anastrozole group (24). Nazli et al. conducted an RCT of neoadjuvant endocrine therapy in patients with locally advanced postmenopausal breast cancer, randomized to letrozole or exemestaine, and assessed serum levels of 54 cytokines after 16 w. The results showed a significant decrease in serum leptin levels in patients in the exemestane group compared to the non-significant increase caused by letrozole, while the baseline serum leptin level was positively correlated with BMI (25). Therefore, from the comprehensive clinical symptoms and biochemical indicators, the steroid inhibitor exemestane and the non-steroidal inhibitors letrozole and anastrozole lack cross-resistance, which may be related to the metabolism associated with leptin in serum, suggesting that leptin may be a potential predictor of poor patient compliance.

Research has shown that rheumatoid arthritis (RA) patients are less likely to suffer from BC, and patients with a history of BC have a lower risk of recurring RA, but the associated risk has no clear determinants. Endocrine treatments like tamoxifen or AIs seem not to raise the risk of RA (26), which is not in line with the results of cohort studies conducted by Marta et al. From 2004 to 2013, Marta et al. collected data from an administrative healthcare database in Italy to assess the relationship between AI or tamoxifen treatment and an increased risk of RA. A total of 10,493 BC patients were included in the study, of whom 7,533 (71.8%) received AI or tamoxifen treatment. The results showed that exposure to AI was related to a significant increase in the risk of RA compared with exposure to tamoxifen, particularly in patients treated with anastrozole, and RA was not affected by the relationships between cancer severity, age and specific drug indications (27). Other studies have revealed that the simultaneous use of SERMS and AI increases the incidence of rheumatic diseases (28).



Neuro-immune-endocrine mechanisms with poor adherence

First mentioned by Basedovsky in 1977 (29). neuro-immune-endocrine (NIE) networks regulate the normal physiological functions of the body at an overall level and maintain the homeostasis of the body, and the disorder of any of these links inevitably exerts an influence on the functions of other systems.

Research by Ulrich et al. showed that pain neurons can form networks around lymph nodes and regulate two-way communication. It was found that pain neurons increased the distribution density in the enlarged lymph nodes when the immune response in mice was artificially induced. The altered gene expression of specific cells in lymph nodes was observed when pain neurons were activated, suggesting that the pain nerve and lymph nodes surrounded by it can sense and regulate each other (30).


Clinical evidence

In 2010, a case-control genome-wide association study by James et al. determined the association between single nucleotide polymorphisms (SNPs) and musculoskeletal adverse reactions in females treated with AI for early BC. Enrolling 878 patients, the study noticed that T-cell leukemia/lymphoma 1A (TCL1A) gene was associated with musculoskeletal adverse reactions and the cytokine interleukin (IL)-17) (31). Further research indicates the ability of TCL1A to affect downstream expression across a range of immune mediators, such as Toll-like receptor (TLR)2, TLR7, TLR9, TLR10 and myeloid differentiation factor (MYD)88. MYD88 encodes a functional adapter molecule capable of recruiting IL-1R activating kinase (IRAK)1, IRAK2, IRAK4 and tumor necrosis factor receptor-associated factor 6, ultimately activating nuclear factor kappa-B (NF-κB), secreting pro-inflammatory cytokines and leading to an inflammatory response (32).

In 2015, Joshua et al. conducted a cross-sectional study on an ongoing cohort study of patients undergoing adjuvant AI therapy at the Abramson Cancer Center of the University of Pennsylvania and simultaneously evaluated 34 inflammatory biomarkers in peripheral blood. A total of 203 participants were included, and the results showed a significant association of arthralgia with fatigue and insomnia. Among patients experiencing moderate to severe joint pain, 88.4% and 83.7% went through both fatigue and insomnia, respectively. The coexistence of arthralgia, fatigue and insomnia after adjusting for race, chemotherapy history, nonsteroidal antiinflammatory drugs (NSAIDs), age and BMI was in connection with elevated C-reactive protein (CRP), eotaxin, monocyte chemokine-1 as well as vitamin D-binding protein (VDBP) (33).

The expression of aromatase takes place in the chondrocytes and synovial cells of articular cartilage (34), and decreased estrogen levels increase the production of pro-inflammatory cytokines like IL-6 and -1 in articular chondrocytes, leading to joint pain and swelling (35). While no evidence supports an association of fatigue with pro-inflammatory cytokines IL-1β and -6, the results do show that fatigue is associated with the downstream biomarkers of cytokine activity. In particular, the increased downstream products of IL-6 and -1β, CRP and IL-1 receptor antagonists are related to the increased severity and frequency of fatigue symptoms (36). At the molecular level, IL-6 stimulates the secretion of CRP, whose expression however is blocked by estrogen (37, 38), also explaining the increase of CRP caused by a significant decrease in estrogen levels during AI treatment.

VDBP is not only the primary binding protein for vitamin D but also an acute phase reactant with apparent genetic variability (39). Clinical studies have confirmed the following findings: the incidence of the Fok-I variant of the vitamin D receptor in Caucasian women is about 33%; IL-1β is a cytokine closely related to arthralgia; IL-1β levels are reduced by around 50% in women with this variant; patients are less likely to report abnormal arthralgia and myalgia six months after the initiation of AI therapy (40, 40). Eotaxin and monocyte chemoattractant protein (MCP)-1 are chemokines taking charge of recruiting inflammatory cells to injury sites (41, 42). whose elevated concentrations (43), are seen in fibromyalgia patients and characterized by joint pain, fatigue and low sleep quality (44). Clinical studies have shown that combining hydroxytyrosol, curcumin and omega-3 fatty acids can decrease blood CRP and pain in BC patients undergoing AI after menopause, suggesting the potential role of inflammation in AI-induced musculoskeletal symptoms (45).

Cyclin-dependent kinases (CDKs) are of importance to initiate the cell cycle and regulate transitions in a variety of stages. Binding to cyclin D, CDK4/6 phosphorylates the retinoblastoma (Rb) gene and then releases the transcription factor E2F, promoting the transcription of genes related to the cell cycle and enabling the entrance of cells into the S phase. CDK4/6 inhibitors are effective in blocking tumor cells from G1 to S phase. In ER-positive (ER+) BC, the overactivity of CDK4/6 is very frequent. Preclinical data show that the dual inhibition of CDK4/6 and ER signaling produces a synergistic effect and curbs the growth of ER+ BC cells in the G1 stage. Therefore, adding CDK4/6 inhibitors becomes a better choice for the AI treatment of BC patients with metastasis. As suggested by a systematic review, AI-induced musculoskeletal symptoms experience a relative reduction in incidence after the use of CDK4/6 inhibitors possibly by the mechanism that CDK4/6 inhibitors are capable of attenuating E2F2 activity in the cartilage and synovium and at least partially reversing AI-induced inflammation (46). The same conclusion was also reached in the 18-year study of PALOMA-2 which significantly improved the pain scores of patients compared with letrozole alone (47).



NIE activation

Stress is one of the common factors altering the “steady state” of the environment in the body. In the face of various stressors in both internal and external environments, the stress system of the body is activated and adapts to stressors to maintain the relative stability of the internal environment. Classical stress theory holds that the stress system primarily comprises hypothalamic paraventricular nucleus-corticotropin-releasing hormone (PVN-CRH) and blue-spot-norepinephrine (LC-NE) systems as well as their efferent parts, giving rise to neuroendocrine responses and behavioral changes in stress (48). After the activation of the stress system, the main two major reactions are the sympathetic-adrenal medullary and hypothalamic-pituitary-adrenal cortex systems.

As an enzyme catalyzing the reaction of the last step of epinephrine synthesis, phenylethanolamine-N-methyltransferase (PNMT) is present in certain neurons of the adrenal medulla and central nervous system, where estrogen regulates the expression of c-Fos, indicating that estradiol directly targets many adrenergic neurons. A majority of brainstem PNMT neurons are activated during the initiation of the luteinizing hormone (LH) surge induced by a hormone, suggesting that estrogen may be a trigger during the GnRH surge (49).

Postmenopausal women have a higher basal level of norepinephrine than premenopausal ones, and also exhibit a greater increase in heart rate, systolic blood pressure and norepinephrine secretion in response to psychological stress (50, 51). Rosano et al. confirmed an increase in the sympathetic impulses of healthy postmenopausal women and a significant decrease in sympathetic activity after chronic estrogen replacement therapy (52). It has been shown that central estrogen administration in de-ovarian rats reduces sympathetic activity (53).

Estrogen plays a complex role in the development of inflammation (37). In a 2001 review of the bimodal effects of estrogen on inflammatory pathways, Calabrese showed that high doses of E2 could inhibit scores of inflammatory mechanisms without or even opposite effects at low concentrations (54). which was also confirmed by Rainer in a 2007 review of E2 suppressing important pro-inflammatory pathways during ovulation/pregnancy, especially in the third trimester. When E2 is reduced to postmenopausal levels, the environment of the body shifts towards inflammation (37).

Women with vasomotor symptoms have lower bone density than those without, and vasomotor symptoms are bound up with sympathetic activity. Drug-induced sympathetic neurological block (via receptor blockers) is conducive to trabecular microstructure, femoral cortex width as well as hip and lumbar vertebrae bone density in postmenopausal women (55). Most effects of E2 on bone cells are mediated by ERα, and subchondral bone mass decreases and is associated with the increased severity of OA despite no change in the cartilage of ERα knockout mice [50]. ERβ does not mediate the bone-sparing activity of estrogen on rat bones or affect ovulation or oophorectomy-induced weight gain, whose function may involve modulating the immune response (56). E2 can induce osteoclasts and inhibit osteoblastic apoptosis (57, 58).

In both mice and humans, thymus structure and function decline with age, and fewer new T cells can be produced and exported to secondary lymphoid organs until old age although most parenchymal tissues are replaced by fat by middle age (59). In the case of the severe depletion of T cells, such as secondary human immunodeficiency virus (HIV) infection, chemotherapy and bone marrow transplantation, an increase occurs in thymic output, which is a phenomenon referred to as thymic rebound essential for the long-term recovery of T-cell homeostasis (60). Estrogen deficiency can also trigger functional thymic rebound and IL-7 elevation after OVX stimulates the thymus-dependent differentiation of bone marrow-derived progenitor cells and mature T cells to regulate the production of T lymphocyte and induce bone loss, while thymectomy can reduce bone loss by 50% and OVX-induced T cell plasia, and the inhibition of IL-7 can completely prevent the production of T lymphocytes and resulting bone loss. Thus, IL-7 mediates T-cell destruction and bone homeostasis after OVX through thymic and extrathymic mechanisms, which is a key upstream target for the estrogen regulation of hematopoietic and immune functions, and is critical for osteosteady (61). Despite not being enough to strengthen thymus production in young mice (62), IL-7 alone plays a vital role in older ones (63). suggesting that IL-7-induced thymic rebound after estrogen deficiency may be the cause of rapid initial bone loss in young females undergoing surgery or females with natural menopause (64, 65). Clinical studies have shown that IL-7R and insulin-like growth factor (IGF-1) associated with T-cell function are significantly expressed in inflammatory arthritis and independent of predictors like CRP used routinely (66).

Most body tissues are innervated by sensory and autonomic nerves to varying degrees, with sympathetic nerves innervating primary (bone marrow and thymus) and secondary (spleen and lymph nodes) lymph organs (67). Changes in these cytokines activate T cells when estrogen is missing and thus result in an increase in IL-7, IGF-1 and reactive oxygen species (ROS) in target organs such as the thymus, spleen and bone, and a decrease in transforming growth factor (TGF)-β. Activated T cells release interferon (IFN)-γ, together with increased ROS, and upregulate major histocompatibility complex (MHC) class II expression through the transcription factor CITITA to increase the antigen presentation of dendritic cells (DC) and macrophages (Mφ) on the one hand, and promote the release of osteoclastic factors TNF-α and IL-17A on the other hand. IL-17A is a potent promoter of bone destruction. TNF-α activates the nuclear factor kappa-B (NF-κB) and c-Fms/macrophage colony-stimulating factor system, produces IL-1β by directly or indirectly upregulating IL-1 to osteoblasts and their precursors, and ultimately leads to an inflammatory response and bone loss (57, 68, 69). Studies have shown that IL-6 produced by bone and bone marrow stromal cells in mice after OVX increases the number of granulocyte and macrophage colony-forming units, facilitates the development of osteoclasts and contributes to the increased number of osteoclasts in the trabecular bone, which may also be one of the mechanisms of increased bone resorption in postmenopausal osteoporosis (70) (Figure 1).




Figure 1 | Figure 1 presents the possible mechanisms of non-adherence during treatment with AIs in BC patients. As a stressor, AIs lead to a rapid decrease in estrogen in a short period of time. For one thing, the activation of the hypothalamic-pituitary-adrenal (HPA) axis of the body and the enhancement of sympathetic activity can directly activate T cells. For another, the first activation of macrophages helps to release IL-7, activate T cells and produce IFN-γ, TNF-α, IL-17A and other cytokines, and NF-κB nuclear transcription produces IL-6, IL-1β and other downstream factors, and promotes inflammation and bone loss, resulting in joint pain. Joint stiffness, fatigue, sleep disturbances, anxiety, depression, obesity, hypertension and cardiac adverse events increase early discontinuation and lead to poor long-term adherence.



Decreased estrogen after oophorectomy is able to target T cells to produce more TNF-α inducing bone loss, with remission after E2 replacement therapy (71). Ovaryectomy in nude mice deficient in T cells does not induce bone loss, no osteoporosis occurs after the transplantation of T cells in TNF-deficient mice, and bone loss is induced after the transplantation of wild-type mouse T cells, also demonstrating that the presence of TNF-α producing T cells is crucial for the effects of bone or joint metabolism abnormalities after estrogen deficiency (72).




Conclusion

NIE mechanisms play a decisive role in poor adherence to endocrine therapy in BC patients. The sympathetic nervous system, which is the total dispatch of the body, participates in the occurrence of adverse reactions by activating or inhibiting the release of inflammatory factors by different immune cells in the rapid decline of estrogen in a short period of time, affecting the compliance of patients and thus determining long-term prognosis. Therefore, the possible mechanisms of poor adherence during patient treatment can be deeply understood to reveal potential pharmacological targets and may be used to guide early clinical intervention, improve adherence and maximize the benefits of BC patients.
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Introduction

Immune checkpoint blockade (ICB)-based therapy is revolutionizing cancer treatment by fostering successful immune surveillance and effector cell responses against various types of cancers. However, patients with HER2+ cancers are yet to benefit from this therapeutic strategy. Precisely, several questions regarding the right combination of drugs, drug modality, and effective dose recommendations pertaining to the use of ICB-based therapy for HER2+ patients remain unanswered.



Methods

In this study, we use a mathematical modeling-based approach to quantify the growth inhibition of HER2+ breast cancer (BC) cell colonies (ZR75) when treated with anti-HER2; trastuzumab (TZ) and anti-PD-1/PD-L1 (BMS-202) agents.



Results and discussion

Our data show that a combination therapy of TZ and BMS-202 can significantly reduce the viability of ZR75 cells and trigger several morphological changes. The combination decreased the cell’s invasiveness along with altering several key pathways, such as Akt/mTor and ErbB2 compared to monotherapy. In addition, BMS-202 causes dose-dependent growth inhibition of HER2+ BC cell colonies alone, while this effect is significantly improved when used in combination with TZ. Based on the in-vitro monoculture experiments conducted, we argue that BMS-202 can cause tumor growth suppression not only by mediating immune response but also by interfering with the growth signaling pathways of HER2+BC. Nevertheless, further studies are imperative to substantiate this argument and to uncover the potential crosstalk between PD-1/PD-L1 inhibitors and HER2 growth signaling pathways in breast cancer.
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Introduction

Recently, the inevitable role of executable, integrated, mathematical, and computational models in cancer research was largely acknowledged and discussed in many recent reviews (1–4). It is apparent that an integrated approach, which involves the analysis of genomic profiles, histopathology, imaging data, immunohistochemistry, proteomics data, drug targets, drug response, and more are imperative to coin translational solutions for cancer management. Specifically, the important role of mathematical and computational models in (1): illustrating highly dynamic biological behaviors (2), quantifying disease characteristics and drug responses (3), allowing easy integration of structured control-theoretic methods for the design of appropriate intervention strategies, and (4) utilizing intelligent algorithms to facilitate reasoning and decision support; are intensively explored recently (2).

HER2+ BC that constitutes 15-20% of all BC types is identified by the overexpression of the HER2 receptor due to HER2/ERBB2 gene amplification (5, 6). This molecular subtype of BC is associated with poor prognosis, moreover, 30% of patients report metastasis, especially to the brain (2, 7, 8). HER2 targeted therapies have significantly improved post-treatment disease-free survival (DFS) of HER2+ BC patients (9, 10). However, patients undergoing current standard of care treatment (a combination of chemotherapy and anti-HER2 agents) who are under longtime follow-ups report unsatisfactory response rate (20-50%), development of drug resistance, and disease recurrence (9–12). For instance, under TZ therapy, compared to the 3 years (DFS=87.1%) follow-up, a drop of 13.4% in DFS was reported in the case of 10 years (DFS=73.7%) follow-up (13). Similarly, a drop in DFS was reported with a treatment strategy that used a combination of pertuzumab, trastuzumab, docetaxel, and trastuzumab emtansine (14, 15). Hence, there is a quest for the development of computationally and experimentally driven therapeutic strategies for the better management of HER2+ BC patients.

Modern immunotherapeutic strategies which include the use of ICBs are increasingly recommended for the treatment of many types of cancers (16). The fact that scientists behind the identification of programmed death (PD-1) protein were honored with the Nobel prize (2018) signifies the potential benefits of this discovery in cancer therapy. In line with what was expected, several experimental and clinical trials substantiated the credibility of ICBs in terms of (1): safety, potency, and commercial availability (2), memory-lymphocyte mediated long term immunity that leads to durable complete response, and (3) additional advantages in treating advanced and metastatic cancers. For instance, compared to conventional treatment, augmenting ICB-based therapy has shown improved treatment response in many cancers which were otherwise not manageable or relapsing (e.g. melanoma, non-small cell lung cancer). However, the role of ICBs in BC treatment is in its emerging stage. Two important milestones in this regard are the approval of monoclonal antibodies (mAbs) atezolizumab (anti-PD-L1, March 2019) and pembrolizumab (anti-PD-1, November 2020) for the treatment of triple-negative BC (TNBC) (17–21).

Similar to TNBC, the disease progression in HER2+ BC patients have shown a considerable correlation with the immune response and hence it is hypothesized that ICB-based immunomodulation techniques can be used in a favorable way to manage this aggressive cancer as well (19, 20). Many clinical and preclinical experiments associate poor disease prognosis in the case of HER2+ BC with the expression of PD-L1 which might have aided this type of cancers to hide from immune surveillance (19, 20, 22–25). Moreover, studies report increased expression of PD-L1 under treatment with TZ (26). With one of the rationales identified behind the refractory nature of HER2+ BC after anti-HER2 treatment as upregulation of immune checkpoints such as PD-1/PD-L1 and CTLA-4, amending ICB-based treatment is thought to add therapeutic benefits in treating HER2+ BC (22, 27, 28). In line with these indications, reviews suggested that patients with metastatic breast cancer should be tested for response to ICBs for better treatment options (29). Consequently, several ICB-based agents are currently under investigation for the management of HER2+ BC, however, none of them have been approved yet (2, 7). ICB-based drugs being a novel investigational therapeutic option for HER2+ BC, it is imperative to come up with a quantitative comparison against current standard treatment options (4).

Preliminary investigations towards the advantages of combining anti-HER2 treatment with ICB-based therapy also suggest modest and durable outcome in a proportion of HER2+ patients, which is another promising lead that calls for more investigations in this area (25, 30, 31). Apart from mAbs, other drug modalities including small molecules, peptides, and macrocycles are also available for inducing ICB-based therapy (32). Due to the reported resistance to mAb-based therapy and relapse after treatment, there is an increased interest in other drug modalities as well (33–35). Some of the disadvantages of mAbs are difficulty in production, longer half-life, high molecular weight, and less diffusion, on the other hand, small molecules have good affinity, oral bioavailability, and lesser immunotoxicity compared with mAbs (34, 36). Tight binding and retention of mAbs often leads to increased immune-related adverse events (irAEs) compared to small molecule inhibitors (SmIs) (37). Thus, SmIs that block interaction between PD-1 receptor and PD-L1 (ligand) are considered as a promising alternative to many of the currently investigated mAbs. Consequently, there is an apparent need for more research on the development and use of anti-PD-1/PD-L1 SmIs.

Mathematical modeling allows the integration of observed (empirical) results pertaining to a complex biological phenomenon in a simplified way and enables theoretical analysis and simulation studies. Such models can be used for the prediction of future behavior and to study the influence of each parameter on the overall cancer dynamics. Hence, in this study, we use a mathematical modeling-based approach to develop a new model and quantify the growth inhibition of HER2+ BC cell colonies (ZR75) when treated with anti-HER2 (TZ) and anti-PD-1/PD-L1 (BMS-202) agents.



Materials and methods


Cell culture

The HER2+ cell-line (ZR75) was purchased from the American type culture collection (ATCC) (Rockville, MD, USA) and grown in complete cell culture media, RPMI-1640, (Gibco, Life technologies, Burlington, ON, Canada) augmented with 1% PenStrep antibiotic (Invitrogen, Life Technologies) and 10% fetal bovine serum (FBS; Invitrogen, Life Technologies). Cells were maintained at a temperature of 37°C with a 5% CO2 humidified atmosphere. We confirmed the presence of HER2 in this cell line in our previous study (38).



Cell viability assay

ZR75 cells were seeded in 96-well plates (Thermo Fisher Scientific, Mississauga, ON, Canada) at a density of 8,000 cells/well. After 24 hours, media was replaced with a fresh one with or without the treatment. Cells were treated with TZ (0, 1, 5, 7, 10, 15, and 20 µg/mL), BMS-202 (0, 1, 5, 7, 10, 15, and 20 µM), or a combination of both for 48 hours. Then, media was replaced with Alamar Blue cell viability reagent (Invitrogen, Thermo Fisher Scientific) and cells were incubated with the dye for 4 hours in the dark at 37°C as per the manufacturer protocol. Fluorescence values were recorded at a wavelength of 560 nm (excitation) and 600 nm (emission) using the Infinite m200 PRO fluorescent microplate reader (TECAN, Männedorf, Switzerland), reflecting the number of viable cells in each well.



Morphological examination

ZR75 cells were seeded in 6-well plates at a density of 200,000 cells/well. Changes in morphology of ZR75 cells were recorded after 48 hours of treatment with TZ (5 µg/mL), BMS-202 (5 µM), or a combination of both. Cells were visualized using Leica DMi1 inverted microscope (Leica Microsystems, Wetzlar, Germany). Untreated cells were used as a control.



Cell invasion assay

ZR75 cells were cultured in the upper chamber of 24-wells BioCoat™ Matrigel® Invasion Chambers (Corning, USA) with 8.0µm PET Membrane in a density of 50,000 cells/well. Cells were maintained in serum-free medium with/without treatment. The wells were placed in a base of complete medium with 10% FBS and incubated at 37°C for 48 hours. After that, non-invasive cells in the upper well were removed with a cotton swab. Invasive cells were washed, fixed with 4% formaldehyde, followed by staining with 300 ng/mL of DAPI (Abcam, Cambridge, MA, USA) for 2 minutes in the dark. Then, cells were observed using the fluorescence microscope.



Western blotting

ZR75 cells were seeded in 100 mm petri dishes at a density of 2,000,000 cells/dish. Cells were treated with TZ, BMS-202, or a combination of both for 48 hours. Cell lysates were collected, and 30 μg of proteins were resolved on 10% polyacrylamide SDS PAGE gels and then transferred onto PVDF membranes. Membranes were probed with the following primary antibodies: anti-rabbit Akt (CST: 9272S), anti-rabbit phospho-Akt (Ser473) (CST: 4060S), anti-rabbit mTOR (CST: 2983S), anti-rabbit phospho mTOR (S2448) (Abcam: ab109268), anti-mouse ErbB2 (Abcam: ab16901), anti-rabbit phospho ErbB2 (Abcam: ab53290), and anti-rabbit vimentin (CST: 46173S). Anti-rabbit GAPDH (Cell Signaling: 8480S) was used to ensure equal loading of protein samples. Blots were incubated with ECL Western blotting substrate (Pierce Biotechnology, Rockford, IL, USA) and chemiluminescence was recorded using the iBrightTM CL1000 imaging system (Thermo Fisher Scientific, Wal-tham, MA, USA). Quantification was done using ImageJ software.



Soft agar assay

Colony formation in soft agar was used to determine cells’ capacity to colonize in in-vitro. A total of 1×103 cells of ZR75 were placed in RPMI medium containing 0.2% agar with/without drug(s) (treated and control cells, respectively) and plated in a 6-well plate covered with a layer of 0.4% noble agar in RPMI complete growth media (1 ml solid agar layer/well). A volume of 500 µl of media without (control) or with drug(s) were added to each well on 12th and 14th day of plating for ZR75 to make sure that the agar does not dry. The concentration range for BMS-202 was set to 1-20 µM, as our preliminary experiments on ZR75 colonies revealed no significant drug effect when treated with lower concentrations. Similar ranges were reported in (IC50 15 μM, in PD-L1+ SCC-3 cells and IC50 10 μM, in anti-CD3 activated Jurkat cells) (39), (0.6 nM up to 20 µM) (32), and (2.5-80 µM) (36) for various experiments based on different cell-lines. Colony formation was monitored every two days for a period of three weeks, and pictures of the colonies were taken on the 5th, 7th,9th, 12th, 14th, 17th, and 19th day after seeding from various locations in each well using the inverted light microscope (Leica, Germany).



Model parameter estimation

At least 3 or up to 7 sets (different colonies) of time-series data were collected for each of the 16 samples (15 concentration and 1 control) of ZR75 on every 2nd or 3rd day for up to 19 days. Each time-series data for a particular colony includes up to 7 data points (images captured on 5th, 7th, 9th, 12th, 14th, 17th, and 19th day). All the images required for our study were taken using an inverted microscope (Leica microsystems, Germany) interfaced to LAS EZ software. In order to measure the time-dependent changes in the area of colonies, images were calibrated to 100 µm scale and quantified using ImageJ software. Matlab® lsqcurvefit() algorithm was used to estimate model parameters. Mean and standard deviation of parameter estimates were calculated using data sets pertaining to different colonies treated with a particular concentration of drug or drug combination. More than 1200 images were collected for our mathematical modeling experiments alone (excluding preliminary ones) from different wells, out of which around 500 images were omitted as (1) on day one there were no colonies inside or around the marked area to track (2) some colonies inside the marked areas were dormant (3) in some cases at least 4 images (on different days) of the same colony were not captured. Hence, after the experiment, we ended up with 3 to 7 data sets each data set with 4 to 7 data points (days) for various drug concentrations and combinations. Since the growth of breast cancer cell line colonies are nonlinear, we required at least 3 or 4 images of the same colony on different days for model parameter estimation.



Statistical analysis

Data are presented as an average of mean ± SEM (standard error of the mean). Each experiment was repeated at least three times (n=3). One-way ANOVA followed by Tukey’s post-hoc test was used to compare the difference between treated and untreated cells. The data were analyzed using Microsoft Excel, and differences with p< 0.05 were considered statistically significant.




Results

We tested whether our HER2+ BC cell lines (ZR75) express the drug target, PD-L1. FACS analysis of cell surface proteins revealed that 14.2% of ZR75 cells express PD-L1 ligand (data not shown). Thus, we proceeded with the treatment and the following experiments.

We first examined the outcome of TZ and BMS-202 on the viability of ZR75; a HER2+ BC cell line. A significant decrease in the viability of ZR75 cells was observed after mono-treatment with TZ (20µg/mL) and BMS-202 (10µM). Interestingly, combining both treatments resulted in a more significant reduction of cell viability in a dose-dependent fashion, starting from a low dose (5µg/mL of TZ + 5µM of BMS-202) and reaching 13.42 ± 0.37% at high doses (Figure 1).




Figure 1 | The effects of different concentrations of TZ, BMS-202, and a combination of both drugs on cell viability of ZR75 cell line. A significant dose-dependent decrease in cell viability was observed after treatment with the combination therapy. Data are presented as a percentage of viable cells ± SEM.



Afterwards, alterations in ZR75 cell morphology upon treatment with TZ and BMS-202, individually and combined were explored. ZR75 cells show round morphology, forming multilayer colonies as seen in untreated cells (Figure 2A). However, treatment with TZ and BMS-202 shifted cell morphology to a monolayer structure (Figures 2B, C). While, an increase in cell-cell adhesion in a monolayer after treatment with combination therapy was seen, with a lower number of cells (Figure 2D), consistent with our previous experiment.




Figure 2 | (A–D). Effect of TZ and BMS-202 on ZR75 cell morphology. We note that treatment with (B) TZ and (C) BMS-202 alters cell morphology to a monolayer structure. (D) Combining both treatments increases cell-cell adhesion in a monolayer in comparison with the (A) control.



Next, the impact of TZ, BMS-202 and their combination on cell invasion was investigated using Matrigel® Invasion Chambers. Our data show a significant decrease in the number of invasive cells upon individual treatment with TZ but not with BMS-202. Interestingly, the combination therapy showed a more remarkable decrease in ZR75 cell invasiveness compared to monotherapy and the control (Figures 3A, B). To confirm our finding, we explored alterations in the protein expression of vimentin; a structural protein that plays important roles in cell-cell adhesion and cell invasiveness. We found a significant decrease in the protein expression, mostly in cells treated with the combination therapy of TZ and BMS-202 (Figure 3C).




Figure 3 | (A–C). (A) The impact of TZ, BMS-202, and a combination of both on ZR75 cell invasiveness. (A) Compared to the control, both TZ and the combination therapy inhibit ZR75 cell invasion, with a more pronounced effect upon treatment with the combination therapy. (B) The number of invasive cells was quantified using ImageJ. (C) The changes in vimentin expression after treatment with TZ, BMS-202, and their combination. Data are presented as a percentage of the viable cells ± SEM.



To gain further understanding of the molecular mechanisms of action of TZ and BMS-202 combination, we explored the expression patterns of key biomarkers critical in pathways related to growth, proliferation, differentiation, and other processes that contribute to cancer progression. Our data revealed that combining TZ with BMS-202 can significantly deregulate several pathways compared to individual treatment in ZR75 cells. For instance, the combination of TZ and BMS-202 decreased the phosphorylation of AKT and mTOR proteins significantly compared to individual treatment, where no such results were observed (Figure 4). In addition, the combination therapy decreased the phosphorylation of HER2, which is a major driver of HER2+ BC growth (Figure 4).




Figure 4 | Western blot analysis of AKT, mTOR and ErbB2 in ZR75 cells under the effect of TZ and BMS-202. Treatment with both TZ and BMS-202 decreased the phosphorylation of ErbB2, AKT, and mTOR compared to individual treatment and untreated cells. GAPDH was used as a control for the amount of the loaded protein in this assay.



We then explored the effects of TZ and BMS-202 when used alone or in combination and quantified the growth inhibition of HER2+ BC cell colonies in soft agar.

Figure 5 shows the images of the treated and untreated colonies after 14 days of plating.




Figure 5 | (A–F) ZR75 colonies imaged two weeks after treatment. Figure shows (A) Control (B) H5 (C) H10 (D) P5 (E) H5P5 and (F) H10P5 in order. There is a considerable reduction in the number of colonies and size of colonies when treated with combination of TZ and BMS-202.



Figure 6. shows the average number of colonies in matched areas in each well for the control and treated cases. It can be seen that, while there is a considerable number of big colonies in the control case, all treated cases have either a lesser number or no big colonies. Notably, the wells treated with a combination of drugs (H5P5 and H10P5) have no big colonies at all. All these initial experiments with ZR75 cell lines point to the significant growth inhibition of HER2+ BC cells when combination drugs are used.




Figure 6 | The number of big and intermediate colonies after 14 days of seeding in agar gel. It is shown that there is a considerable reduction in the number of colonies when treated with combination of TZ and BMS-202. Note that there are no big colonies in case of H5P5 and H10P5.



As the preliminary experiments conducted revealed significant drug effect in the case of combined use of TZ and BMS-202 on HER2+ BC cells, we proceeded to collect time-series data to estimate the parameters for a mathematical model of cancer growth and drug-induced growth inhibition. In order to assess the efficacy of TZ and BMS-202 in the inhibition of colony formation of ZR75 cell lines, we quantified the growth of the same colonies over a period of time. To locate the same colony, markings were made under each well and the area of colonies were measured with images calibrated using LAS EZ software (Figure 7). Colonies with considerable change in size over the period of experiment (big colonies with more than 25 cells and intermediate colonies with 10 to 25 cells) were used for parameter estimation. However, in case of wells treated with drug concentration or combination that caused significant growth inhibition (e.g., P20, H25P10), there were only small, or no colonies left.




Figure 7 | Images of ZR75 colonies (1 set) treated with various drug concentrations and combinations. Images are taken using an inverted microscope interfaced to LAS EZ software on 5th, 7th,9th, 12th, 14th, 17th, and 19th day after seeding. White arrow marks show the colonies. Images are calibrated (scale bar=100μm) using LAZ EZ software. Images for higher concentrations (H25P10, H25P20, and H50P20) are not shown as the growth inhibition is close to 100%. Shadows (dark line) of the markings made underneath the 6-well plate to track the colonies are also seen in most of the images.



In general, exponential, logistic, Gompertz, Michaelis–Menten, Von Bertalanffy, and power-law models are used to represent tumor growth characteristics (2, 40, 41). Based on the comparison of various models for their descriptive power, identifiability, and predictability, the literature suggests that no single model is suitable for all types of cancers. Nevertheless, based on the extensive analysis reported in Benzekry et al., 2014, Sarapata et al., and summarized in Padmanabhan et al., 2020, the Gompertz model shows reasonable goodness of fit for cancers in breast, lung, head and neck, liver, bladder, and pancreas. In terms of best fit, power-law is ranked one, for most cancer types. Nonetheless, due to the biologically unjustifiable nature and high sensitivity of the power-law model to parameters, the Gompertz model or logistic model is preferred over the power-law model. In addition, the Gompertz model shows a good predictive ability for breast cancer data.

Out of many possible model options, we choose the Gompertz model as it has already proved to have reasonable fit and predictability with respect to BC data (37–39). The Gompertz model for BC cell colonies growth is given by

 

with the solution

 

where A(t) is the area of the colony in µm2, r is the growth rate of the colony in days-1, and k is the carrying capacity of the environment in µm2. Gompertz model accounts for both the initial slow growth and saturation in growth towards the end due to space and nutrition (carrying capacity) constraints. Table 1 shows values of k, r, and A0 obtained by fitting the equivalent form of model (2) given by to the measured data, area of ZR75 colonies in agar assay, respectively. Model parameters were estimated using the trust-region-reflective algorithm in Matlab®. Specifically, an in-built function, namely, lsqcurvefit() which solves the nonlinear data-fitting problem in a least-squares sense were used to find the coefficients (k, r, and A0) that best fit the nonlinear function (2). See Appendix (Figs. A1-A18) for model fitting curves obtained using the Matlab® algorithm.


Table 1 | Gompertz model parameters for the growth of the ZR75 colonies in agar assay.



Figure 7 shows one set of time-series data collected over 19 days which were used to quantify the growth of ZR75 colonies under treatment with various drug concentrations and combinations. As given in Table 1, up to 7 sets of such time-series data were obtained 2 or 3 days apart for parameter estimation. There was no colony formation at all in some of the wells (e.g., P20, H25P20).

From Figure 7, it can be seen that the growth rate is reduced for various treated cases compared to the control. However, the value of r in Table 1 does not reflect this growth inhibition, this is due to the fact that the nonlinear least-squares algorithm allows the variables k, r, and A 0 to vary appropriately to find an exact fit to the time-series data. Hence, in order to quantify the growth inhibition due to treatment, the Gompertz model is rewritten as

 

with the solution

 

where a models the drug effect, that is the per day growth inhibition due to treatment.

Here, note that the input data is the area of the colonies, using which we derived the growth rate, carrying capacity, and drug effect. As the experiment is conducted in agar gel, on day zero (cell seeding day) the cells were not at all visible in the images, hence curve fitting is conducted using measured area available from 5th day of seeding. The parameter values shown in Table 1 do not directly reveal the difference in growth inhibition caused by different drug concentrations or combination because of the variability in a, k, and A0. However, from Figure 7 it is clear that, there is significant growth inhibition in treated colonies compared to the control. For instance, comparing control and H5, when the area of colonies in the control wells was in the range 1000-7500 µm2 that of H5 was only in the range 250-2250 µm2(Figures A1, A2 in Supplementary File. Hence, there is a significant reduction in the growth rate in the case of H5. However, due to difference in initial condition (on Day 5) and the wide range of areas of different colonies each day, plotting a single interpolated curve from all replicates did not lead to a conclusive result. Hence, to show the growth pattern in each treatment case and thereby quantify the growth inhibition, we decided to plot the growth curve of each colony separately. As shown in Figures A1-A10 in the Supplementary File, Matlab’s lsqcurvefit() has successfully derived best-fit parameters, however, as mentioned earlier this significant growth inhibition is not reflected in the value of r given in Table 1. This is because, we estimated 3 parameters required for fitting the nonlinear curve such as r, k and A0. Hence, to have a clear comparison between the growth inhibition of various drug concentrations and combinations, we fixed two values (k and A0), and re-estimated the growth of control set alone (rc), then, using rcin equation (4), we estimated the a (growth inhibition) value for each drug concentration and combination. This is a valid assumption as we used uniform cell seeding density and supplied the same amount of cell culture media to all wells throughout the experiments.

Next, the rationale behind the choice of the value of A0,is mentioned in Table 2. As shown in Figure 7, we started measuring the area of colonies on the 5th day of seeding i.e. when the colonies were visible. Using the measured data, the fitting algorithm was used to predict the initial area (A0), the carrying capacity (k), and the growth rate (r). In order to perform a comparative assessment of the change in growth inhibition between the control and various treated cases, rather than determining the values of A0 and k, we fixed these two parameters for all the cases and re-estimated the value of growth inhibition, a, alone. For instance, the initial area A0 of the colony estimated by the algorithm varied within the range 127.04-414.40 µm2 for 88 sets in Table 1). Hence, we fixed the value of A0 as 200 um2. We chose a value closer to the lower range limit since fixing A0 greater than the measured value on day 5 would result in negative growth rates for cases with significant growth inhibition (e.g. P20). The value of the carrying capacity (k) estimated by the algorithm varied from 2.5e4 – 2.6e9 µm2 for 88 sets in Table 1).


Table 2 | Drug induced growth inhibition of ZR75 colonies in agar assay.



Next, the rationale behind the choice of k. Considering space limitation of a single well (34.8 mm diameter, area 3802.66 e6 µm2 and seeding density of 1000 cells/well, each colony can have a maximum area of 3.8 e6 µm2. Hence, we fixed carrying capacity A0 as 1 e6. We tested the algorithm by fixing different reasonable values of A0 and k and in all cases, as expected (due to uniform cell seeding and well size), there is negligible variance in the estimated value of a (cases 1 and 2 in Table AT1 in the Supplementary File). Moreover, as shown in Figure 5, small, intermediate, and big colonies were seen in agar assay, hence heterogeneity in the colony size is expected. We excluded very small colonies and used images with intermediate and big colonies. However, even after including both big and intermediate colonies, as shown in Tables 2 and 3 a trend of increased drug effect is seen in the case of combination data.

Table 2 shows the results obtained for ZR75. The overall growth rate of treated colonies is given by rtreat =r-a, using rtreat the percentage value of growth inhibition (GI) in each case is calculated as % GI=(1-(rtreat/r))×100, where rc is the mean growth rate of the control data set estimated by fixing the values of k and A0. To summarize, the steps involved in generating Table 2 are: (1) Fix values for k and A0 and estimate the growth rate (rc) of control data set, (2) Set r=rc in equation, (3) and estimate the value of growth inhibition parameter (a) for each data set. From Table 2, it can be seen that BMS-202 can cause dose-dependent growth inhibition of ZR75 colonies. The % GI of ZR75 colonies are 50%, 53.75%, 98.34%, and 100% for P1, P5, P10, and P20, respectively. Moreover, a combination of TZ and BMS-202 resulted in increased growth inhibition of ZR75 colonies compared to respective monotherapies. For instance, %GI for H10P5 was 93.34%, whereas for H10 and P5%GI was 45.42% and 53.75%, respectively. It can also be seen from Table 2 that all combination therapy concentrations resulted in at least 80% GI of ZR75 colonies. Note that these results are for an immune deprived environment. Hence, a synergistic drug combination effect is expected in an immune-competent in vivo environment which will have additional effector cell-mediated cytotoxicity as well.



Discussion

It is well known that the mechanism of action behind many of the anti-HER2 agents (trastuzumab, pertuzumab, trastuzumab emtansine, margetuximab, etc.) involve immune effector modulation (10, 31, 42). Moreover, the significant correlation between the presence of TIL (tumor-infiltrating leukocytes) in the tumor microenvironment (TME) and improved survival rate says why disintegration of the immune evasion strategy of cancer cells using ICB is an idea worth exploring for HER2+ BC in particular (2, 27, 43, 44). An interesting study revealed that PD-L1 expression was significantly increased when treated with TZ in HER2-amplified gastric cancer cell lines co-cultured with peripheral blood mononuclear cells (PBMCs). Another study shows that TZ sensitive HER+ BC reportedly express higher levels of PD-L1 than TZ insensitive BC cells (26). Hence, additional use of ICBs can restore T-cell augmentation and thus enhance antibody-mediated cytotoxicity of TZ. Pre-clinical results report synergy in action when TZ is used with ICB-based (anti-PD-1/anti-CD137 mAb) therapy (45). A combination therapy using margetuximab (anti-HER2) and pembrolizumab (anti-PD-1) showed acceptable safety and tolerability with no dose-limiting toxicities in HER2+ gastro-esophageal adenocarcinoma (32). Similarly, our study reveals that the combination therapy using TZ (anti-HER2, mAb) and BMS-202 (anti-PD-1/PD-L1, SmI) results in improved growth inhibition compared to monotherapies even in an immune cell deprived environment, as shown in contingency Table 3 for % growth inhibition of ZR75 colonies when treated with various drug concentrations and combinations. All these studies serve as a proof of concept for expected synergistic anti-tumor activity in the combination of anti-HER2 and anti-PD-1 agents in an immunocompetent in vivo environment (32, 46).


Table 3 | Contingency table showing % growth inhibition of ZR75 colonies when treated with various drug concentrations and combinations.



Many mAbs including pembrolizumab and durvalumab, which were FDA approved for many other cancers, are currently under investigation for HER2+ BC particularly to evaluate dose-limiting toxicities, maximum tolerated dose (MTD), recommended phase-II dose (RP2D), and objective response (OR). In a phase 2 trial (PANACEA, pembrolizumab + TZ), it is reported that when 15% (6/40) of PD-L1+ cases achieved OR, none of the PD-L1- achieved OR. During the 13·6 (for PD-L1+ tumors) and 12·2 (for PD-L1- tumors) months evaluation period, even though grade 3-5 adverse events (AE) were reported in 50% of patients (with treatment discontinuation due to AE in 8% of the patients), the overall findings suggest that the combination of pembrolizumab and TZ is safe to use and showed continuing clinical benefits in HER2+ BC patients with TZ-resistant and PD-L1+ tumors (47). On a scale of 5, adverse effects in grades 1-2 were reported, RP2D is a full dose of durvalumab and TZ, and no safety issues were reported (25). Other currently ongoing clinical trials include NCT03417544 (atezolizumab, pertuzumab, TZ, HER2+ MBC), NCT03125928 (atezolizumab, paclitaxel, TZ, pertuzumab, HER2+ MBC), NCT03595592, (TZ, pertuzumab, carboplatin, paclitaxel, atezolizumab, HER2+, locally advanced BC), and NCT03199885 (paclitaxel, TZ, pertuzumab, atezolizumab, for HER2+ MBC). Even ICB-based DNA vaccines are under clinical trials for managing HER2+ cancers (48). However, note that in PANACEA only 15% OR is reported which means that we are quite far from figuring out a therapy that ensures 100% complete response or relapse-free survival for HER2+ BC patients (28, 49).

As mentioned earlier resistance to mAb-based therapy and relapse after treatment that were reported in earlier cases calls for more research using other drug modalities such as SmIs, peptides, and macrocycle. BMS-202 is a biphenyl SmI developed by Bristol Myers Squibb (BMS) which can stabilize PD-L1 protein dimers (36, 50). Specifically, BMS-202 can dive deep into the hydrophobic cylindric pocket created by two juxtaposed PD-L1 molecules and stabilize and hide away a PD-L1 homodimer, and thus prevent it from interacting with a PD-1, blocking intracellular signalization which leads to immune evasion of cancer cells (33). Biophysical and crystallographic studies suggest that BMS-202 can inhibit the interaction of the PD-1 receptor with its ligand by facilitating the dimerization of the latter (29, 37, 51–53). Anti-tumor activities and immunomodulatory effects of BMS-202 is studied using in vitro (human CD3+ cells) and in vivo studies; BMS-202, PD-1/PD-L1 binding is blocked leading to increased IFN-γ secretion in vitro (36). Similarly, in vivo experiments showed increased IFN-γ levels, cytotoxic T cells, and reduced T regulatory cells in blood (36). Due to the advantages of SmIs over mAbs, there is an increased interest in understanding the usefulness of BMS-202 in treating various cancers (27, 33–35). Study by Zhang et al. (53),, BMS-202 entrapped in nanoparticles (BMS-202 NPs) were used in a BC mice model (4T1 tumor-bearing mice) to study tumor deliverability and anti-cancer activity of BMS-202 NPs. This study showed the impressive anti-tumor and anti-metastatic effects of BMS-202 NPs (53).

In-vitro experiments reveal that BMS-202 can inhibit the proliferation of PD-L1+ SCC-3 cells (IC50 15 μM) and anti-CD3 antibody-activated Jurkat cells (IC50 10 μM) (52). As per this study, BMS-202 does not regulate the expression of PD-1/PD-L1 on cells, rather it inhibits the formation of the PD-1/PD-L1 complex by facilitating the dimerization of PD-L1 (52). Most importantly, BMS-202 showed a clear and direct anti-tumor effect against SCC compared to control in severely immune-deficient (MHC-double knockout) NOG mouse (52). The study using PD-L1+ SCC-3 cells in vivo (in NOG mouse) indicate that the antitumor activity of BMS-202 might be partly mediated by immune modulation and partly by the off-target cytotoxic effect (52). In line with these findings, our results also indicate that the anti-tumor activity of BMS-202 on HER2+ BC cells is partly by the off-target cytotoxic effect. More in vitro and in vivo studies are required to substantiate the synergy in action when BMS-202 is used along with TZ. Note that both drugs increase the level of cytokine interferon in the tumor microenvironment (TME). Another question that remains is whether T cell exhaustion in the TME will limit or saturate the overall efficacy when two drugs are used together in-vivo.

The role of vimentin in cancer cell motility, migration and invasion is well established (54). It is a major mediator in the epithelial-mesenchymal transition event, which results in cancer dissemination and metastasis (54, 55). Furthermore, knocking out vimentin attenuates tumor cell invasion (56). This highlights the importance of vimentin as a potential target to inhibit tumor progression. In this study, we revealed that vimentin protein levels were significantly decreased upon treatment with the combination of TZ and BMS-202. Accompanied with cell invasion data as well as the deregulation of AKT, mTOR and HER2, which play an important role in carcinogenesis (refs), we suggest that the combination therapy of TZ and BMS-202 may serve as an inhibitor of HER2+ breast cancer cell invasion.

HER2 amplification in HER2+ cancers is considered the major driver of tumor growth and progression. Upon dimerization, HER2 autophosphorylation activates several downstream molecular pathways, such as PKC and AKT/mTOR (57). These pathways control essential biological processes that can work in the favor of cancer cells when deregulated. These processes include cell survival and proliferation, motility, invasion, and differentiation. This shows why targeting HER2 with anti-HER2 drugs or monoclonal antibodies is essential in the management of HER2+ cancers (58). We herein report that treatment with TZ and BMS-202 for 48 hours can suppresses the expression of HER2 receptor, while mostly affecting its phosphorylation. In addition, we noticed a deregulation in the expression patterns of AKT/mTOR upon treatment, which was more pronounced when we used the combination of TZ and BMS-202.

In general, there is a strong indication of the synergistic outcome when anti-HER2 and ICB-based therapies are applied together (17, 21, 22, 27, 28, 59). When it comes to combination therapy, along with empirical experiments, mathematical models can be used to evaluate effective dose combinations and order of treatment (2, 60, 61). Study by Jarrett et al. (61), demonstrated an experimentally-driven mathematical model is used to analyze combination therapy (TZ+paclitaxel) protocols for HER2+ BC. Another mathematical model-based analysis reveals TNF-α induced reduction in drug-resistance to anti-PD-1 (62). Similarly, a mathematical model was developed to represent combination therapy (cancer vaccine and ICB) (51). Thus, it is obvious that mathematical models, if properly devised with appropriate measurable biomarkers can be used to conduct risk-free, cost-effective in silico analysis to identify patient cohorts that will benefit from a certain type of treatment (63, 64).

The contribution of this paper comes in many folds. We herein present (1) a feasible methodology to use agar-assay based colony formation experiments to track the growth of the same colony over a period of time and to build a mathematical model based on the time-series data derived (2). Our data revealed improved growth inhibition of colonies in the case of combination treatment compared to single agent cases (3), The Gompertz model is validated as a suitable model to describe the growth pattern of breast cancer cell lines, and (4) the combination treatment with TZ and BMS-202 decreased the cell’s invasiveness along with altering several key pathways, such as AKT/mTOR and ErbB2 compared to monotherapy. The application of the mathematical model discussed in this paper is limited to the study of growth patterns of breast cancer cell lines, drug-induced percentage growth inhibition, and combination drug effect. Herein it is important to highlight that a single term Gompertz model is inadequate to reflect the complex dynamics in the tumor microenvironment in vivo, which involves the interaction of multiple cells and biochemicals (such as crosstalk between normal, cancer, endothelial and immune cells as well as cytokines, chemokines etc.). Complex models with multiple terms where each term can be linear (such as Gompertz, power law, logistic model) may predict cancer behavior in future timescale as each term in the model equation accommodate (1) growth (2) competition between cells (3) cell differentiation/mutation and (4) the effect of therapy, for each cell type in the tumor microenvironment. However, in this paper, we have used Gompertz model to represent treatment induced growth inhibition alone, not the complete dynamics of a tumor microenvironment. More complex experiments that involve cell-coculture (breast cancer cells with peripheral blood mononuclear cells (PBMCs)) can be used to mimic a tumor microenvironment and thus build more complex mathematical models that can be used to derive critical information regarding immune cell-induced enhancement and saturation of drug effect due to T cell exhaustion. More importantly, we envisage that the results discussed in this paper will lead to more studies that investigate molecular pathways, if any, that improve the potency of TZ when used along with BMS-202 in HER2 treatment.

In this paper, we present a Gompertz model-based method to quantify drug-induced growth inhibition. Development of similar mathematical models which represent the dynamics of HER2+ BC cells, immune cells, and drugs involved are interesting directions for future research. Such models can be used to evaluate the critical threshold of T cell exhaustion that will hinder a patient from getting the potential benefits expected out of ICB-based therapy (16, 65). Apart from the ZR-75 results reported in this paper, we have conducted a similar study using the SKBR3 cell line (please refer to Supplementary Data) wherein the Gompertz model exhibited good fit, however, with slightly different values for variables (r, k, a). Hence, investigating how far we can generalize the model parameters for various cell lines can be an interesting direction for future work. Similarly, deriving a mathematical function that fits the measured growth inhibitions with respect to the two different drug doses used (Table 3) is also desirable for identifying the best dosing combination. In short mathematical model-based approaches can act as a link to facilitate the integration of multiple computational strategies towards tailoring personalized treatment protocols by accommodating patient-specific characteristics (1, 3, 30, 63, 66, 67). Specifically, investigations based on computational approaches which can quantify indications of diagnostic, therapeutic, and prognostic biomarkers pertaining to HER2+ BC can accelerate drug development, drug repositioning, and identification of effective drug combination for managing the disease (2, 68–70).



Conclusions

In order to have a realistic assessment of cancer disease prognosis and predictive outcomes, biomedical research frameworks must adopt more quantitative methods to gain insight on disease mechanisms, therapy options, and prognostic features of biomarkers. The significant correlation between immune response, PD-1/PD-L1 expression, and disease prognosis of HER2+ BC indicates that tailored ICB-based therapies can improve the management of HER2+ BC patients. Our mathematical model-based study points out that the combination therapy using trastuzumab (anti-HER2, mAb) and BMS-202 (anti-PD-1/PD-L1, SmI) results in a significant growth inhibition of HER2+ BC cell lines compared with monotherapies even in an immune cell deprived environment. Nevertheless, further investigations are imperative to uncover the potential crosstalk between PD-1/PD-L1 inhibitors and HER2 growth signaling pathways in breast cancer.
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Background

Breast cancer is one of the major malignancies threatening women’s health worldwide. The incidence of breast cancer at high altitudes increased over the years. But few studies focused on the characteristics of clinicopathology and molecular subtypes among breast cancer at high altitudes, which are still unknown. Tibet, with an average altitude over 4000 meters, is a representative city at high altitudes, lying in the Qinghai-Tibetan Plateau in southwestern China. This study aimed to identify the clinicopathological characteristics and features of molecular subtypes among Tibetan women with breast cancer, and provide evidence for cancer prevention and personalized therapeutics in high-altitude regions.



Methods

Between May 2013 and March 2022, 104 Tibetan women from high-altitude regions (Tibetan-group) and 34 Han Chinese women from low-altitude regions (Han-group), consecutively diagnosed with breast cancer in the Hospital of Chengdu Office of People’s Government of Tibetan Autonomous Region, were included in the study. We retrospectively reviewed the clinical character, altitudes of residence, tumor size, lymph nodes metastasis, distant metastasis, pathological type, immunohistochemical index, and molecular subtype.



Results

In the study, we calculated the patient delay, equal to the period from symptoms onset to hospital visits. The patient delay of Tibetan-group was 7.47 ± 11.53 months, which was significantly longer than that of Han-group, 7.22 ± 22.96 months (p<0.05). Body Mass Index (BMI) was significantly different (p<0.05). Tumors in Tibetan-group were significantly larger than those in Han-group, 4.13 ± 2.98cm and 2.51 ± 0.82cm in diameter, respectively (p<0.05). According to ordinal logistic regression analysis, exposure to high altitudes might result in more advanced T stage (OR=2.45 95%CI 1.10-5.44). 41.3% (43/104) of cases in Tibetan-group had lymph node positive disease, whereas the percentage was found in 38.26% (13/34) in Han-group(p<0.05). The distribution of molecular subtypes was quite significantly different between two groups (p<0.05), according to the comparison of constituent ratios.



Conclusion

Our study verified that breast cancer at high altitudes possessed its own unique clinicopathological characteristics and distinct features of molecular subtypes. It broadened the understanding of this heterogenous disease and also provided valuable evidence for cancer prevention and personalized therapeutics of breast cancer at high altitudes.
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1 Introduction

Breast cancer is one of the major malignancies, posing a great threat to women’s health worldwide. According to statistics, female breast cancer had become the most commonly diagnosed cancer, with an estimated 2.26 million new cases in 2020, surpassing lung cancer as the first of cancer incidence (1). Similarly, the incidence of breast cancer at high altitudes increased over the years (2). But few studies focused on the characteristics of clinicopathology and molecular subtypes among breast cancer patients at high altitudes, which are still unknown. Tibet, with an average altitude over 4000 meters, is a representative city at high altitudes, lying in the Qinghai-Tibetan Plateau in southwestern China. Due to its unique climate, geographical location, ethnicity, lifestyle, religion, and economy, breast cancer patients in Tibet may present special disease features. Nowadays, researchers have realized that breast cancer is not a single disease, but a heterogenous complex disease containing several subtypes (3–5). Since the molecular intrinsic subtypes were first presented, they provided various important information to study the heterogeneity of breast cancer, leading into a new era of classified therapy in breast cancer. This study aimed to identify the clinicopathological characteristics and features of molecular subtypes among Tibetan women with breast cancer, and provide evidence for cancer prevention and personalized therapeutics in high-altitude regions.



2 Materials and methods


2.1 Patients

The study retrospectively reviewed the women who were consecutively diagnosed with breast cancer in the Hospital of Chengdu Office of People’s Government of Tibetan Autonomous Region between May 2013 and March 2022. All patients underwent surgical resection or ultrasound-guided core needle biopsy. The diagnosis was confirmed by histopathology or cytopathology. Patients diagnosed pathologically as primary invasive breast cancer were eligible for inclusion. We defined the patients at high altitudes as those who were Tibetan residents, living permanently at altitudes > 2500 m since they were born. And we defined the patients at low altitudes as those who were Han Chinese, living permanently at altitudes ≤ 1000 m since they were born. Patients who migrated from high altitudes to low altitudes or migrated from low altitudes to high altitudes were excluded. Other exclusion criteria included: parents of patients were migrants, and history of other malignancy. According to the altitude of residence, the patients were divided into the Tibetan-group (high-altitude) and the Han-group (low-altitude). The study was approved by the ethic committee of the Hospital of Chengdu Office of People’s Government of Tibetan Autonomous Region. Because of the retrospective nature of the study, informed consent was waived.



2.2 Methods

We retrospectively reviewed the following data: age, the altitude of residence, Body Mass Index (BMI), menstrual status, age at menopause, symptoms, time of symptoms onset, time of hospital visit, imaging tests, tumor size, lymph nodes metastasis, distant metastasis, pathological type, immunohistochemical characteristics, and molecular subtype. We calculated the patient delay, equal to the period from symptoms onset to hospital visits. Tumor size was measured by the largest contiguous dimension of a tumor focus according to pathological criteria among patients who underwent radical surgery. It was according to clinical criteria among patients who didn’t undergo the surgery due to distant metastasis or refusal to surgery. TNM stage was assessed according to the 8th edition of the American Joint Committee on Cancer (AJCC) staging manual.

Pathological evaluation: Estrogen Receptor (ER)/Progesterone Receptor (PR) was defined positive if it was stained in ≥1% of nuclei in tumor cells, and ER/PR was defined negative if it was stained in <1% of nuclei in tumor cells or non-stained (6). Human Epidermal Growth Factor Receptor 2(HER-2), detected by immunohistochemistry (IHC): +++ was positive and + was negative. When HER-2 was scored ++ by IHC, fluorescent in situ hybridization (FISH) should be additionally adopted to evaluate the amplification of HER-2 further. If HER-2 amplification occurred, HER-2 (++) was classified as HER-2 positive. If no HER-2 amplification was found, HER-2 (++) was classified as HER-2 negative (7). Ki-67 was evaluated by the percentage of positive invasive tumor cells with any nuclear staining. When the percentage ≥14%, Ki-67 was recorded high and when the percentage <14%, Ki-67 was recorded low (8).

In the study, cases from both groups were classified into four subtypes, including luminal A (ER -and/or PR-positive, HER2-negative, Ki-67 low), luminal B (ER- and/or PR-positive, HER2-negative, Ki-67 high) or (ER- and/or PR-positive, HER2-positive, any Ki-67), HER2-enriched (ER and PR-negative, HER2-positive), and Triple negative (ER and PR negative, HER2-negative), according to St. Gallen consensus criteria (8).



2.3 Statistical analysis

Values were compared by the student ‘s t test. Categorical data was compared by Chi-squared test. And when n<5, Fisher’s exact test was performed. Ordinal logistic regression analysis was used to calculate the Odds Ratio (OR). Statistical significance was considered by two-tailed test with p<0.05. The statistical analyses were performed using IBM SPSS statistics 26.0 software.




3 Results


3.1 Clinical characters

Between May 2013 and March 2022, 138 female patients were enrolled in the study. Among them, 104 patients were Tibetans from high-altitude regions (Tibetan-group), accounting for 75.4%. Their altitudes of residence ranged from 2720 m to 5200 m, and the median altitude was 3650 m. And 34 patients were Han Chinese from low-altitude regions (Han-group), accounting for 24.6%. Their altitudes of residence ranged from 49 m to 1000 m, and the median altitude was 492 m. There was a significant difference in altitude between two groups (p<0.05). Among Tibetan-group, age at diagnosis ranged from 26 to 80 years, and the average age was 47.96 ± 10.56 years, while age at diagnosis among the Han-group ranged from 19 to 70 years, and the average age was 47.96 ± 10.56years (p>0.05). Post-menopausal cases accounted for 41.3% (43/104) in Tibetan-group, and it was found in 47.1% (16/34) in Han-group. The average age at menopause was 48.40 ± 3.47years in Tibetan-group, and it was 50.56 ± 4.68 years in Han-group. No significant difference was observed in terms of menstrual status and menopause age between two groups(p>0.05). In the study, we calculated the patient delay, equal to the period from symptoms onset to hospital visits. Symptoms such as palpable painless breast lump, breast pain, palpable axillary nodes, nipple retraction, nipple discharge, and changes in skin were included. The patient delay of Tibetan-group was 7.47 ± 11.53 months, which was significantly longer than that of Han-group (7.22 ± 22.96 months) (p<0.05). There was a significant difference in Body Mass Index (BMI) between Tibetan-group (26.17 ± 4.80) and Han-group (23.98 ± 3.17) (p<0.05). Tumors in Tibetan-group were significantly larger than those in Han-group, with 4.13 ± 2.98cm and 2.51 ± 0.82cm in diameter, respectively (p<0.05). According to ordinal logistic regression analysis, exposure to high altitudes might result in more advanced T stage (OR=2.45 95%CI 1.10-5.44).

41.3% (43/104) of cases in Tibetan-group had lymph node positive disease, whereas the percentage was found in 38.26% (13/34) in Han-group(p<0.05). 7.69% (8/104) of patients in Tibetan-group had distant metastasis when they were initially diagnosed, whereas the percentage was found in 5.88% (2/34) in Han-group (p>0.05) (Table 1).


Table 1 | Clinical characteristics in Tibetan-group and Han-group.





3.2 Clinicopathological characteristics

In Tibetan-group, 94 patients were diagnosed with invasive carcinoma of no special type, accounting for 90.38%. 9 (8.65%) patients were diagnosed with invasive carcinoma of special type, including 1 with cribriform carcinoma, 2 with medullary carcinoma, 2 with papillary carcinoma, 1 with metaplastic carcinoma, 2 with malignant phyllodes tumors and 1 with mucinous carcinoma. And 1 (0.96%) patient was noninvasive carcinoma. In Han-group, 31 patients were diagnosed with invasive carcinoma of no special type, accounting for 91.18%. And 3 (8.82%) patients were diagnosed with invasive carcinoma of special type, including 2 with mucinous carcinoma and 1 with papillary carcinoma. Among Tibetan-group, 66 (65.35%) cases were ER-positive, 35(34.65%) cases were ER-negative, and 3 were unevaluated, while 25 (73.53%) cases were ER-positive, and 9(26.47%) cases were ER-negative in Han-group. As to ER status, no significant difference was found between two groups (p>0.05). In Tibetan-group, 54(53.47%) cases were PR-positive, 47(46.53%) cases were PR-negative, and 3 were unevaluated, while 20 (60.61%) cases were PR-positive, 13(39.39%) cases were PR-negative, and 1 was unevaluated in Han-group. No significant difference was observed between two groups (p>0.05). In Tibetan-group, 23 (24.21%) cases were HER-2-positive, 72(75.79%) cases were HER-2-negative, 3 were uncertain without being retested by FISH, 2 were uncertain after being retested by FISH, and 4 were unevaluated. In Han-group, 12 (36.36%) cases were HER-2-positive, 21(63.64%) were HER-2-negative, and 1 was uncertain after be retested by FISH. There was no significant difference in positive rates of HER-2 status between two groups (p>0.05). Among Tibetan-group, 75 (79.79%) cases were Ki-67 high, 19(20.21%) were Ki-67 low, and 10 were unevaluated. Among Han-group, 31 (91.18%) cases were Ki-67 high, and 3(8.82%) were Ki-67 low. In the term of Ki-67 expression, there was no significant difference between two groups (p>0.05) (Table 2).


Table 2 | Clinicopathological characteristics in Tibetan-group and Han-group[n(%)].





3.3 Features of molecular subtypes

Herein, cases from both groups were classified into four molecular subtypes, including Luminal A, Luminal B, HER2-enriched, and Triple negative. Among Tibetan-group, 18 (18.18%) cases were Luminal A, 46 (46.46%) cases were Luminal B, 9 (9.09%) cases were HER2-enriched, and 26 (26.26%) cases were Triple negative. In Han-group, 3 (8.82%) cases were Luminal A, 22 (64.71%) cases were Luminal B, 7 (20.59%) cases were HER2-enriched, and 2 (5.88%) cases were Triple negative. The constituent ratios of the four molecular subtypes were significantly different between Tibetan-group and Han-group (p<0.05) (Table 3).


Table 3 | Molecular subtypes in Tibetan-group and Han-group [n (%)].






4 Discussion

Breast cancer is the most common cancer in women worldwide with ever-increasing incidence, and high-altitude regions are no exception (2, 9–11). Previous evidence suggested that high-altitude populations were at higher risk for breast cancer, compared with low-altitude populations. And mounting evidence presented various differences of gene expression during breast cancer process between high- and low-altitude populations (12). Compared to low-altitude regions, the most obvious distinctions of high-altitude regions are intense ultraviolet radiation, hypoxia, and low pressure. Several studies argued whether more exposure to ultraviolet ray would result in higher incidence of breast cancer. However, their conclusions were inconsistent (13, 14). Therefore, the influence of ultraviolet radiation on the development of breast cancer was still unknown. Hypoxia is closely related to tumorigenesis and tumor progression. Zhang et al. (15) induced the breast cancer stem cells by hypoxia. In their study, hypoxic tumor microenviroment greatly promoted the excessive and aberrant angiogenesis. Usually, the tumor vessels formed by angiogenesis were tortuous, dilated and excessively branched (16). Ultimately, the disorganized vasculature was inefficient for blood supply, and contributed to the hypoxic microenviroment in turn, which played a fundamental role for tumor progression (17). Previously, researchers constantly explored the pathogenic factors and gene expression of breast cancer in high-altitude regions, but few studies focused on the clinicopathological characteristics and features of molecular subtypes, which was deserved more attention and further research.

In our study, patients in Tibetan-group were all inhabitants of Tibet, which was a representative region at high altitudes. And breast cancer women in the corresponding period at low altitudes were included as controls, forming the Han-group. Our results demonstrated that the two groups had much in common, but the unique characteristics of clinical pathology and distinct features of molecular subtypes were clearly presented in Tibetan-group.

As shown in our study, the majority of patients were between 40 and 50 years. The proportion of post-menopausal patients was over 40%, and the average age at menopause ranged from 45 to 55 years. They all had no significant difference between two groups (p>0.05). But the patient delay, Body Mass Index (BMI), tumor size, and lymph node metastasis were all different with statistical significance between the two groups (p<0.05). The patient delay, defined as the period between symptoms onset and hospital visits was 7.47 ± 11.53 months in Tibetan-group, which was significantly longer than that in Han-group (7.22 ± 22.96 months) (p<0.05). To some extent, this result illustrated the fact that hospital visits of the Tibetan-group might be seriously delayed. The causes of delay were varied. Vast areas of Tibet were economically undeveloped, same as other high-altitude regions. These areas faced a relative shortage of medical resources. And some people had weak health awareness, who paid little attention to the secondary prevention for breast cancer. Besides, the long distance and steepness of the way to hospitals hindered them to seek immediate medical attention, due to the remote location of their settlements. According to the standard deviations of both figures, the patient delay fluctuated widely. However, the reasons of two groups were different. Tibet covered large areas, and districts of Tibet were far apart. There were great distinctions in economic development. In addition, the district distribution of medical resources was greatly uneven. All the reasons mentioned above were attributed to the wide fluctuation in Tibetan-group. But in Han-group, it was probably associated with the small sample size. Women in Tibetan-group were significantly fatter than those in Han-group. As with our results, previous studies found that overweight and obesity were associated not only with a higher risk of developing breast cancer, particularly in postmenopausal women, but also with worse prognosis for women of all ages (18). Compared with Han-group, tumors in Tibetan-group were significantly larger, and patients with positive lymph nodes in Tibetan-group were significantly more, suggesting that patients in Tibetan-group might have more advanced stages, which might result in worse disease outcome. We calculated the OR related to T stage to identify if exposure to altitude could influence breast cancer by ordinal logistic regression analysis. In our results, the OR was 2.45, 95% CI was 1.10-5.44. It demonstrated that exposure to high altitudes might result in more advanced T stage. Michaelson JS et al. revealed that tumor size was associated with increased lethality, such that each millimeter of tumor diameter was associated with an additional approximately 1% chance of death (19). Zheng S et al. reported that breast cancer in China showed more invasive ductal carcinoma with larger tumor size, later stage than those in the Western (p<0.001), and their results indicated that invasive breast cancer of Chinese might be more aggressive than those of the Western population (20). Risk of getting breast cancer was related to living at a higher altitude, as well as an increased risk of death (OR:1.067; p=0.030) (21). Several previous studies had reported that the lymph node status, the number of positive lymph nodes and the sites of positive lymph nodes were all important prognostic indicators of breast cancer (22, 23).

According to our results, the major pathological type was invasive carcinoma of no special type in both groups. Among them, invasive ductal carcinoma accounted for the largest proportion. In two groups, the positive rates of ER were 65.35% and 73.53%, respectively. And the positive rates of PR were 53.47% and 60.61%, respectively. They were all found with no significant difference (p>0.05). Nuclear ER and PR, also known as members of steroid receptor superfamily, were both essential molecules, coordinately contributing to the development of lobular alveolar epithelial structures of the normal mamma during puberty, menstrual cycle and pregnancy (24). ER positive cancers were reported to be well differentiated, less aggressive, and had a better prognosis (25). The positive rates of HER-2 in two groups were 24.21% and 36.36%, respectively (p>0.05). The human epidermal growth factor receptor (HER-2) was a transmembrane tyrosine kinase receptor, and also a proto-oncogene, involved in the proliferation and differentiation of mammary cells. Over-expression of HER-2 allowed mammary cells to proliferate, survive, differentiate through a signal transduction cascade regulated by PI3k/Akt and Ras/Raf/MEK/MAPK pathways (26). Breast cancer with HER-2 over-expression constituted an aggressive type of breast cancer, which tended to grow more rapidly and were at higher risk of lymph node metastasis (27). Over expression of HER-2 was associated with poor prognosis, increased resistance to endocrine therapy and poor responding to non-anthracycline, nontaxane-containing chemotherapy (28, 29). In our two groups, cases with Ki-67 high were found in 79.79% and 91.18%, respectively, with no significant difference (p>0.05). Ki-67, also known as an excellent marker of proliferation, remained active during M, G1, S, and G2 phases of the cell cycle, and absent during G0 phase (30–33).

In 2000, Perou et al. proposed molecular classification of breast cancer into intrinsic subtypes, which differed in intrinsic biology, prognosis, and response to therapy (34). It was confirmed by accumulating evidence. In 2013, the St. Gallen international breast cancer conference expert panel refined and re-iterated the value of clinicopathological surrogate definitions resembling intrinsic subtypes to guide selection of systemic adjuvant therapies (7). Ultimately, the criteria of molecular subtypes were established. In addition, molecular subtypes had been confirmed to be the prognostic predictor of breast cancer (35, 36). In previous studies, the distribution of molecular subtypes varied, which was affected by many factors, such as sample size, testing technology, ethnicity, living conditions, economy and so on (37). In our study, Luminal B was the most common subtype both in Tibetan-group and Han-group, found in 46.46% and 64.71%, respectively. Following it, triple negative (26.26%) came to be the second in Tibetan-group, whereas it was HER2-enriched (20.59%) in Han-group. Then Luminal A (18.18%) followed, and HER2-enriched (9.09%) was the least in Tibetan-group. In Han-group, it was followed by Luminal A (8.82%) and triple negative (5.88%). The distribution of subtypes was quite significantly different between two groups (p<0.05), according to the comparison of constituent ratios of the four molecular subtypes in two groups.

There are over 140 million people who live at high altitudes worldwide. Tibetans are among them. Tibetans reside in the Qinghai-Tibetan Plateau for centuries. Long-term exposure to this kind of extreme environment brings changes in breast cancer. Our study retrospectively reviewed breast cancer patients from high-altitude regions and low-altitude regions between May 2013 and March 2022 in our hospital. We analyzed the clinicopathological characteristics and features of molecular subtypes of breast cancer at high altitudes. We also compared them with breast cancer at low altitudes. We had found that breast cancer patients at high altitudes showed significantly different in the patient delay, BMI, tumor size, lymph node metastasis and the distribution of subtypes. Our results verified the unique traits of breast cancer at altitudes, which might influence treatment strategies in the future. We will keep following these cases, collecting prognostic data, and observing long-term outcomes. Based on the present study, we recommend taking steps to raise cancer awareness, guide healthy weight maintenance and breast self-examination, improve cancer screening rate, and optimize medical resource allocation. In our study, the sample size of the control group was limited, and it might bring selection bias. We reduced its influence by rigorous statistical methods. Nevertheless, our study had still broadened the understanding of this heterogenous disease and also provided valuable evidence for cancer prevention and personalized therapeutics of breast cancer at high altitudes.

Constituent ratios of the four molecular subtypes were compared between two groups (p=0.01).
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Background

Genetic variability in DNA double-strand break repair genes such as RAD51 gene and its paralogs XRCC2、XRCC3 may contribute to the occurrence and progression of breast cancer. To obtain a complete evaluation of the above association, we performed a meta-analysis of published studies.



Methods

Electronic databases, including PubMed, EMBASE, Web of Science, and Cochrane Library, were comprehensively searched from inception to September 2022. The Newcastle-Ottawa Scale (NOS) checklist was used to assess all included non-randomized studies. Odds ratios (OR) with 95% confidence intervals (CI) were calculated by STATA 16.0 to assess the strength of the association between single nucleotide polymorphisms (SNPs) in these genes and breast cancer risk. Subsequently, the heterogeneity between studies, sensitivity, and publication bias were performed. We downloaded data from The Cancer Genome Atlas (TCGA) and used univariate and multivariate Cox proportional hazard regression (CPH) models to validate the prognostic value of these related genes in the R software.



Results

The combined results showed that there was a significant correlation between the G172T polymorphism and the susceptibility to breast cancer in the homozygote model (OR= 1.841, 95% CI=1.06–3.21, P=0.03). Furthermore, ethnic analysis showed that SNP was associated with the risk of breast cancer in Arab populations in homozygous models (OR=3.52, 95% CI=1.13-11.0, P= 0.003). For the XRCC2 R188H polymorphism, no significant association was observed. Regarding polymorphism in XRCC3 T241M, a significantly increased cancer risk was only observed in the allelic genetic model (OR=1.05, 95% CI= 1.00–1.11, P=0.04).



Conclusions

In conclusion, this meta-analysis suggests that Rad51 G172T polymorphism is likely associated with an increased risk of breast cancer, significantly in the Arab population. The relationship between the XRCC2 R188H polymorphism and breast cancer was not obvious. And T241M in XRCC3 may be associated with breast cancer risk, especially in the Asian population.
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Introduction

In all countries around the world, cancer is the leading cause of death and an important obstacle to improving life expectancy. Female breast cancer (BC) has overtaken lung cancer as the leading cause of global cancer incidence in 2020, with an estimated 2.3 million new cases, representing 11.7% of all cancer cases (1). The mechanism of breast carcinogenesis is not yet fully understood. It is considered a polygenic disease and has a component of inheritance due to low-penetrant and common genetic variants. The steady repair of DNA damage is very important for the survival of cells and the maintenance of genetic stability (2).

Over the years, it has been increasingly recognized that variations in the genetic background of individuals combined with environmental exposure can ultimately lead to the occurrence and progression of cancer. DNA repair genes have been considered considerable factors in the prevention of genomic damage and continuously monitor chromosomes to correct injuries caused by exogenous agents such as ultraviolet light or endogenous mutagens (3, 4). Aberrant double-stranded break (DSB) repair leads to genomic instability, a hallmark of malignant cells. Double-stranded breaks are repaired by two pathways: homologous recombination (HR) and non-homologous end joining (NHEJ). Previous analysis has revealed several important features of DSB repair in breast cancer cells: (i) HR is evidently increased in breast cancer cells compared with normal cells; (ii) Non-homologous end joining(NHEJ)repair is the major DSB repair route in both normal and malignant breast epithelial cells; (iii) NHEJ efficiency does not differ significantly between normal and cancerous cells (5). The two pathways of DSB repair are independently controlled, and only HR is increased in breast cancer cells compared with normal breast epithelial cells. RAD51 is a homolog of the E. coli RecA protein, which is essential for maintainability such as meiotic and mitotic recombination, and also plays a critical role in homologous recombination repair (HR) of DNA double-strand breaks (DSB) (6–8).

Researchers recently discovered that the Rad51 promoter in cancer cells is on average 840-fold more active in cancer cells than in normal cells and the fusion of RAD51 promoter and diphtheria toxin gene selectively kills cancer cells. Transcriptional targeting therapy using up-regulated HR gene expression can effectively eliminate cancer cells without toxicity to normal tissues. The human RAD51 gene, located on chromosome 15q15.1, is considered to participate in a common DSB repair pathway and is involved in the development of breast cancer development (9). RAD51 functions by assembling on a single-stranded DNA, inducing homologous pairing, and in turn mediates strand invasion and exchange between homologous DNA and damaged site (10). In recent years, the RAD51 gene polymorphism has attracted a great deal of attention. The RAD51 family of genes, including RAD51 and the five RAD51-like genes, are known to have crucial non-redundant roles in this pathway. Recently, researchers have revealed that RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3) could serve as central proteins during the HRR process. The function of RAD51-like genes is to transduce DNA damage signals to effector kinases that promote break repair. A central player in homologous recombination is the RAD51 recombinase that binds to single-stranded DNA at break sites, the XRCC2 and XRCC3 genes are structurally and functionally related to the RAD51 genes (11). Two commonly studied polymorphisms of the RAD51 gene are G135C (rs1801320), a G to C transversion at position +135, and G172T (rs1801321), a G to T transversion at position +172, both of which are located in the 5 Untranslated region (5’UTR) and appear to be related to functional polymorphisms. Two variants of 135G/C and 172G/T would affect mRNA stability or translational efficiency, resulting in altered levels of polypeptide products, altering the function of encoding the RAD51 protein, and in some way influencing DNA repair capacity and malignancies (12). RAD51 interacts with BRCA1 and BRCA2, acting through HR and NHEJ. For example, down-regulation or mutation of DNA DSB repair proteins involved in the NHEJ pathway was shown to be associated with both BC risk and increased chromosomal radiosensitivity (CRS) (13–15). In addition, RAD51 overexpression is acknowledged to be associated with therapeutic antagonism, aggressiveness, metastatic behavior, and poor prognosis.

X-ray repair cross complementing group 2(XRCC2)gene, located in 7q36.1, is an essential part of the homologous recombination repair pathway and a functional candidate for involvement in cancer progression. Its XRCC2 protein product, together with other proteins encoded by the XRCC2 gene such as RAD51L3, forms a complex that plays a critical role in chromosome segregation and the apoptotic response to DSBs (16, 17). As a member of the RAD51 family of proteins, it is widely acknowledged to mediate HRR (18). However, the exact function of SNPs in the XRCC2 gene in response to different DNA-damaging agents still remains unclear. There is a G-to-A polymorphism located in exon 3 of the XRCC2 gene resulting in a substitution of histidine (His) for arginine (Arg). Known as Arg188His (R188H, rs3218536), this polymorphism has been widely investigated to explore its potential impact on cancer susceptibility. Furthermore, DNA damage caused by anticancer drugs and radiation have been documented to require XRCC2 for repair in mammalian cells (19–22). Several pieces of evidence stress that high levels of expression of The X-ray repair cross complementing group 3 (XRCC3), another member of the RAD51 family of proteins, are correlated with radioresistance and cytotoxic resistance in human tumor cell lines, suggesting that XRCC2 could also play a relevant role in the effects of oncotherapy (23–25). XRCC3, as we know, is localized on human chromosomes 14q32.325. A coding SNP (T241M, rs861539) has been reported at the 18,067th nucleotide in exon 7 of the XRCC3 gene, resulting in a substitution of methionine (Met) for threonine(Thr) (25). The XRCC3 protein is involved in the joining of single-strand DNA breaks and the joining of double-strand DNA breaks (26). As a member of the Rad51 DNA repair gene family. It functions in the HRR pathway by repairing double-strand breaks. XRCC3 helps the assembly of the nucleofilament protein and its selection and interaction with the appropriate recombination substrates (12). Likewise, XRCC3 controls HR fidelity and is essential to stabilize heteroduplex DNA in HRR. Furthermore, a mutation in XRCC3 generates severe chromosomal instability. The XRCC2 and XRCC3 genes are necessary for HRR and are required for the formation of RAD51 focus (27, 28). In recent studies, common variants of XRCC2, particularly the encoding SNP of exon 3 (Arg188His), have been identified as potential cancer susceptibility sites, although in this case, the association with breast cancer susceptibility remains unclear. Earlier studies have shown that the XRCC3 Thr241Met polymorphism has long been regarded as a risk factor for many cancers.

We examined whether polymorphisms in these three genes involving homologous recombination with DSB were associated with the risk of breast cancer.



Materials and methods


Search strategy and data extraction

All studies investigating the association between polymorphisms in the RAD51 gene and paralog genes, such as the XRCC2 & XRCC3, and the risk of breast cancer, were identified by comprehensive computer-based searches of the PubMed, Embase, Web of Knowledge, and Cochrane Library databases(the last search update on September 2022). The search was carried out using various combinations of keywords such as (‘RAD51 gene’ OR ‘RAD51 recombinase gene’ OR ‘XRCC3 polymorphism’ OR ‘XRCC3 Thr241Met polymorphism’ OR ‘XRCC2’ OR ‘XRCC2 Arg188His polymorphism’) AND (‘polymorphism’ OR ‘variant’ OR ‘variants’).



Eligibility criteria and selection process


Inclusion criteria

Studies included in our meta-analysis needed to have met the following criteria: 1)published in public, full text only; 2) case-control study; 3) sufficient data (genotype distributions for cases and controls) to calculate an odds ratio (OR) with its 95%CI; 4) studies published in English; 5) genotype distribution of the control population consistent with the Hardy-Weinberg Equilibrium (HWE).



Data extraction

Two authors independently extracted information from all eligible publications according to the inclusion criteria listed above. Disagreement was resolved by evaluating a third reviewer and discussing until a consensus was reached. The following characteristics were collected from each study: first author, year of publication, country, ethnicity, methods in experiments, source of control groups and genotype frequencies in case and control groups, and the value of HWE. Duplicated primary studies were deleted and only one version of duplicated documents was kept.



Data collection

The transcriptome data and clinical information of BC patients were obtained from The Cancer Genome Atlas (TCGA) database (https://cancergenome.nih.gov/). In total, 903 patients with BC were selected from the TCGA cohort. For the transcriptome data from TCGA-BRCA, we download their series files. Some important clinical characteristics including age, pathologic stage (I, II, III, IV, V, and NA), and pathology stage (T, N, M) are available. The datasets listed in Table 6 are used to discover and verify prognostic factors of BC patients. We assessed the association of each gene with overall survival by univariate and multivariable Cox proportional hazard regression analysis. All statistical tests were two-sided. The Cox proportional hazard model, including several important factors, was employed to estimate the hazard ratio (HR) and 95% CI for each gene for breast cancer survival. We use normalized P values of <0.05 to define statistical significance. This part of statistical tests was performed using the R software.




Statistical analysis

We first analyze HWE in the controls for each study using a goodness-of-fit test (chi-square or Fisher’s exact test) and the departure of HWE genotype frequency among control subjects was determined by P <0.05. Crude odds ratios (OR) with 95% confidence intervals (CI) were used to assess the strength of the association between the RAD51 gene and its paralog polymorphisms and breast cancer susceptibility. The pooled ORs for the RAD51 G172T polymorphism were performed under the dominant model (GG vs. TT+GT), recessive model (TT vs. GG+GT), homozygote model (TT vs. GG), and allelic genetic model (T vs. G). T and G represent the minor and the major alleles, respectively. The same methods were applied to the analysis of other polymorphisms. Stratified analyzes were performed on ethnicity and source of control. A Q-test was performed to assess statistical heterogeneity among studies. The pooled OR was calculated using a fixed effect model if the result of the p-value of the Q test<0.1 indicated significant heterogeneity according to the previous study(Davey and Egger,1997) (29, 30). If the result of the Q test was P>0.1, which indicated that the heterogeneity between studies was not significant. Otherwise, a random-effects model was used. Given the potential heterogeneity among studies with different ethnicities and sources of control, the random-effects model was adopted (30). Sensitivity analysis was carried out by removing each study at a time to evaluate the stability of the results under either genotypic models or the allelic model. In addition, the Begg test and Egger’s linear regression test by visual inspection of the funnel plot were carried out to address the potential publication bias, and P <0.05 was considered an indicator of significant publication bias (30, 31). Cox regression was used to analyze the impact of genes on the prognosis of BC patients and its value in prognostic diagnosis

The Newcastle-Ottawa Scale (NOS) was applied to assess the quality of all studies. The NOS checklist includes three parameters of quality: (i) selected population, (ii) comparability of groups, and (iii) assessment of either the exposure or outcome of interest for case-control studies. The studies scored greater than or equal to 7 were considered to be high quality articles.




Results


Studies included in the meta-analysis

According to our first database search, 272 items were identified (Figure 1). An initial literature search through the PubMed, Embase, Web of Science, and Cochrane database databases yielded 265 published articles after duplicates were removed. When reviewed by titles or abstracts,187 records did not meet the inclusion criteria, leaving 88 potentially relevant studies that were reviewed in full text. Among the remaining 88 articles, 2 were reviews, 16 were meta-analyzes and 2 were meeting conferences; these publications were also excluded. Left 58 publications were left, 2 were insufficient data, 4 were overlapping data, and 8 were not in HWE (Tables 1–3). Finally, a total of 44 publications were included in the meta-analysis, among which 9 case-control studies from 9 publications with 4111 cases and 2669 controls for the RAD51 G172T polymorphism, and 20 case-control studies from 11 publications with 20183 cases and 20321 controls for the XRCC2 R188H polymorphism and a total of 47 studies from 38 publications with 26667 cases and 27912 controls for the XRCC3 T241M polymorphism were eventually included in our meta-analysis. We checked the symmetry of the Begg funnel plot and the results of Egger’s test to assess publication bias. All statistical analyzes were performed with STATA version 16.0.




Figure 1 | The flow diagram of the literature search and the selection of the study.




Table 1 | Main characteristics of all studies included in the meta-analysis of the RAD51 G172T polymorphism.




Table 2 | Main characteristics of all studies included in the meta-analysis of the XRCC2 R188H polymorphism.




Table 3 | Main characteristics of all studies included in the meta-analysis of the XRCC3 T241M polymorphism.





Meta-analysis result

Among these 9 case-control studies from 9 publications with 4111 cases and 2669 controls for the RAD51 G172T polymorphism (32–40). The combined results showed that there was no significant correlation between the G172T polymorphism and breast cancer susceptibility in all genetic models except the homozygote model (homozygote model: OR = 1.84, 95% CI = 1.06-3.21, Figure 2; dominant model: OR = 0.97, 95% CI = 0.80–1.18; recessive model: OR = 0.47, 95% CI = 0.22–1.00; allelic genetic model: OR = 1.15, 95% CI = 0.79–1.68). Additionally, ethnic-based analysis showed that SNP was associated with breast cancer risk in Arab populations in homozygous models (OR=3.52, 95% CI=1.13-11.0, P= 0.003) (Figure 3). It suggests that the G172T polymorphism may be associated with an increased risk of breast cancer in the Arab population in some cases. When stratified by the source of controls, our results found evidence of an association between cancer risk and the G172T polymorphism in population-based controls in the recessive model (OR=0.25, 95% CI=0.07-0.85, P= 0.027), suggesting that it is marginally related to the population-based group.




Figure 2 | Meta-analysis of the RAD51 G172T polymorphism and risk in breast cancer (homozygote model, TT vs. GG).






Figure 3 | Subgroup analysis according to the ethnicity of the RAD51 G172T polymorphism (homozygote model, TT vs. GG).



For the R188H polymorphism XRCC2, 20 case-control studies from 11 articles with 20183 cases and 20321 controls for the XRCC2 R188H polymorphism (41–51). No significant association was observed between this polymorphism and breast cancer susceptibility (homozygote model: OR = 1.13, 95% CI = 0.88–1.46; dominant model: OR = 1.01, 95% CI = 0.92-1.11, recessive model: OR = 0.83, 95% CI = 0.61-1.12; allelic genetic model: OR = 1.05, 95% CI = 0.95-1.17.).

For the polymorphism in XRCC3 Thr241Met, a total of 47 studies of 38 articles with 26667 cases and 27912 controls were eventually included in our meta-analysis (32, 37, 38, 44, 45, 47, 48, 52–80).  A significant increase in cancer risk was observed only in the allelic genetic model (homozygote model: OR = 1.08, 95% CI = 0.98–1.20; dominant model: OR = 1.05, 95% CI = 0.99–1.12; recessive model: OR = 0.92, 95% CI = 0.84–1.01; allelic genetic model: OR = 1.05, 95% CI = 1.00–1.11) (Figure 4). In addition, ethnic-based analysis showed that SNP was associated with breast cancer risk in Asian populations in dominant genetic (OR = 1.36,95% CI= 1.11–1.66, P = 0.003) and allelic genetic models (OR = 1.32,95% CI 1.07–1.64, P = 0.01) (Tables 4, 5).




Figure 4 | Forest plots of the XRCC3 T241M polymorphism and risk of breast cancer (allelic genetic model, M vs. T).




Table 4 | Meta-analysis of the Rad51 G172T polymorphism on the risk of breast cancer.




Table 5 | Meta-analysis of the XRCC3 T241M polymorphism on the risk of breast cancer.





Prognostic factors

Table 6 depicts the pooled results from the univariable and the multivariable analyses of OS in BC patients (HR). Univariate and multivariate Cox regression analysis was performed to determine whether gene expression is an independent prognostic model of OS in breast cancer patients. As shown in Figure 5, the p values of T, N, M, Stage, and Age were less than 0.05. The results of the univariate Cox regression analysis of OS showed that pathology stage, age, and stage could effectively predict survival in BC patients. Then, we took these factors into the multivariate Cox regression analysis. Furthermore, after the multivariate analyses (Figure 6), the results showed that stage (HR =2.15; 95% CI, 1.42−3.26), age (HR = 1.04; 95% CI, 1.02-1.05) remained independent prognostic factors with an adjusted P value < 0.0001.


Table 6 | RAD51 univariate Cox regression analyses of OS in BC patients.






Figure 5 | Univariate Cox regression analyses of OS in BC patients.






Figure 6 | Multivariate Cox regression analyses of OS in BC patients.





Sensitive analysis

Given the significant heterogeneity between studies for the polymorphisms, the random-effect model was used to calculate the pooled results if the heterogeneity was significant. Meanwhile, we also performed a sensitivity analysis to assess the effects of each study on the pooled ORs by omission of individual studies. The sensitivity analysis showed that, for each polymorphism, no single study qualitatively changed the pooled ORs, suggesting that the results of this meta-analysis were statistically stable and reliable.



Publication bias diagnostics

We further identify potential publication biases of the literature using the Egger test and funnel plot. In all studies, no funnel plot asymmetry was found. The results of Egger’s test for the RAD51 G172T polymorphism did not show any evidence of publication bias. For the homozygote model, the funnel plot p-value was 0.47, and Egger’s test p-value was 0.185. In the dominant model, Begg’s test results of the R188H P value were 0.67, and Egger’s test P value was 0.319. Begg’s test result of the allelic genetic model in XRCC3 T241M P = 0.65 and Egger’s test result showed P = 0.52, suggesting no publication bias. All P-values> 0.05, suggesting that there was no publication bias.




Discussion

Screening for some frequent polymorphisms has improved our understanding of the critical roles that inheritance plays in BC susceptibility. To date, associations between genetic variants in HRR genes and BC development have been investigated, but the results remain unexplained to the best of our knowledge. However, new discoveries in drug research aimed at these gene mutations are always innovative. Some experiments suggest that the inhibition of HR will be selective against breast tumor cells. Inhibitors of HR proteins can be used in combination with radiotherapy or chemotherapy to sensitize the cells [5]. A more intriguing possibility would be to use anti-HR agents alone, avoiding the toxicity of DNA-damaging agents. Such a strategy has been applied to selectively kill BRCA2-deficient cells using poly-ADP-ribose-polymerase inhibitors (PARP). The first phase III clinical study of PARP inhibitor for adjuvant treatment of early breast cancer, OlympiA study, aims to evaluate the efficacy and safety of olaparib compared with placebo in the adjuvant treatment of early breast cancer with clinically and pathologically high-risk, HER2-negative, BRCA1/2 mutation. And randomized phase II GeparOLA study showed olaparib plus paclitaxel (PO) in early HER2-negative homologous recombination deficiency (HRD) breast cancer. In conclusion, germline BRCA 1/2 status and HRD predict a higher pathological complete response (pCR) rate in the neoadjuvant treatment (81). The molecular mechanism of breast cancer is very complex. Therefore, in the post-PARP inhibitor era, there is a great clinical need to find therapeutic targets and analyze prognostic factors to benefit patients, which is conducive to drug development and expansion of new indications and provides the possibility of individualized treatment for breast cancer.

Our analysis demonstrated the importance of recombination repair processes for the fidelity of chromosome segregation and reinforce the functional connection between genes involved in HRR and those that predispose to breast cancer. We also found that patients in our prediction models tended to be older, have an advanced-stage disease, and have a poorer prognosis. Current literature varies widely in experimental methods, stage of disease, family history of cancer, patients with the type of tumor therapy, and the duration since cancer diagnosis, all of which can lead to inconsistent results in case-control studies. Additionally, most of the studies did not specify the immunohistochemical indicators of breast cancer that are relevant to determine which factors can exert a dominating effect. Some research data indicate that double-strand break damage is the most fatal lesion observed in eukaryotic cells because it can cause cell death or create a serious threat to cell viability and genome stability. It has the potential to permanently arrest cell cycle progression and endanger cell survival [10]. Due to the fact that DNA repair mechanisms are crucial to preserving genomic stability and functionality, DNA repair defects can result in the development of chromosomal aberrations that can lead to increased susceptibility to cancer (4, 82, 83). A Japanese study showed that Rad51 gene polymorphisms were found in two patients with bilateral breast cancer (10). It proves that germline mutations in the RAD51 gene may modulate the risk of breast cancer. Previous meta-analyses evaluated the effect of the Rad51 G135C polymorphism on the risk of breast cancer and other cancers. Some experts performed relevant meta-analyses of the analysis and concluded that the Rad51 G172T polymorphism may play a protective role in the development of head and neck cancer, but no significant correlation was found between the Rad51 G172T polymorphism and breast and ovarian cancer (84). It is inconsistent with our conclusion and hypothesized that it was related to inadequate inclusion of the sample size, neglecting gene-gene and gene-environment interactions for some reason. However, there were some approvals on the connection of polymorphism in XRCC2 R188H and the risk of breast cancer before, which has not been confirmed in two population studies in the United States and Poland and several case-control experimental studies (39, 42–44, 50, 51, 68). Moreover, an experiment conducted by RafiiS was hardly replicated in the latest BCAC study (41). Several studies describe a marginally protective effect for rare allele carriers (188His) (64, 85). Interestingly, Silva suggested that the potential protective role of the variant allele of XRCC2, in women who have never breastfed, could be related to a more efficient DNA repair activity (37). On the other hand, Han described a protective effect for women with high plasma α-carotene levels. However, current evidence shows that in most studies the XRCC2 R188H polymorphism is considered to have little relationship with the risk of breast cancer. According to our meta-analysis of breast cancer, we did not find a significant association between this polymorphism and breast cancer susceptibility, which is consistent with the previous meta-analysis. In previous studies, a relevant study reported their results with significant unexplained heterogeneity (Ph = 0.014) (86). Furthermore, studies that depart from the Hardy-Weinberg equilibrium (HWE) were included in the meta-analysis, which may lead to potential bias. Current evidence suggests that XRCC2 R188H polymorphism is considered to have a weak protective effect against breast cancer development in most studies, but the association did not reach statistical significance. As we mentioned above, since this effect is very weak and R188H may serve as a positional marker for other potentially functional SNPs or haplotypes, it is not surprising that this SNP is not associated with breast cancer, or even in an inverse relationship. Therefore, limited by the above factors, the interpretation of the results of previous research should be cautious. A common polymorphism in the XRCC3 gene is at nucleotide 1,8607C/T which results in the substitution of the amino acid threonine for methionine at codon 241 (Thr241Met) of exon 7 of the XRCC3 gene, which may affect the function of the encoding enzyme or/and its interaction with other proteins involved in DNA repair. Inheritance of functional polymorphisms in DNA repair genes may influence the capacity of the DNA repair process, thus leading to increased cancer risk. Due to a C18607T transition at exon 7 of the XRCC3 gene, the substitution of amino acids Thr241Met is functionally active, as it is associated with an increase in the number of micronuclei in human lymphocytes exposed to ionizing radiation (59, 67, 72, 87, 88). The variant allele (241Met) is associated with high levels of DNA adducts in lymphocyte DNA, which could be associated with reduced DNA repair capacity (88). A case-control study in Pakistan found that homozygous (TT) and heterozygous (TM) genotypes of the T241M polymorphism were associated with an increased risk of breast cancer compared to controls (47). Similar results have previously been observed in different studies, suggesting an association between Met allele variants and breast cancer in Caucasian and Asian populations (63, 65). Interestingly, Rajagopal found that heterozygous genotype (TM) and homozygous mutant genotype (MM) were not significantly associated with breast cancer risk when it comes to the role of the T241M variation in XRCC3 (48). Chai performed a meta-analysis of 23 case-control studies on the association of XRCC3 SNPs with the risk of breast cancer in the above SNPs and the general population and the Asian population in both recessive and homozygous models (89). Our results based on racial stratification analysis are consistent with their observed correlations in Asian populations, but not the same with their associated models. Although they found an association between this SNP and the risk of sporadic breast cancer, based on the conclusive results obtained, we believe that this association is not accurate enough. Although other studies have not shown an association between T241M polymorphism and the risk of breast cancer (52, 54). Therefore, more studies are needed to confirm these associations.

Compared with studies before, our study has some improvements. First, Our study had the advantage of including higher numbers of cases and controls. Second, these polymorphisms in RAD51 and paralog genes were analyzed and associated with the risk of specific cancer, breast cancer. Third, we provided a more comprehensive analysis of the data by calculating four different genetic models and performing a subgroup analysis by ethnicity, and source of controls (population or hospital-based). Finally, we excluded studies in which the distribution of genotypes in the control group was inconsistent with HWE because they might influence the results. The results of this study further revealed the correlation between the polymorphism in these genes and the occurrence and development of breast cancer, providing a direction for the study of molecular mechanisms of cancer in the future.

The main limitations of our meta-analysis are: 1) This meta-analysis only searched published studies in English, ignoring some unpublished studies or studies in other languages that may also meet the inclusion criteria. 2) Some studies did not provide enough clinical data such as patient family history, ER/PR, HER-2 hormone receptor status, tissue type, and tumor grade, leading to failure to conduct a comprehensive subgroup analysis to explore the source of heterogeneity. 3) Gene-gene and gene-environment interactions were not considered in current meta-analyses. Possible gene-gene and gene-environment interactions between Rad51 gene polymorphism and cancer susceptibility need to be further studied. 4) some patients were chosen from hospital-based groups, and these women may have benign breast disease, corresponding to an increased potential risk of breast cancer. 5) Most of the patients in our study were Caucasian, which may limit the general application of our results.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

All authors contributed to the study’s conception and design. Material preparation, data collection, and analysis were performed by JY and C-GW. Manuscript drafting and reviewing: All authors. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Natural Science Foundation of Chongqing Yongchuan science and Technology Commission (No. Ycstc2018nb0208).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1047336/full#supplementary-material



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. Mohindra, A, Hays, LE, Phillips, EN, Preston, BD, Helleday, T, Meuth, M., et al. Defects in homologous recombination repair in mismatch-repair-deficient tumour cell lines. Hum Mol Genet (2002) 11(18):2189–200. doi: 10.1093/hmg/11.18.2189

3. Dixon, K, and Kopras, E. Genetic alterations and DNA repair in human carcinogenesis. Semin Cancer Biol (2004) 14(6):441–8. doi: 10.1016/j.semcancer.2004.06.007

4. Yu, Z, Chen, J, Ford, BN, and Glickman, BW. Human DNA repair systems: an overview. Environ Mol Mutagen (1999) 33(1):3–20. doi: 10.1002/(SICI)1098-2280(1999)33:1<3::AID-EM2>3.0.CO;2-L

5. Mao, Z, Jiang, Y, Liu, X, Seluanov, A, and Gorbunova, V. DNA Repair by homologous recombination, but not by nonhomologous end joining, is elevated in breast cancer cells. Neoplasia (New York NY). (2009) 11(7):683–91. doi: 10.1593/neo.09312

6. Kuznetsov, SG, Haines, DC, Martin, BK, and Sharan, SK. Loss of Rad51c leads to embryonic lethality and modulation of Trp53-dependent tumorigenesis in mice. Cancer Res (2009) 69(3):863–72. doi: 10.1158/0008-5472.CAN-08-3057

7. Richardson, C. RAD51, genomic stability, and tumorigenesis. Cancer Lett (2005) 218(2):127–39. doi: 10.1016/j.canlet.2004.08.009

8. Khanna, KK, and Jackson, SP. DNA Double-strand breaks: signaling, repair and the cancer connection. Nat Genet (2001) 27(3):247–54. doi: 10.1038/85798

9. Kato, M, Yano, K, Matsuo, F, Saito, H, Katagiri, T, Kurumizaka, H, et al. Identification of Rad51 alteration in patients with bilateral breast cancer. J Hum Genet (2000) 45(3):133–7. doi: 10.1007/s100380050199

10. Vispé, S, and Defais, M. Mammalian Rad51 protein: a RecA homologue with pleiotropic functions. Biochimie (1997) 79(9-10):587–92. doi: 10.1016/S0300-9084(97)82007-X

11. Suwaki, N, Klare, K, and Tarsounas, M. RAD51 paralogs: roles in DNA damage signalling, recombinational repair and tumorigenesis. Semin Cell Dev Biol (2011) 22(8):898–905. doi: 10.1016/j.semcdb.2011.07.019

12. Thacker, J. The RAD51 gene family, genetic instability and cancer. Cancer Lett (2005) 219(2):125–35. doi: 10.1016/j.canlet.2004.08.018

13. Willems, P, Claes, K, Baeyens, A, Vandersickel, V, Werbrouck, J, De Ruyck, K, et al. Polymorphisms in nonhomologous end-joining genes associated with breast cancer risk and chromosomal radiosensitivity. Genes Chromosomes Cancer (2008) 47(2):137–48. doi: 10.1002/gcc.20515

14. Vandersickel, V, Depuydt, J, Van Bockstaele, B, Perletti, G, Philippe, J, Thierens, H, et al. Early increase of radiation-induced γH2AX foci in a human Ku70/80 knockdown cell line characterized by an enhanced radiosensitivity. J Radiat Res (2010) 51(6):633–41. doi: 10.1269/jrr.10033

15. Willems, P, De Ruyck, K, Van Den Broecke, R, Makar, A, Perletti, G, Thierens, H, et al. A polymorphism in the promoter region of Ku70/XRCC6, associated with breast cancer risk and oestrogen exposure. J Cancer Res Clin Oncol (2009) 135(9):1159–68. doi: 10.1007/s00432-009-0556-x

16. Braybrooke, JP, Spink, KG, Thacker, J, and Hickson, ID. The RAD51 family member, RAD51L3, is a DNA-stimulated ATPase that forms a complex with XRCC2. J Biol Chem (2000) 275(37):29100–6. doi: 10.1074/jbc.M002075200

17. Griffin, CS, Simpson, PJ, Wilson, CR, and Thacker, J. Mammalian recombination-repair genes XRCC2 and XRCC3 promote correct chromosome segregation. Nat Cell Biol (2000) 2(10):757–61. doi: 10.1038/35036399

18. Rajesh, C, Gruver, AM, Basrur, V, and Pittman, DL. The interaction profile of homologous recombination repair proteins RAD51C, RAD51D and XRCC2 as determined by proteomic analysis. Proteomics (2009) 9(16):4071–86. doi: 10.1002/pmic.200800977

19. Tsaryk, R, Fabian, K, Thacker, J, and Kaina, B. Xrcc2 deficiency sensitizes cells to apoptosis by MNNG and the alkylating anticancer drugs temozolomide, fotemustine and mafosfamide. Cancer Lett (2006) 239(2):305–13. doi: 10.1016/j.canlet.2005.08.036

20. Sprong, D, Janssen, HL, Vens, C, and Begg, AC. Resistance of hypoxic cells to ionizing radiation is influenced by homologous recombination status. Int J Radiat Oncol Biol Phys (2006) 64(2):562–72. doi: 10.1016/j.ijrobp.2005.09.031

21. Evans, JW, Chernikova, SB, Kachnic, LA, Banath, JP, Sordet, O, Delahoussaye, YM, et al. Homologous recombination is the principal pathway for the repair of DNA damage induced by tirapazamine in mammalian cells. Cancer Res (2008) 68(1):257–65. doi: 10.1158/0008-5472.CAN-06-4497

22. De Silva, IU, Mchugh, PJ, Clingen, PH, and Hartley, JA. Defining the roles of nucleotide excision repair and recombination in the repair of DNA interstrand cross-links in mammalian cells. Mol Cell Biol (2000) 20(21):7980–90. doi: 10.1128/MCB.20.21.7980-7990.2000

23. Wang, ZM, Chen, ZP, Xu, ZY, Christodoulopoulos, G, Bello, V, Mohr, G, et al. In vitro evidence for homologous recombinational repair in resistance to melphalan. J Natl Cancer Inst (2001) 93(19):1473–8. doi: 10.1093/jnci/93.19.1473

24. Bello, VE, Aloyz, RS, Christodoulopoulos, G, and Panasci, LC. Homologous recombinational repair vis-à-vis chlorambucil resistance in chronic lymphocytic leukemia. Biochem Pharmacol (2002) 63(9):1585–8. doi: 10.1016/S0006-2952(02)00954-1

25. Yanagisawa, T, Urade, M, Yamamoto, Y, and Furuyama, J. Increased expression of human DNA repair genes, XRCC1, XRCC3 and RAD51, in radioresistant human KB carcinoma cell line N10. Oral Oncol (1998) 34(6):524–8. doi: 10.1016/S1368-8375(98)00045-1

26. Izumi, T, Wiederhold, LR, Roy, G, Roy, R, Jaiswal, A, Bhakat, KK, et al. Mammalian DNA base excision repair proteins: their interactions and role in repair of oxidative DNA damage. Toxicology (2003) 193(1-2):43–65. doi: 10.1016/S0300-483X(03)00289-0

27. Bishop, DK, Ear, U, Bhattacharyya, A, Calderone, C, Beckett, M, Weichselbaum, RR, et al. Xrcc3 is required for assembly of Rad51 complexes in vivo. J Biol Chem (1998) 273(34):21482–8. doi: 10.1074/jbc.273.34.21482

28. O'regan, P, Wilson, C, Townsend, S, and Thacker, J. XRCC2 is a nuclear RAD51-like protein required for damage-dependent RAD51 focus formation without the need for ATP binding. J Biol Chem (2001) 276(25):22148–53. doi: 10.1074/jbc.M102396200

29. Mantel, N, and Haenszel, W. Statistical aspects of the analysis of data from retrospective studies of disease. J Natl Cancer Inst (1959) 22(4):719–48.

30. Egger, M, Davey Smith, G, Schneider, M, and Minder, C. Bias in meta-analysis detected by a simple, graphical test. Bmj (1997) 315(7109):629–34. doi: 10.1136/bmj.315.7109.629

31. Begg, CB, and Mazumdar, M. Operating characteristics of a rank correlation test for publication bias. Biometrics (1994) 50(4):1088–101. doi: 10.2307/2533446

32. Al Zoubi, MS, Zavaglia, K, Mazanti, C, Al Hamad, M, Al Batayneh, K, Aljabali, AAA, et al. Polymorphisms and mutations in GSTP1, RAD51, XRCC1 and XRCC3 genes in breast cancer patients. Int J Biol Markers (2017) 32(3):e337–43. doi: 10.5301/ijbm.5000258

33. Al-Zoubi, MS, Mazzanti, CM, Zavaglia, K, Al Hamad, M, Armogida, I, Lisanti, MP, et al. Homozygous T172T and heterozygous G135C variants of homologous recombination repairing protein RAD51 are related to sporadic breast cancer susceptibility. Biochem Genet (2016) 54(1):83–94. doi: 10.1007/s10528-015-9703-z

34. Michalska, MM, Samulak, D, Romanowicz, H, and Smolarz, B. Single nucleotide polymorphisms (SNPs) of RAD51-G172T and XRCC2-41657C/T homologous recombination repair genes and the risk of triple- negative breast cancer in polish women. Pathol Oncol Res (2015) 21(4):935–40. doi: 10.1007/s12253-015-9922-y

35. Salim Al Zoubi, MS, Al-Eitan, LN, Rababa'h, DM, Al-Batayneh, K, Farzand, R, Quinn, GA, et al. RAD51-UTR haplotype genetic polymorphisms and susceptibility to breast cancer in women from Jordanian population. Exp Oncol (2021) 43(2):149–54. doi: 10.32471/exp-oncology.2312-8852.vol-43-no-2.16338

36. Sassi, A, Popielarski, M, Synowiec, E, and Wozniak, K. BLM and RAD51 genes polymorphism and susceptibility to breast cancer. Pathol Oncol Res (2013) 19(3):451–9. doi: 10.1007/s12253-013-9602-8

37. Silva, SN, Tomar, M, Paulo, C, Gomes, BC, Azevedo, AP, Teixeira, V, et al. Breast cancer risk and common single nucleotide polymorphisms in homologous recombination DNA repair pathway genes XRCC2, XRCC3, NBS1 and RAD51. Cancer Epidemiol (2010) 34(1):85–92. doi: 10.1016/j.canep.2009.11.002

38. Vral, A, Willems, P, Claes, K, Poppe, B, Perletti, G, and Thierens, H. Combined effect of polymorphisms in Rad51 and Xrcc3 on breast cancer risk and chromosomal radiosensitivity. Mol Med Rep (2011) 4(5):901–12. doi: 10.3892/mmr2011523

39. Kuschel, B, Auranen, A, Mcbride, S, Novik, KL, Antoniou, A, Lipscombe, JM, et al. Variants in DNA double-strand break repair genes and breast cancer susceptibility. Hum Mol Genet (2002) 11(12):1399–407. doi: 10.1093/hmg/11.12.1399

40. Lee, KM, Choi, JY, Kang, C, Kang, CP, Park, SK, Cho, H, et al. Genetic polymorphisms of selected DNA repair genes, estrogen and progesterone receptor status, and breast cancer risk. Clin Cancer Res (2005) 11(12):4620–6. doi: 10.1158/1078-0432.CCR-04-2534

41.Commonly studied single-nucleotide polymorphisms and breast cancer: results from the breast cancer association consortium. J Natl Cancer Inst (2006) 98(19):1382–96.

42. Brooks, J, Shore, RE, Zeleniuch-Jacquotte, A, Currie, D, Afanasyeva, Y, Koenig, KL, et al. Polymorphisms in RAD51, XRCC2, and XRCC3 are not related to breast cancer risk. Cancer Epidemiol Biomarkers Prev (2008) 17(4):1016–9. doi: 10.1158/1055-9965.EPI-08-0065

43. Garcia-Closas, M, Egan, KM, Newcomb, PA, Brinton, LA, Titus-Ernstoff, L, Chanock, S, et al. Polymorphisms in DNA double-strand break repair genes and risk of breast cancer: two population-based studies in USA and Poland, and meta-analyses. Hum Genet (2006) 119(4):376–88. doi: 10.1007/s00439-006-0135-z

44. Han, J, Hankinson, SE, Ranu, H, De Vivo, I, and Hunter, DJ. Polymorphisms in DNA double-strand break repair genes and breast cancer risk in the nurses' health study. Carcinogenesis (2004) 25(2):189–95. doi: 10.1093/carcin/bgh00244

45. Millikan, RC, Player, JS, Decotret, AR, Tse, CK, and Keku, T. Polymorphisms in DNA repair genes, medical exposure to ionizing radiation, and breast cancer risk. Cancer Epidemiol Biomarkers Prev (2005) 14(10):2326–34. doi: 10.1158/1055-9965.EPI-05-0186

46. Pelttari, LM, Kiiski, JI, Ranta, S, Vilske, S, Blomqvist, C, Aittomäki, K, et al. RAD51, XRCC3, and XRCC2 mutation screening in Finnish breast cancer families. Springerplus (2015) 4:92. doi: 10.1186/s40064-015-0880-3

47. Qureshi, Z, Mahjabeen, I, Baig, R, and Kayani, M. Correlation between selected XRCC2, XRCC3 and RAD51 gene polymorphisms and primary breast cancer in women in Pakistan. Asian Pac J Cancer Prev (2014) 15(23):10225–9. doi: 10.7314/apjcp.2014.15.23.10225

48. Rajagopal, T, Seshachalam, A, Rathnam, KK, Talluri, S, Venkatabalasubramanian, S, Dunna, NR, et al. Homologous recombination DNA repair gene RAD51, XRCC2 & XRCC3 polymorphisms and breast cancer risk in south Indian women. PloS One (2022) 17(1):e0259761. doi: 10.1371/journal.pone.0259761

49. Ramadan, RA, Desouky, LM, Elnaggar, MA, Moaaz, M, and Elsherif, AM. Association of DNA repair genes XRCC1 (Arg399Gln), (Arg194Trp) and XRCC3 (Thr241Met) polymorphisms with the risk of breast cancer: a case-control study in Egypt. Genet Test Mol Biomarkers (2014) 18(11):754–60. doi: 10.1089/gtmb.2014.0191

50. Romanowicz-Makowska, H, Smolarz, B, Zadrozny, M, Westfal, B, Baszczynski, J, Polac, I, et al. Single nucleotide polymorphisms in the homologous recombination repair genes and breast cancer risk in polish women. Tohoku J Exp Med (2011) 224(3):201–8. doi: 10.1620/tjem.224.201

51. Webb, PM, Hopper, JL, Newman, B, Chen, X, Kelemen, L, Giles, GG, et al. Double-strand break repair gene polymorphisms and risk of breast or ovarian cancer. Cancer Epidemiol Biomarkers Prev (2005) 14(2):319–23. doi: 10.1158/1055-9965.EPI-04-0335

52. Jacobsen, NR, Nexø, BA, Olsen, A, Overvad, K, Wallin, H, Tjønneland, A, et al. No association between the DNA repair gene XRCC3 T241M polymorphism and risk of skin cancer and breast cancer. Cancer Epidemiol Biomarkers Prev (2003) 12(6):584–5.

53. Rafii, S. A naturally occurring mutation in an ATP-binding domain of the recombination repair gene XRCC3 ablates its function without causing cancer susceptibility. Hum Mol Genet (2003) 12(8):915–23. doi: 10.1093/hmg/ddg102

54. Smith, TR, Miller, MS, Lohman, K, Lange, EM, Case, LD, Mohrenweiser, HW, et al. Polymorphisms of XRCC1 and XRCC3 genes and susceptibility to breast cancer. Cancer Lett (2003) 190(2):183–90. doi: 10.1016/S0304-3835(02)00595-5

55. Su, CH, Chang, WS, Hu, PS, Hsiao, CL, Ji, HX, Liao, CH, et al. Contribution of DNA double-strand break repair gene XRCC3 genotypes to triple-negative breast cancer risk. Cancer Genomics Proteomics (2015) 12(6):359–67.

56. Al Zoubi, MS. X-Ray repair cross-complementing protein 1 and 3 polymorphisms and susceptibility of breast cancer in a Jordanian population. Saudi Med J (2015) 36(10):1163–7. doi: 10.15537/smj.2015.10.12659

57. Costa, S, Pinto, D, Pereira, D, Rodrigues, H, Cameselle-Teijeiro, J, Medeiros, R, et al. DNA Repair polymorphisms might contribute differentially on familial and sporadic breast cancer susceptibility: a study on a Portuguese population. Breast Cancer Res Treat (2007) 103(2):209–17. doi: 10.1007/s10549-006-9364-z

58. Devi, KR, Ahmed, J, Narain, K, Mukherjee, K, Majumdar, G, Chenkual, S, et al. DNA Repair mechanism gene, XRCC1A ( Arg194Trp) but not XRCC3 ( Thr241Met) polymorphism increased the risk of breast cancer in premenopausal females: A case-control study in northeastern region of India. Technol Cancer Res Treat (2017) 16(6):1150–9. doi: 10.1177/1533034617736162

59. Ding, P, Yang, Y, Cheng, L, Zhang, X, Cheng, L, Li, C, et al. The relationship between seven common polymorphisms from five DNA repair genes and the risk for breast cancer in northern Chinese women. PloS One (2014) 9(3):e92083. doi: 10.1371/journal.pone.0092083

60. Gonzalez-Hormazabal, P, Reyes, JM, Blanco, R, Bravo, T, Carrera, I, Peralta, O, et al. The BARD1 Cys557Ser variant and risk of familial breast cancer in a south-American population. Mol Biol Rep (2012) 39(8):8091–8. doi: 10.1007/s11033-012-1656-2

61. Jara, L, Dubois, K, Gaete, D, de Mayo, T, Ratkevicius, N, Bravo, T, et al. Variants in DNA double-strand break repair genes and risk of familial breast cancer in a south American population. Breast Cancer Res Treat (2010) 122(3):813–22. doi: 10.1007/s10549-009-0709-2

62. Krupa, R, Synowiec, E, Pawlowska, E, Morawiec, Z, Sobczuk, A, Zadrozny, M, et al. Polymorphism of the homologous recombination repair genes RAD51 and XRCC3 in breast cancer. Exp Mol Pathol (2009) 87(1):32–5. doi: 10.1016/j.yexmp.2009.04.005

63. Lee, SA, Lee, KM, Park, SK, Choi, JY, Kim, B, Nam, J, et al. Genetic polymorphism of XRCC3 Thr241Met and breast cancer risk: case-control study in Korean women and meta-analysis of 12 studies. Breast Cancer Res Treat (2007) 103(1):71–6. doi: 10.1007/s10549-006-9348-z

64. Loizidou, MA, Michael, T, Neuhausen, SL, Newbold, RF, Marcou, Y, Kakouri, E, et al. Genetic polymorphisms in the DNA repair genes XRCC1, XRCC2 and XRCC3 and risk of breast cancer in Cyprus. Breast Cancer Res Treat (2008) 112(3):575–9. doi: 10.1007/s10549-007-9881-4

65. Romanowicz-Makowska, H, Smolarz, B, Polac, I, and Sporny, S. Single nucleotide polymorphisms of RAD51 G135C, XRCC2 Arg188His and XRCC3 Thr241Met homologous recombination repair genes and the risk of sporadic endometrial cancer in polish women. J Obstet Gynaecol Res (2012) 38(6):918–24. doi: 10.1111/j.1447-0756.2011.01811.x

66. Sangrajrang, S, Schmezer, P, Burkholder, I, Boffetta, P, Brennan, P, Woelfelschneider, A, et al. The XRCC3 Thr241Met polymorphism and breast cancer risk: a case-control study in a Thai population. Biomarkers (2007) 12(5):523–32. doi: 10.1080/13547500701395602

67. Shadrina, AS, Ermolenko, NA, Boyarskikh, UA, Sinkina, TV, Lazarev, AF, Petrova, VD, et al. Polymorphisms in DNA repair genes and breast cancer risk in Russian population: a case-control study. Clin Exp Med (2016) 16(1):21–8. doi: 10.1007/s10238-014-0329-y

68. Smolarz, B, Makowska, M, Samulak, D, Michalska, MM, Mojs, E, Wilczak, M, et al. Association between single nucleotide polymorphisms (SNPs) of XRCC2 and XRCC3 homologous recombination repair genes and triple-negative breast cancer in polish women. Clin Exp Med (2015) 15(2):151–7. doi: 10.1007/s10238-014-0284-7

69. Sterpone, S, Cornetta, T, Padua, L, Mastellone, V, Giammarino, D, Testa, A, et al. DNA Repair capacity and acute radiotherapy adverse effects in Italian breast cancer patients. Mutat Res (2010) 684(1-2):43–8. doi: 10.1016/j.mrfmmm.2009.11.009

70. Thyagarajan, B, Anderson, KE, Folsom, AR, Jacobs, DR Jr, Lynch, CF, Bargaje, A, et al. No association between XRCC1 and XRCC3 gene polymorphisms and breast cancer risk: Iowa women's health study. Cancer Detect Prev (2006) 30(4):313–21. doi: 10.1016/j.cdp.2006.07.002

71. Zhang, L, Ruan, Z, Hong, Q, Gong, X, Hu, Z, Huang, Y, et al. Single nucleotide polymorphisms in DNA repair genes and risk of cervical cancer: A case-control study. Oncol Lett (2012) 3(2):351–62. doi: 10.3892/ol.2011.463

72. Aka, P, Mateuca, R, Buchet, JP, Thierens, H, and Kirsch-Volders, M. Are genetic polymorphisms in OGG1, XRCC1 and XRCC3 genes predictive for the DNA strand break repair phenotype and genotoxicity in workers exposed to low dose ionising radiations? Mutat Res (2004) 556(1-2):169–81. doi: 10.1016/j.mrfmmm.2004.08.002.

73. Figueiredo, JC, Knight, JA, Briollais, L, Andrulis, IL, and Ozcelik, H. Polymorphisms XRCC1-R399Q and XRCC3-T241M and the risk of breast cancer at the Ontario site of the breast cancer family registry. Cancer Epidemiol Biomarkers Prev (2004) 13(4):583–91.

74. Försti, A, Angelini, S, Festa, F, Sanyal, S, Zhang, Z, Grzybowska, E, et al. Single nucleotide polymorphisms in breast cancer. Oncol Rep (2004) 11(4):917–22.

75. Santos, RA, Teixeira, AC, Mayorano, MB, Carrara, HH, Andrade, JM, Takahashi, CS, et al. DNA Repair genes XRCC1 and XRCC3 polymorphisms and their relationship with the level of micronuclei in breast cancer patients. Genet Mol Biol (2010) 33(4):637–40. doi: 10.1590/S1415-47572010005000082

76. Dashti, S, Taherian-Esfahani, Z, Keshtkar, A, and Ghafouri-Fard, S. Associations between XRCC3 Thr241Met polymorphisms and breast cancer risk: systematic-review and meta-analysis of 55 case-control studies. BMC Med Genet (2019) 20(1):79. doi: 10.1186/s12881-019-0809-8

77. Dufloth, RM, Costa, S, Schmitt, F, and Zeferino, LC. DNA Repair gene polymorphisms and susceptibility to familial breast cancer in a group of patients from campinas, Brazil. Genet Mol Res (2005) 4(4):771–82.

78. Zhang, L, Zhang, Z, and Yan, W. Single nucleotide polymorphisms for DNA repair genes in breast cancer patients. Clin Chim Acta (2005) 359(1-2):150–5. doi: 10.1016/j.cccn.2005.03.047

79. Howlader, NR, Rahman, MM, Hossain, MA, Sultana, R, Hossain, SM, Mazid, MA, et al. Genetic polymorphisms in DNA repair genes XRCC1 and 3 are associated with increased risk of breast cancer in Bangladeshi population. Breast Cancer Res Treat (2020) 182(3):739–50. doi: 10.1007/s10549-020-05738-8

80. Sobczuk, A, Romanowicz-Makowska, H, Fiks, T, Baszczyński, J, and Smolarz, B. XRCC1 and XRCC3 DNA repair gene polymorphisms in breast cancer women from the lodz region of Poland. Pol J Pathol (2009) 60(2):76–80.

81. Fasching, PA, Link, T, Hauke, J, Seither, F, Jackisch, C, Klare, P, Seither, F, Jackisch, C, Klare, P, et al. Neoadjuvant paclitaxel/olaparib in comparison to paclitaxel/carboplatinum in patients with HER2-negative breast cancer and homologous recombination deficiency (GeparOLA study). Ann Oncol Off J Eur Soc Med Oncol (2021) 32:49–57. doi: 10.1016/j.annonc.2020.10.471

82. Berwick, M, and Vineis, P. Markers of DNA repair and susceptibility to cancer in humans: an epidemiologic review. J Natl Cancer Inst (2000) 92(11):874–97. doi: 10.1093/jnci/92.11.874

83. Wood, RD, Mitchell, M, and Lindahl, T. Human DNA repair genes, 2005. Mutat Res (2005) 577(1-2):275–83. doi: 10.1016/j.mrfmmm.2005.03.007

84. Zhao, M, Chen, P, Dong, Y, Zhu, X, and Zhang, X. Relationship between Rad51 G135C and G172T variants and the susceptibility to cancer: a meta-analysis involving 54 case-control studies. PloS One (2014) 9(1):e87259. doi: 10.1371/journal.pone.0087259

85. Pooley, KA, Baynes, C, Driver, KE, Tyrer, J, Azzato, EM, Pharoah, PD, et al. Common single-nucleotide polymorphisms in DNA double-strand break repair genes and breast cancer risk. Cancer Epidemiol Biomarkers Prev (2008) 17(12):3482–9. doi: 10.1158/1055-9965.EPI-08-0594

86. Yu, KD, Chen, AX, Qiu, LX, Fan, L, Yang, C, and Shao, ZM.. XRCC2 Arg188His polymorphism is not directly associated with breast cancer risk: evidence from 37,369 subjects. Breast Cancer Res Treat (2010) 123(1):219–25. doi: 10.1007/s10549-010-0753-y

87. Kipen, VN, Melnov, SB, and Smolyakova, RM. The role of the XRCC1, XRCC3, and PALB2 genes in the genesis of sporadic breast cancer. Russian J Genetics: Appl Res (2017) 7(6):705–11. doi: 10.1134/S2079059717060090

88. Angelini, S, Kumar, R, Carbone, F, Maffei, F, Forti, GC, Violante, FS, et al. Micronuclei in humans induced by exposure to low level of ionizing radiation: influence of polymorphisms in DNA repair genes. Mutat Res (2005) 570(1):105–17. doi: 10.1016/j.mrfmmm.2004.10.007

89. Chai, F, Liang, Y, Chen, L, Zhang, F, and Jiang, J. Association between XRCC3 Thr241Met polymorphism and risk of breast cancer: Meta-analysis of 23 case-control studies. Med Sci Monit (2015) 21:3231–40. doi: 10.12659/MSM.894637


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 Yu 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.




REVIEW

published: 30 January 2023

doi: 10.3389/fonc.2023.1083297

[image: image2]


Locoregional treatment of de novo stage IV breast cancer in the era of modern oncology


Filippo Merloni 1*, Michela Palleschi 1, Caterina Gianni 1, Chiara Casadei 1, Annalisa Curcio 2, Antonino Romeo 3, Maddalena Rocchi 2, Simona Cima 3, Marianna Sirico 1, Samanta Sarti 1, Lorenzo Cecconetto 1, Marita Mariotti 1, Giandomenico Di Menna 1 and Ugo De Giorgi 1


1 Department of Medical Oncology, IRCCS Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”, Meldola,  Italy, 2 Breast Surgery Unit, Pierantoni-Morgagni Hospital Forlì and Santa Maria delle Croci Hospital Ravenna, Forli, Italy, 3 Radiotherapy Unit, IRCCS Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”, Meldola, Italy




Edited by: 

Benedetta Pellegrino, University of Parma, Italy

Reviewed by:
 
René Aloisio Da Costa Vieira, Barretos Cancer Hospital, Brazil

Yi Ren, Duke University, United States

Veronica Jones, City of Hope National Medical Center, United States

*Correspondence: 

Filippo Merloni
 filippo.merloni@irst.emr.it

Specialty section: 
 This article was submitted to Breast Cancer, a section of the journal Frontiers in Oncology


Received: 28 October 2022

Accepted: 09 January 2023

Published: 30 January 2023

Citation:
Merloni F, Palleschi M, Gianni C, Casadei C, Curcio A, Romeo A, Rocchi M, Cima S, Sirico M, Sarti S, Cecconetto L, Mariotti M, Di Menna G and De Giorgi U (2023) Locoregional treatment of de novo stage IV breast cancer in the era of modern oncology. Front. Oncol. 13:1083297. doi: 10.3389/fonc.2023.1083297



Approximately 6% of metastatic breast cancers arise de novo. While systemic therapy (ST) remains the treatment backbone as for patients with metachronous metastases, locoregional treatment (LRT) of the primary tumor remains a controversial method. The removal of the primary has an established role for palliative purposes, but it is unclear if it could also determine a survival benefit. Retrospective evidence and pre-clinical studies seem to support the removal of the primary as an effective approach to improve survival. On the other hand, most randomized evidence suggests avoiding LRT. Both retrospective and prospective studies suffer several limitations, ranging from selection bias and outdated ST to a small sample of patients. In this review we discuss available data and try to identify subgroups of patients which could benefit the most from LRT of the primary, to facilitate clinical practice decisions, and to hypothesize future studies design on this topic.
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Introduction

Approximately 6% of metastatic breast cancers (BC) arise de novo (1). In these patients, systemic therapy (ST), based on hormone receptor (HR) and HER2 expression, is the pillar of treatment as for patients with metachronous metastases. However, the presence of the primary tumor raises questions among clinicians about the potential benefit deriving from a local approach. Palliative removal of the primary is an established procedure as it can relieve BC patients from pain, skin ulceration, bleeding, and infections.

Surgery can also be useful to remove an ST-resistant primary tumor in presence of responsive metastatic disease.

On the other hand, it is unclear if surgery of the primary, with eventual lymph node dissection and consolidative radiotherapy, translates into a survival benefit that could justify such an invasive approach.

Pre-clinical data suggest that locoregional therapy (LRT) could be beneficial by several mechanisms. First of all, tumor burden reduction may increase CD4 and CD8 cells, improving immunologic response to cancer (2, 3). It can also minimize the dissemination of metastatic BC stem cells from the primary tumor which may act as a source of seeding (4, 5). Furthermore, some data suggest that mesenchymal stem cells released from the bone marrow may populate primary tumor more efficiently compared to metastatic sites, enhancing the metastatic potential of primary tumor cells (6).

These biological assumptions were also supported by retrospective studies that showed an association between primary tumor resection and improved survival in patients with synchronous metastases (7–10).

However, in addition to the intrinsic limitation of retrospective evidence, it is important to note that the timing of surgery is rarely specified. Patients which underwent LRT of the primary and are defined metastatic afterward because of post-operative systemic staging could have a better prognosis compared to patients who were diagnosed as metastatic before surgery. The potential influence of this stage migration bias is also outpointed by a retrospective study by Bafford et al. which highlighted a survival benefit only in those patients who underwent surgery of the primary before a diagnosis of metastatic disease (11). Consequently, randomized studies were designed to verify this hypothesis (Table 1).


Table 1 | Randomized controlled trials investigating the role of locoregional treatment of the primary tumor in de novo stage IV breast cancer patients.





Evidence from randomized trials

The most recent published study which investigated the impact of primary surgery on survival is the ECOG-ACRIN 2108. A total of 256 patients with metastatic BC who did not progress during 4-8 months of ST were assigned (from February 2011 to July 2015) to LRT of the primary plus ST or ST-only continuation. Overall Survival (OS) was chosen as the primary endpoint. The statistical analysis showed no difference in 3-year OS (68.4% vs 67.9%) (HR, 1.11; 90% CI, 0.82–1.52; p=0.57). No progression-free survival (PFS) difference was observed either; only locoregional progression was reduced in the LRT group (3-year rate: 16.3% v 39.8%; P < 0.001).

Subset analysis based on HR and HER2 status did not show any subgroup which benefited from the locoregional approach (16).

An open-label randomized controlled trial with a similar study design, conducted in Mumbai, compared LRT of the primary plus ST vs ST alone in a population of stage IV BC patients with de novo disease.

Patients with unresectable primary underwent chemotherapy before randomization while, in presence of a resectable primary tumor eligible for endocrine therapy, the assignment was conducted upfront. A total of 350 patients were randomized. The primary endpoint was OS as for the previous study. Even in this case, no statistically different median overall survival (mOS) was reported between the two groups: 19.2 months for the LRT group vs 20.5 months in the ST alone group (HR 1.04, 95% CI 0·81-1·34; p=0·79) (13).

However, it is worth noting that the reported mOS values were considerably lower in comparison to the previous trial, in which the mOS was about 55% in both groups (16). This discrepancy can be justified by the lack of tailored therapy in this Indian trial, such as HER2-directed therapy for HER-2 positive patients and endocrine therapy for HR-positive subtypes.

The ABCSG-28 POSYTIVE trial is another phase 3 randomized study with negative results but a different design. The random assignment of de novo stage IV BC patients was performed before ST and patients assigned to the intervention arm underwent upfront surgery followed by ST. Only 95 patients were included between 2011 and 2015. The mOS (primary endpoint) in the surgery plus ST arm was consistently lower compared to the ST-only arm (34.6 months vs 54.8 months, HR=0.0691, p=0.267). Whilst cT3 and cN2 tumors were more represented in the surgery arm (22.2% vs 6.7% and 15.6% vs 4.4% respectively), the two groups were balanced in relation to the ST schedule.

Even if the results of this trial seem unequivocal, it must be addressed that this study was stopped early due to poor recruitment, with consequently very low statistical power, and the control arm (ST alone) performed better than expected (54.8 months vs 24 months) (14).

The Turkish Federation’s MF07-01 trial is the unique randomized study that showed a survival benefit in favor of LRT.

Similarly to the ABCSG-28 POSYTIVE study, patients were randomized to upfront surgery followed by ST or ST alone. The statistical analysis demonstrated a benefit in OS at the median 40-months follow-up which was confirmed at 10-year follow-up: mOS for the LRT arm and ST-only arm was respectively 46 months and 35 months (HR 0.7, p=0.0003). However, the two groups were unbalanced for the BC subtype, as HR-positive disease was more represented in the LRT (86% vs 73%), and the control arm included more triple negative BC (18% vs 7%) (15, 17).

These data seem to rule out a potential role for LRT of the primary in de novo stage IV BC patients given that the majority of randomized studies did not show a survival benefit. However, these trials are not free from inherent limits, are heterogeneous and, last but not least, there are subgroups of patients which deserve in-depth analysis.



Oligometastatic vs polymetastatic disease

The oligometastatic disease is defined by the presence of no more than five metastatic lesions, assessed with high-resolution imaging and safely treatable with metastases-directed therapy (18).

The hypothesis that metastases-directed treatment (MDT) in oligometastatic disease could be beneficial is supported by retrospective and prospective data which showed long-term survival (19). The available randomized data rely only on two studies with conflicting results (20, 21). Waiting for data from numerous ongoing randomized trials, the current practice is to discuss oligometastatic BC patients in a multidisciplinary setting.

The chance to achieve long-term survival in oligometastatic BC patients legitimates an aggressive approach aimed at eradicating the detectable disease, making this subgroup of patients a suitable candidate for the surgery of the primary in case of de novo presentation.

Unfortunately, literature data regarding the survival impact of surgical resection of the primary in oligometastatic BC patients is lacking. This is probably due to the main use of LRT of the primary in clinical practice which is palliation.

In the ECOG-ACRIN 2108 trial, no survival difference was reported for oligometastatic patients (HR, 1.18; 95% CI, 0.38 to 3.67) which represented 16.3% of the study population (16).

A Similar result was shown in the Indian randomized trial in which 25% of patients had less than four metastases and were balanced between the intervention and control arm (13).

In the MF07-01 trial, the only randomized trial showing a survival benefit deriving from LRT, there was no clear distinction between oligometastatic and polymetastatic disease but no survival benefit for patients with solitary lung/liver metastases was reported for those treated with LRT, probably due to the poor representation of this subgroup (15).

However, when assessing the impact of local treatment of the primary in oligometastatic BC we cannot ignore if the limited metastases were treated with MDT. The aforementioned randomized trials generally did not specify this information, but it can be noted that MDT was generally permitted in accordance with clinical practice. In the Turkish trial it is only mentioned that irradiation rates and surgical interventions to metastatic sites were similar among the two arms (17).

On the other hand, even if the majority of randomized trials investigating MDT impact in oligometastatic BC does not include patients with uncontrolled primary (22–24), there are some exceptions (25, 26) in which it does not constitute an exclusion criterion if accessible to curative-intent treatment.

If the population of oligometastatic BC patients with synchronous metastases will be properly represented in these trials, we may have some insight into the potential survival benefit deriving from the combination of LRT of the primary and MDT with eradication intent.



Bone-only disease

Metastatic BC patients with bone-only disease have an excellent prognosis compared to those with visceral involvement, showing an mOS that can exceed 5 years after the detection of the metastases (27, 28), thus prompting clinicians to consider the possibility of primary tumor surgery during the therapeutic process.

The BOMET MF 14-01 is a prospective multicenter registry study that evaluated the role of LRT of the primary tumor in addition to ST in de novo stage IV BC patients with bone-only metastases. This study included 505 patients and highlighted a prolonged survival in the median 3-year follow-up in favor of LRT of the primary (HR 0.40, p<0.0001). At 34-months median follow-up, 85 (35.4%) patients in the ST-only group and 28 (10.5%) in the LRT group died (29).

The potential survival benefit of LRT is also suggested by retrospective evidence (30–32).

In a large cohort retrospective study including 3956 BC patients with bone metastases, surgery of the primary tumor in addition to ST significantly improved OS with a median survival of 50 months versus 31 months in ST-only patients (p<0.001) (33).

Regarding randomized trials, in the Turkish study, 51% and 40% of patients presented bone-only metastases in the LRT group and ST group respectively. Notably, 23% and 15% of patients had solitary bone metastasis in the LRT and ST groups respectively. At unplanned subgroup analysis patients with solitary bone, metastasis showed a lower risk of death if treated with LRT in addition to ST (15).

Conversely, in the ECOG-ACRIN 2108 trial, which did not demonstrate any benefit of LRT in addition to ST, patients with bone-only disease (37.7%) were less represented (12).

Even if available data are not enough to conclude that LRT of the primary tumor is beneficial among patients with bone-only disease, we can affirm that this population deserves more focus.

The STEREO-OS trial, which is aimed to demonstrate that Stereotactic Body Radiotherapy of the metastases can improve survival in patients with 1 to 3 bone metastases, will also include patients with a primary tumor accessible to curative-intent treatment and might provide some information in this regard.



What locoregional treatment modality should we prefer?

As previously mentioned, the rationale behind LRT of the primary tumor includes the reduction of tumor burden and the removal of cancer stem cells which may propagate the disease (7).

This implies that a complete removal of locoregional disease could be of utmost importance to achieve the best survival benefit, justifying surgery with clear margins and excision of involved axillary nodes.

In a retrospective study conducted by Rapiti et al. showing a survival benefit in metastatic BC patients treated with surgery of the primary, women with positive surgical margins exhibited the same survival as non-surgery ones (32).

The presence of free margins was generally associated with better survival in retrospective studies, while no clear difference was found between mastectomy and breast-conserving surgery (34–36).

Similarly, BC patients with synchronous metastases seem to benefit from axillary dissection in presence of nodal involvement even though evidence on this topic is lacking (32, 34).

As for surgery with clean margins and axillary dissection for patients with nodal metastases, local radiotherapy represents an important method in the pursuit of complete removal of locoregional disease in stage IV BC patients, considering its role in local relapse prevention and mortality reduction in early BC setting (37).

Some retrospective evidence pointed out that the omission of radiotherapy was associated with worse survival (36).

Looking at randomized studies, in the negative study published in 2022 by Khan et al., LRT consisted of surgery and radiotherapy as per standard of early-stage BC. Radiotherapy use followed NCCN guidelines and axillary dissection was reserved for patients with involved lymph nodes.

Among 107 patients which underwent surgery, 75 (70.1%) received mastectomy and 32 (29.9%) breast-conserving surgery. Radiotherapy has been employed in 44 patients (58.7%) after mastectomy and in 27 patients (84.4%) after breast-conserving surgery.

Notably, of 125 patients randomly assigned to the LRT arm, 18 (14.4%) did not receive it for various reasons, ranging from physician advice to progressive disease.

Furthermore, of 131 patients assigned to the ST-only arm, 22 (16.8%) received surgery, which was permitted for palliation, with postoperative radiotherapy in 10 cases (12). This displacement raises concerns about the negative result of the trial. LRT for primary tumor consisted of mastectomy or breast-conserving surgery with eventual postoperative radiotherapy also in the other three randomized trials.

In the Turkish trial 102 patients (74%) underwent a mastectomy, 36 (26%) breast-conserving surgery and the majority of patients received axillary dissection (92.8%) (15).

Given that also the timing of LRT could influence the outcomes, it is worth noting that in the ECOG-ACRIN 2108 trial surgery was carried out after a period of ST, while in the Turkish and ABCSG-28 POSYTIVE trials it was performed upfront.

Thus, considering the OS benefit reported in the Turkish trial (17), it might be thought that upfront surgery could provide some advantage over delayed one. In addition, this hypothesis is in accordance with previously reported biological assumptions. An upfront LRT could be convenient as it can stop the dissemination of metastatic BC stem cells from the primary earlier in the disease course (4, 5).

Surgery was performed upfront also in the ABCSG-28 POSYTIVE trial and no survival benefit for LRT was reported. However, it must be considered that this study was underpowered as it was stopped early due to poor recruitment (14).



Biological subtypes

It is well known that, between BC subtypes, HR-positive tumors feature the best prognosis (38). As HR-positive disease tends to progress with more indolence, it is not uncommon to consider primary surgery in de novo stage IV patients in clinical practice.

In confirmation of this trend, HR-positive de novo stage IV BC patients demonstrated to benefit the most from LRT in retrospective studies (11, 39–41).

Some retrospective evidence seems also to support the use of LRT in HER2-positive subtype (7, 40, 42, 43).

In the randomized trial by Soran et al., 86% of patients were HR-positive, 30% HER2-positive, and 7% triple negative in the LRT arm, while in the ST-only arm, 73% were HR-positive, 28% HER-2 positive, and 18% triple negative.

The imbalance in biological subtypes distribution, with aggressive ones being more represented in the ST-only arm, questions the positive result of this trial.

However, in accordance with retrospective evidence, an unplanned subgroup analysis showed a benefit in OS for HR-positive patients (15).

The exploratory post hoc subgroup analyses of the ECOG-ACRIN 2108 trial, which was well balanced for disease subtype distribution, reported similar results across all the subgroups except for disease subtype: LRT was clearly unfavorable for triple negative patients (HR 3.33) (12).

Based on this data, HR-positive BC seems to be the best candidate for LRT in presence of synchronous metastases, while for triple-negative tumors primary surgery could be even detrimental. Any opinion on HER2-positive patients must be weighed with caution as HER2-directed therapy was not used with the same frequency in these studies.

In addition, we should consider that the usual classification of BC subtypes is being revolutionized due to the introduction of HER2-low subtype, which is forcing us to reconsider the treatment approach in every setting of BC (44).



Modern therapy implications

ST for metastatic BC patients has dramatically evolved over the last twenty years for every disease subtype.

The recent introduction of cyclin-dependent kinase 4/6 inhibitors for metastatic HR-positive BC treatment has carried to PFS and OS improvement, further ameliorating the prognosis of this indolent subgroup (45).

Even if HER2 expression results in a more aggressive disease with a poor prognosis, the use of HER2-targeted therapy led to outstanding survival benefit in these patients. In particular, the combination of trastuzumab, pertuzumab, and docetaxel increased the number of HER2-positive long survivors with an 8-year survival rate of 37% for patients treated with dual HER-2 blockade therapy (46).

The breakthrough of antibody-drug conjugates is the best example of modern ST progress. Trastuzumab deruxtecan is changing the treatment paradigm of both HER2-positive (47, 48) and HER2-low (48) disease and sacituzumab govitecan are improving triple negative and HR-positive BC survival (49).

However, most retrospective and prospective studies investigating the role of LRT of the primary tumor in stage IV BC included patients treated with outdated ST.

The example of the open-label randomized trial conducted at Tata Memorial Hospital in India is explicative. In this study, anti-HER2 therapy was omitted in approximately 92% of HER2-positive patients (13).

On one hand, LRT of the primary tumor and modern ST seem the perfect partners for an aggressive approach aimed at eradicating the disease and reaching long-term survival. On the other hand, the development of highly effective systemic drugs may mitigate the benefits of primary tumor surgery, thus making it useless for survival benefit improvement. It is also possible that both hypotheses are true, but for different groups of patients.

The association of LRT and ST could also have a synergistic effect. Immune checkpoint inhibitors, which boost the immune response against cancer cells by targeting either programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1), are establishing themselves in triple-negative disease, becoming the first line of therapy in association with chemotherapy in case PD-L1 positive disease (50, 51).

Pre-clinical data suggest that tumor promotes metastasis by systemic inflammation and cytotoxic CD8+ T cell effector function suppression (52). At the same time surgery of the primary tumor led to the rebound of antibody and cell-mediated response, restoring immunocompetence and increasing CD4 and CD8 cells in mice with metastatic BC (2, 3). Consequently, the combination of immune checkpoint inhibitors and LRT of the primary tumor could determine a strong immune response with enhanced tumor response.



Final considerations

Retrospective studies seem consistent in supporting LRT for de novo stage IV BC patients (Table 2). However, retrospective data suffer from several limitations. The selection bias is one of the most relevant as patients who were candidates for LRT was younger, had better access to care, and a lower burden of disease (53). In addition, it is also plausible that these patients underwent more aggressive ST, thus unbalancing survival outcomes (54).


Table 2 | Main Retrospective studies and outcome in locoregional treatment of the primary tumor in the novo stage IV breast cancer patients.



Even though some preclinical data provide a rationale for LRT of the primary there are also concerns about the possibility that surgery may lead to cancer cells shedding into the circulation (55), a hypothesis that seems consistent with the increased incidence of distant metastases in patients which underwent LRT, highlighted in the randomized trial by Badwe et al. (13).

Randomized trials did not support LRT of the primary altogether, as confirmed by a metanalysis by Reinhorm et al. (56), but, as previously discussed, they suffer major limitations as well, ranging from outdated ST to a small sample of patients.

We must take these results with caution, and we must not label LRT of the primary as a pointless technique, also considering that advances in ST and radiotherapy/surgery methodic require continuous testing of the possible benefit deriving from LRT in stage IV BC.

We should identify the best candidate for LRT and design randomized trials accordingly. Based on the retrospective evidence and the randomized Turkish trial, oligometastatic patients, with bone-only disease and HR-positive disease could be the best candidates for studies investigating the role of LRT in stage IV BC. Regarding oligometastatic patients, the combination of LRT of the primary and metastases-directed therapy, aimed at complete eradication of detectable disease, should be investigated. This aggressive approach in combination with highly effective modern ST could provide long-term survival and, in some cases, even the cure for metastatic BC patients (Figure 1).




Figure 1 | Aggressive approach combining modern systemic therapy, locoregional treatment of the primary tumor and metastases-directed therapy in stage IV de novo oligometastatic breast cancer patients.



The best timing for LRT of the primary remains an issue. Upfront surgery might be the correct approach according to the potential role of metastatic BC stem cells dissemination from the primary and the significant OS benefit observed in the randomized trial by Soran et al., in which metastatic BC patients underwent upfront surgery (4, 5, 15).

On the other hand, upfront surgery could represent an overtreatment for those patients destined to progress early in the disease course.

In this context, biomarkers, such as circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA), could help us characterize the metastatic disease.

In a retrospective analysis including 2436 patients with stage IV BC, a CTCs threshold of 5 cells per 7.5 ml was able to differentiate aggressive from indolent metastatic disease (57). ctDNA percentages were correlated with prognosis as well, with high levels being associated with shorter OS (58, 59).

Metastatic BC patients with high CTCs or ctDNA levels could be at higher risk of fast disease progression and, consequently, the rationale behind LRT of the primary tumor in those patients might be invalidated. Thus, the implementation of these biomarkers for patients’ stratification in future studies is suitable.

Results of two randomized trials investigating the role of LRT in de novo stage IV BC are awaited (60, 61). In addition, a single-arm trial investigating the role of palbociclib and LRT combination in HR-positive/HER2-negative metastatic BC is still recruiting (62).



Conclusions

The purpose of our review is to underline the limitations and strengths of LRT of the primary tumor, to design future randomized trials, more precisely and accurately. The design of new randomized clinical trials should include modern ST, a properly selected population, and new biomarkers are strongly encouraged.

Meanwhile, in the absence of robust evidence, LRT of the primary tumor should be discussed in a multidisciplinary context for every patient with de novo stage IV BC
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Objective

By identifying the clinicopathological characteristics and prognostic influences of patients with triple-positive breast cancer (TPBC) at Xijing Hospital in China compared with those in the United States, this study aims to construct a nomogram model to forecast the overall survival rate (OS) of TPBC patients.



Method

The Surveillance, Epidemiology, and End Results (SEER) database was used to screen 5769 patients as the training cohort, and 191 patients from Xijing Hospital were used as the validation cohort. Cox risk-proportional model was applied to select variables and the nomogram model was constructed based on the training cohort. The performance of the model was evaluated by calculating the C-index and generating calibration plots in the training and validation cohorts.



Results

Cox multifactorial analysis showed that age, chemotherapy, radiotherapy, M-stage, T-stage, N-stage, and the mode of surgery were all independent risk factors for the prognosis of TPBC patients (all P<0.05). With this premise, the nomogram model was constructed and evaluated. The C-index value of the nomogram model was 0.830 in the training group and 0.914 in the validation group. Moreover, both the calibration and ROC curves for the proposed model exhibited reliable performance, and the clinical decision curve analysis showed that the proposed model can bring clinical benefits.



Conclusions

The constructed nomogram can accurately predict individual survival probabilities and may serve as a clinical decision support tool for clinicians to optimize treatment in individuals.





Keywords: triple positive breast cancer, prognostic model, nomogram, overall survival, SEER



Introduction

Breast cancer comprises a highly diverse set of systemic illnesses on a molecular level. According to the 2011 St Gallen International Expert Consensus on the Primary Therapy of Early Breast Cancer, breast cancer can be classified into four subtypes based on immunohistochemical evaluation of hormone receptors (HRs), including the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) (1). Among these subtypes is the triple-positive breast cancer (TPBC) subtype, which is immunohistochemically expressed as ER+/PR+/HER2+ and any Ki-67 status and accounts for approximately 10% of all breast cancer cases (2).

Individuals with TPBC were found to have higher tumor grades, larger tumors, and poorer prognoses than those with other subtypes, and their tumors exhibited aggressive behavior (3). To date, only a few studies have explicitly focused on the clinical features and prognosis of TPBC. According to Anderson et al., the age of onset of TPBC was concentrated between 45 and 75 years, and the prognosis was poorer than that of HR(+) and HER-2(-) subtypes but better than that of HER2-enriched ones (4). Treatment typically consists of adjuvant chemotherapy combined with trastuzumab, followed by endocrine therapy in TPBCs that express both hormonal receptors and HER2 (5). Although patients benefit from multiple treatment options, interactions among various treatment regimens may reduce the therapeutic impact, most likely due to crosstalk between the HER-2 and ER gene signaling pathways at multiple points (6). Additionally, You et al. observed that the overall survival rate of patients with TPBC was higher than the survival rate of those with HER2-enriched ones and similar to those with the luminal A subtype (7).

For many years, the prognosis of patients with breast cancer has been assessed using the TMN prognostic staging method. The eighth edition of the American Joint Committee on Cancer’s prognostic staging method integrates the state of estrogen and progesterone receptors, HER2 expression, and histological grading based on TNM staging (8). Its prognostic value and availability in patients with breast cancer have been validated since the development of this revolutionary breast cancer staging system. However, the prognostic staging system appears quite complex for clinical application due to the recurrent grouping (9–12). Furthermore, because genetic testing technology is still not extensively employed, the new system’s clinical usefulness is limited. In addition, breast cancer is highly heterogeneous and the individual prognosis is affected by a wide range of factors (13). According to He et al. (14), the novel prognostic staging approach did not outperform the anatomical staging system in terms of prediction power for triple-negative breast cancer. Adjustment and optimization of the prognostic staging system are still needed. Hence, building adequate predictive models for the various molecular subtypes of breast cancer can benefit clinical practice.

The Surveillance, Epidemiology, and End Results (SEER) database is one of the most representative large tumor registry databases in North America, collecting a large amount of relevant data on evidence-based medicine and covering approximately 1/3 of the US population. The nomogram is a commonly used method for survival prediction that combines intuition, accuracy, dependability, and practicality (15). It has been successfully used to predict the prognosis of various malignancies, including breast cancer (16). In this study, data from the Fourth Military Medical University Affiliated Xijing Hospital and the SEER database were synthesized to construct a nomogram model for predicting the overall survival (OS) of TPBC patients, aiming to provide a basis for clinical treatment.



Patients and methods


Patient selection

SEER is a large-scale cancer registration database that covers approximately 34.6% of the U.S. population (17). The data for this study were selected from 17 registries of the SEER program (with an additional treatment field), which is supported by the National Cancer Institute. The data of TPBC patients from January 2013 to December 2017 in the SEER database were extracted and screened by SEER*Stat version 8.4.0.1 software. The inclusion criteria were as follows: (1) patients with pathologically confirmed breast cancer, based on malignant behavior of the International Classification of Diseases (ICD)-O-3; (2) female; (3) molecular subtype is ER+/PR+/HER2+; (4) older than 18 years; (5) survival data with complete and available dates and more than 0 days of survival; and (6) clear clinicopathological information for all the variables of interest including age at diagnosis, breast subtype, tumor size, laterality, lymph node metastasis status, distant metastatic status, type of surgery, pathological type, histological grading, chemotherapy, and radiotherapy information. According to the inclusion and exclusion criteria, cases meeting the criteria were gradually screened out, and 5769 patients with TPBC were ultimately included (Figure 1). Moreover, 191 patients with triple-positive breast cancer at Xijing Hospital in China hospitalized for surgery from January 2013 to December 2017 were collected, and the clinicopathological characteristics and prognosis of the patients were determined. Follow-up was performed by in-hospital review, telephone consultations, and instructional activities.




Figure 1 | Flowchart of the cohort selection process.





Study variables

The following variables at diagnosis were selected as the potential prognostic factors: age(less than 60 years old or older than 60 years old), laterality (right or left side), pathological type (infiltrative ductal carcinoma or other types), histological grading (well-differentiated, moderately differentiated, poorly differentiated, undifferentiated or anaplastic), tumor size, lymph node metastasis status, distant metastatic status, type of surgery, chemotherapy (yes or none) and radiotherapy (yes or none). The values of tumor size, lymph node metastasis status, distant metastasis status, and surgery type were transformed into grouped categorical variables according to routine practice.

Overall survival (OS) was used as the primary endpoint for this study. OS was defined as the time between the date of diagnosis and the date of death caused by BC. For the validation cohort, the deadline for follow-up was September 14, 2021.



Statistical analysis

The data were analyzed using R software (4.1.1). All variables were transformed into categorical variables. The baseline characteristics of the modeled and validated sets were compared using the Pearson χ2 test, where the Mann−Whitney U test was performed for the rank data. The Kaplan−Meier curve was used to describe the OS, and the differences between the curves were analyzed by the log-rank test. Univariate and multivariate Cox regression models were performed to estimate the hazard ratios (HRs) and 95% confidence intervals (CIs) to analyze the independent prognostic factors associated with OS in TPBC patients. Based on the independent prognostic factors of TPBC, the Rms and Survival packages in R software (4.1.1) were used to construct the nomogram. To confirm the predictive accuracy of the nomogram, both internal (200 bootstraps resamples based on the training cohort) and external (based on the validation cohort) validations were performed. The differentiation of the model was evaluated by the concordance index (C-index) and the receiver operating characteristic (ROC) curve, and the calibration of the model was checked by drawing calibration curves to ensure that the model was accurate and reliable. Finally, decision curve analysis (DCA) was performed for the model to check the clinical benefit and application value of the model. Two-sided P<0.05 was deemed statistically significant.




Results


Baseline characteristics of TPBC patients

The Pearson χ2 test and Mann−Whitney U test were used to compare the baseline characteristics of the training and validation sets. The results showed that the patients in the validation set were younger at onset and had a lower proportion of poorly differentiated histology compared to the training set. In addition, there were significant differences in pathological staging, tumor size, lymph node metastasis, distant metastasis, and choice of treatment modality (all p<0.05) (Table 1).


Table 1 | Baseline characteristics of TPBC patients.





Effect of variables on the prognosis of TPBC

For each variable in the training set, a COX univariate survival analysis was performed. The results showed that nine variables, including age, tumor grade, radiotherapy, chemotherapy, pathological staging, T-stage, N-stage, M-stage, and mode of surgery, were factors influencing the prognosis of TPBC (all p<0.05). Multivariate analysis using Cox proportional risk regression (variable screening method: forward: LR, variable inclusion criterion = 0.05, exclusion criterion = 0.1) was performed with the above risk factors as independent variables, and the results indicated that age, radiotherapy, chemotherapy, T-stage, N-stage, M-stage, and mode of surgery were independent risk factors for the prognosis of TPBC (all p<0.05) (Table 2).


Table 2 | Univariate and multivariate analysis of TPBC patients.



Based on Kaplan-Meier and Log-rank tests, the survival curves for the key variables were plotted using the Cox risk model (Figure 2).




Figure 2 | Kaplan-Meier curves of OS for each predictor. (A) Age; (B)T-stage; (C) N-stage; (D) M-stage; (E) mode of surgery; (F) radiotherapy; (G) chemotherapy. OS, overall survival.





Construction of a nomogram for the prognosis of TPBC patients

Based on the results of the Cox univariate and multivariate regression analysis of the training group (Figures 3A, B), the seven variables screened were used to construct a nomogram of the OS prognosis of 5769 TPBC patients (Figure 4). By summing the scores obtained for each variable to obtain an overall score, the nomogram prediction model predicts the 3-year and 5-year OS for TPBC patients.




Figure 3 | Proportional hazard model forest map of overall survival in TPBC patients in SEER. (A) Forest map (univariate analysis). (B) Forest map (multivariate analysis). * means p < 0.05.






Figure 4 | Nomogram prediction model for prognosis of TPBC patients.





Validation of the nomograms

The C-index values of the nomograms in the training cohort were 0.830 (95% CI, 0.795-0.864) for OS. In the validation cohort, the C-index value for OS was 0.914 (95% CI, 0.816-0.999). In addition, the ROC curves and calibration curves of the 3-year and 5-year OS were plotted in the training and validation sets. The results showed that the area under the curve (AUG) was greater than 0.8 in both the training and validation sets, while the calibration curves presented excellent consistency between the actual and nomogram-predicted survival probabilities, indicating that the model predicted with decent accuracy (Figures 5, 6).




Figure 5 | ROC curves for prediction of 3-year and 5-year overall survival in the training set and validation set. (A)The 3-year overall survival of the training set; (B)The 5-year overall survival of the training set; (C) The 3-year overall survival of the validation set; (D) The 5-year overall survival in the validation set.






Figure 6 | Calibration curves of 3-year and 5-year overall survival in the training set and validation set. (A) The 3-year overall survival of the training set; (B) The 5-year overall survival of the training set; (C) The 3-year overall survival of the validation set; (D) The 5-year overall survival in the validation set.





DCA analysis

Unlike traditional statistical methods, which only evaluate the accuracy of a model, decision curve analysis (DCA) can tell us whether using a model to aid clinical decision-making would improve outcomes for our patients (18). In this study, DCA was plotted against 3-year and 5-year survival for the training and validation sets, respectively. The results show that the net clinical benefit of the model at 3 and 5 years is elevated within a suitable threshold in both the training and validation sets, especially in the validation set, indicating that the model has excellent clinical efficacy (Figure 7).




Figure 7 | Decision curve analysis curves of 3-year and 5-year overall survival in the training set and validation set. (A) The OS of the training set; (B) The OS of the validation set.






Discussion

TPBC is a subtype of breast cancer that falls within the luminaI B molecular type (19), accounting for approximately 10% of hormone receptor-positive breast cancers (20). Currently, there are few studies on the prognosis of triple-positive breast cancer. Kast et al. (21) stated that TPBC is aggressive cancer, with ductal carcinoma being the most common. Pathologically, most cases were classified as grade III, with an elevated prevalence of lymph node metastases and giant tumors. Additionally, Guan et al. showed that patients with TPBC tended to be younger and exhibit pathological characteristics such as vascular or nerve infiltration and an elevated rate of lymph node metastases, proliferation index, and tumor load (22). In this study, TPBC patients had a younger age of onset, a higher percentage of histological grade III, and significant lymph node metastases, consistent with previous studies. In summary, triple-positive breast cancer is a relatively aggressive molecular subtype.

Since TPBC is a relatively rare and clinically neglected condition, assessment of the prognosis of patients with TPBC is essential for the integrated management of TPBC. Numerous studies have investigated breast cancer prognosis, and molecular type, tumor size, lymph node status, and histological grading are often used as prognostic indications in clinical practice. Additionally, while both the 21-gene and 70-gene recurrence scores are approved for clinical use, the use of multiple testing to predict recurrence remains contentious because of the limited clinical benefit and extreme cost (16). There is currently a shortage of simple and effective prognostic and predictive assessment methods that may be used in clinical practice. No acceptable model for prognostic assessment has been created in prior investigations, especially for TPBC. The nomogram is a graphical representation of the multivariate prognostic model, which can be used to individually predict the survival situation at a specific time point (23). As a contemporary forecasting model, nomograms have higher accuracy and wider applicability and are easy to popularize compared with traditional forecasting methods (24). As reported in the literature, Zhou et al. constructed and validated well-calibrated nomograms for predicting disease-free survival and OS in patients with TNBC (25). In addition, as one of the largest cancer registries in the United States, the SEER database contains a wealth of evidence-based medical data, including basic information, clinical characteristics, treatments, and patient follow-up. Therefore, this study developed a prognostic prediction nomogram model for TPBC patients based on data from the SEER database, which is reduplicative.

In this study, we developed a nomogram-based Cox regression model to predict the 3-year and 5-year OS of TPBC patients. The ROC and calibration curves showed that the nomogram could accurately predict the OS of TPBC patients. At the same time, decision curve analysis showed that the clinical efficacy of the model was excellent. Multivariate analysis showed that age, tumor grade, radiotherapy, chemotherapy, stage T, stage N, stage M, and surgical modality were independent risk factors for TPBC prognosis. These independent risk factors were essentially consistent with clinical observations.

It has been shown that HR-positive, HER2-positive breast cancer patients older than 75 years have significantly increased mortality compared to other populations (26). Our findings also suggested a poor prognosis for TPBC patients over the age of 60. Currently, TNM prognostic staging is commonly used to assess the prognosis of breast cancer patients. In this study, patients had a worse prognosis as the TNM stage increased, which is consistent with previous studies (27). Breast-conserving therapy (BCT) had similar long-term survival outcomes to mastectomy in patients with early breast cancer, and recent studies had reported similar rates of recurrence compared with mastectomy (28). However, the latest research showed that BCT was associated with superior overall survival compared with mastectomy for early-stage breast cancer (29), consistent with this study. In addition, by comparing data, we observed a relatively elevated BCT rate in the United States. The reason lies in the uniformity of diagnosis and treatment levels and treatment standards among American doctors and in the fact that doctors can follow treatment standards very well.

Theoretically, endocrine therapy, chemotherapy, and targeted therapy have a significant impact on the prognosis of patients with TPBC. In 2017, NCCN guidelines recommended chemotherapy in combination with anti-HER-2 therapy and endocrine therapy as a treatment regimen for TPBC (30). Targeted therapy is vital in the adjuvant treatment of HER2-positive early-stage breast cancer. The clinical trial HERA study revealed that 79.4% of patients survived for >10 years and were at a lower risk of death after 1 year of trastuzumab adjuvant therapy (31). However, in clinical practice, we found that patients with TPBC had less benefit from trastuzumab, which may have been due to drug resistance. Studies have demonstrated that the presence or absence of HRs is a crucial component in determining breast cancer diagnosis, therapy, and prognosis (32). A secondary analysis (33) of the HERA study published in 2016 confirmed the lower benefit of trastuzumab in patients with TPBC with high ER expression. This was demonstrated by the interaction between ERs and the intracellular signaling pathway regulated by HER-2 (34).

Although other researchers have done similar work (27), Compared with previous studies, the innovations of this study are as follows. Firstly, by including a Chinese cohort, the variability of clinical characteristics of TPBC patients by race was explored. Secondly, to externally validate the model, this study used a Chinese cohort, and the results were more compelling. Finally, to improve the model’s construction and validation, this study included survival analysis and clinical decision curves.

Through internal and external validation, our constructed nomogram showed excellent accuracy and clinical benefit. However, there were still some limitations to this study. First, due to the limitations of the data in the SEER database, the predictive model cannot include some crucial clinical factors, such as chemotherapy protocol, targeted therapy regimen, endocrine therapy regimen, and Ki-67 expression, and additional studies may be needed to optimize the model. At the same time, 1294 of the 7063 identified TPBC patients were excluded due to insufficient data, which may have contributed to selection bias. Furthermore, the constructed nomogram had only been externally validated with a single sample in China, so caution should be exercised in extending our results to patients from different geographic regions or with other ethnic backgrounds.



Conclusion

In summary, this study developed a nomogram model to predict the overall survival of TPBC patients based on data from the SEER database in the United States and Xijing Hospital in China. Both the calibration curves and ROC curves for the model exhibited reliable performance, and the clinical decision curve analyses showed that the model can bring clinical benefit. Therefore, the constructed nomogram can accurately predict individual survival probabilities and may serve as a clinical decision support tool for clinicians to optimize treatment in individuals.
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Background

HER2-low expression breast cancer (BC) accounts for approximately 45%-55% of all BC cases. The purpose of this study was to investigate the prognostic difference between patients with HER2-low expression and HER2-zero BC.



Methods

An electronic search of Pubmed, Embase, Cochrane Library, and Web of Science databases was performed to screen studies that included prognostic comparisons between HER2-zero and HER2-low expression groups. A total of 14 studies involving 52106 patients were included.



Results

Our results indicated that HER2-low expression was associated with a significant benefit in OS among all patients with early BC (HR, 0.83; 95% CI, 0.78–0.88), patients with hormone-receptor positive BC (HR, 0.83; 95% CI, 0.77–0.89), and patients with TNBC (HR, 0.78; 95% CI, 0.70–0.87). HER2-low expression was associated with a significant benefit in DFS among all patients (HR, 0.81; 95% CI, 0.71–0.93), patients with hormone receptor-positive BC (HR, 0.81; 95% CI, 0.72–0.90), but no significant difference in DFS was found in patients with TNBC (HR, 0.87; 95% CI, 0.65–1.17). HER2-low expression was associated with a significant benefit in RFS among all patients (HR, 0.90; 95% CI, 0.85–0.95), patients with hormone receptor-positive BC (HR, 0.90; 95% CI, 0.84–0.96), but no significant difference in RFS was found in patients with TNBC (HR, 0.80; 95% CI, 0.55–1.16).



Conclusions

Among patients with early-stage BC, patients with HER2-low expression BC had better OS in the overall population, hormone receptor-positive and TNBC subgroups. Besides, favorable DFS and RFS were observed in both the overall population and hormone receptor-positive subgroup.



Systematic review registration


https://www.crd.york.ac.uk/PROSPERO/, identifier (CRD 42022349458).
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  1 Introduction

Breast cancer (BC) is the most commonly diagnosed cancer among women worldwide. According to the Global Cancer Statistics 2020, there were an estimated 2.3 million new cases of female BC worldwide in 2020 (1). Human epidermal growth factor receptor 2 (HER2) detection is essential for BC treatment planning. HER2-positive BC accounts for approximately 15% of all BC cases, in which multiple agents targeting HER2 have provided significant clinical benefits in patients with both early and advanced BC (2, 3). However, 85% of patients with BC were classified as HER2-negative and were therefore ineligible for anti-HER2 treatment (4). Recently, antibody-drug conjugates (ADCs) have been proved to have antitumor activity in patients with classical HER2-positive BC (5, 6), as well as BC with low HER2 expression (7). These results have led to the concept of “HER2-low expression” which includes tumors with HER2 expression indicated by a immunohistochemistry (IHC) score of 1+ or 2+/fluorescence in-situ hybridization (FISH)-negative.

In the past, HER2-low expression and HER2-zero BC have been combined and considered HER2 negative BC. Moreover, HER2-low expression BC accounts for approximately 45%–55% of all BC cases, indicating that the number of new HER2 low-expression BC cases could be approximately 1 million worldwide annually, which is almost equivalent to that of all new annual gastric cancer cases worldwide (1, 4). Because the population of patients with BC with HER2-low expression is very large, understanding the associations of different clinicopathologic characteristics and prognosis between patients with HER2-low expression and HER2-zero BC is significant, and will help clinicians develop more precise treatment strategies and avoid overtreatment or undertreatment in patients with HER2-low expression BC in the future. In addition, it may guide the design of future clinical trials for HER2-low expression BC.

Several studies have shown that compared with HER2-zero BC, HER2-low expression BC has a specific biology with varying responses to therapy and prognosis (8–10). However, other studies have found that HER2-low expression is indistinct from HER2-zero BC in terms of clinicopathologic characteristics and prognosis (11). Thus, whether HER2-low expression BC varies in biological and prognostic significance from that of HER2-zero BC remains unclear. This study aimed to evaluate the biological and prognostic significance of HER2-low expression in patients with BC.


 2 Method

The study protocol adhered to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) reporting guidelines (12, 13). This systematic review was prospectively registered with The International Prospective Register of Systematic Reviews (CRD 42022349458). Because this study was based exclusively on published literature, ethics approval and informed consent were not required.

 2.1 Study objectives

The primary objective was to identify associations between prognosis, including overall survival (OS), disease-free survival (DFS), and relapse-free survival (RFS), and early HER2-low expression (HER2 IHC 1/2+ with FISH negative) and HER2-zero BC, including hormone receptor-positive BC and triple-negative BC (TNBC). The secondary objective was to identify associations between prognosis, including OS and RFS, and early HER2 IHC 0, HER2 IHC 1+, and HER2 IHC 2+ (IHC 2+ in the following text refers to IHC 2+/FISH-negative) BC, including hormone receptor-positive BC and TNBC. In addition, subgroup analyses were performed. The association of DFS and distant DFS (DDFS) with HER2-low in high-genetic-risk and low-genetic-risk groups was analyzed.


 2.2 Literature search

We conducted an electronic search of PubMed, Embase, Cochrane Library, and Web of Science databases. The search strategy combined Medical Subject Heading terms and keywords encompassing two key concepts: BC and HER2-low expression ( Supplementary Table 1 ). All titles were initially screened independently and the appropriate abstracts were reviewed independently by two authors (T.W. and DY.W.). Abstracts that met the criteria were retained for full-text review. Disagreements were resolved through discussion during the screening and extraction period.


 2.3 Study selection

The selected studies had to meet the following inclusion criteria simultaneously: (1) published from January 1, 2015, to July 21, 2022 in English; (2) study population included patients with early BC; (3) analysis included prognostic comparisons between HER2-zero and HER2-low expression groups or between any two groups among HER2-zero, HER2 IHC 1+, and HER2 IHC 2+ groups (e.g., HER2-zero and HER2 IHC 1+ vs. HER2 IHC 2+); (4) OS, DFS or RFS were reported as hazard ratios (HRs) (If no HRs were presented for OS, DFS, or RFS, the Kaplan-Meier [K-M] curve of any OS, DFS, or RFS outcome must be provided to facilitate data extraction of K-M curves to calculate HRs); (5) retrospective study, randomized controlled trial (RCT), or pool analysis study. Regarding studies with populations comprised of patients with both early and advanced or metastatic BC, the prognostic analysis must have been performed separately for patients with early BC; otherwise, the proportion of patients with advanced or metastatic BC must be less than 10%.

The exclusion criteria were studies (1) published in a language other than English or before January 1, 2015 (2) in which populations included mainly advanced or metastatic BC without separate prognostic analysis of patients with early BC or (3) without survival comparisons of OS, DFS, or RFS between patients with HER2-zero and HER2-low expression BC,or among HER2-zero, HER2 IHC 1+, and HER2 IHC 2+ groups.


 2.4 Data extraction

Study and participant characteristics and outcome measures were extracted by two authors (T.W. and DY.W.) independently. Disagreements were resolved by discussion until consensus. The following variables were extracted: title and study details (year, journal, and location), study population characteristics (sample size, median age, median follow-up, tumor size, lymph node status, tumor grade, stage), and outcome data. The HRs for OS, DFS, and RFS were extracted from each eligible study. If K-M curves were provided without HRs in the reported literature, we used Engauge Digitizer to extract data from K-M curves and calculate the respective HRs using the practical methods described by Tierney et al. (14).


 2.5 Statistical analysis

Statistical analysis was performed from August 15, 2022, to August 25, 2022. Outcome data were reported as HRs; If K-M curves were provided without HRs, HRs were calculated using data extracted from K-M curves. The 95% confidence intervals (CIs) were estimated using the Mantel-Haenszel method. The 95% CIs that did not cross unity were considered statistically significant. I2  statistics were used to estimate statistical heterogeneity, with greater than 50% indicating significant heterogeneity. When no significant heterogeneity (I2  ≤ 50%) was observed, a fixed-effects model was used. In contrast, when significant heterogeneity (I2  > 50%) was observed, a random-effects model was used to calculate the pooled effect estimate (HR) to explain any possible inter-study heterogeneity. Sensitivity analysis was performed to assess the robustness of the meta-analysis conclusions. Two-sided and P values <0.05 were considered statistically significant in all analyses. All statistical analyses were performed using R, version 4.1.1 (R Foundation for Statistical Computing, Vienna, Austria).


 2.6 Risk of bias

Risk of bias (RoB) was assessed by two authors (T.W. and DY.W.). Retrospective studies were assessed using the Newcastle-Ottawa Scale based on several parameters, including patient selection, ascertainment of exposure, outcome assessment, cohort comparability, and follow-up duration and adequacy (15). Points were calculated for each study and classified as low, high, or unclear RoB accordingly. Disagreements regarding these categories were resolved through discussion until consensus between the authors was reached. The Egger test was used for funnel plot asymmetry and to visualize publication bias (16).



 3 Results

 3.1 Characteristics of the included studies

The flow diagram ( Figure 1 ) outlines the study selection process and reasons for exclusion. In total, 2398 publications were identified using the predefined search terms, of which 14 studies met the inclusion criteria (17–30).

 

Figure 1 | Flow diagram of search strategy and study selection. 



Among the 14 selected articles, 52106 participants were ultimately included in the analysis. One pool analysis (17) and one RCT (30) were included, whereas the remaining 12 studies were retrospective cohort studies. For 3 studies that did not include K-M curves with HRs, the HRs were estimated using data extracted from the K-M curves. The two reviewers were in 100% agreement regarding the extracted data.  Supplementary Table 2  provides an overview of the main characteristics and relevant outcomes of the included studies. Included studies were assessed according to Newcastle-Ottawa scores, which are summarized in  Supplementary Table 3 . None of the included studies was classified as having a high RoB for objective outcomes. The included studies differed in their methodology. The periods ranged from 0.8 to 10.3 years. The sample sizes ranged from 296 to 5235 patients. Moreover, 4 studies were conducted in Europe, 6 studies in Asia, 1 study in North America, 1 study in South America, and 2 studies in Multi-continents. The mean age of the patients varied from 45.3 to 66.1 years old.


 3.2 OS

In this meta-analysis, 7 studies with 37466 patients were included to assess the association of HER2-low expression and HER2-zero BC with OS among all patients (including patients with hormone receptor-positive BC and TNBC) with early BC. Our results indicated that among all patients with early BC, HER2-low expression was associated with a significant benefit in OS (HR, 0.83; 95% CI, 0.78–0.88), with low heterogeneity observed across studies (I2  = 40%; P = 0.13) ( Figure 2A ).

 

Figure 2 | Forest plot of (A) OS in overall EBC population (HER2 low vs. HER2 0); (B) OS in hormone receptor positive subgroup (HER2 low vs. HER2 0); (C) OS in TNBC subgroup (HER2 low vs. HER2 0); (D) OS in overall EBC population (HER2 IHC 2 vs. IHC 1); (E) OS in overall EBC population (HER2 IHC 2 vs. IHC 0); (F) OS in overall EBC population (HER2 IHC 1 vs. IHC 0). 



Furthermore, 7 studies with 34229 patients and 7 studies with 7482 patients were included to assess the association of HER2-low expression and HER2-zero BC with OS in patients with hormone receptor-positive BC and TNBC, respectively. HER2-low expression was significantly associated with longer OS in patients with hormone-receptor positive BC (HR, 0.83; 95% CI, 0.77–0.89), with low heterogeneity observed across studies (I2  = 0%; P = 0.42) ( Figure 2B ). Similarly, in patients with TNBC, HER2-low expression was significantly associated with longer OS (HR, 0.78; 95% CI, 0.70–0.87), with moderate heterogeneity observed across studies (I2  = 43%; P = 0.10) ( Figure 2C ).

To determine whether HER2-zero, HER2 IHC 1+, and HER2 IHC 2+ BC were associated with OS among all patients (including patients with hormone receptor-positive BC and TNBC), further analyses were performed. Two studies with 3490 patients revealed no significant difference in OS between BC patients with HER2 IHC 2+ and HER2 IHC 1+ (HR, 1.01; 95% CI, 0.69–1.46), with no considerable heterogeneity (I2  = 0%; P = 0.33) ( Figure 2D ). However, data obtained from three studies with 20407 patients revealed no significant difference in OS between patients with HER2 IHC 2+ and HER2-zero BC (HR, 0.89; 95% CI, 0.78–1.00),with no considerable heterogeneity (I2  = 27%; P = 0.26) ( Figure 2E ). Significantly longer OS was observed in patients with HER2 IHC 1+ than that in HER2-zero based on three studies with 25910 patients (HR, 0.85; 95% CI, 0.79–0.92), with no considerable heterogeneity (I2  = 0%; P = 0.51) ( Figure 2F ).


 3.3 DFS

Among all patients (including patients with hormone receptor-positive BC and TNBC), significantly longer DFS was observed in patients with HER2-low expression compared with that in patients with HER2-zero BC (HR, 0.81; 95% CI, 0.71–0.93) based on three studies with 7667 patients, with no considerable heterogeneity observed (I2  = 0%; P = 0.46) ( Figure 3A ).

 

Figure 3 | Forest plot of (A) DFS in overall EBC population (HER2 low vs. HER2 0); (B) DFS in hormone receptor positive subgroup (HER2 low vs. HER2 0); (C) DFS in TNBC subgroup (HER2 low vs. HER2 0); (D) DFS in high genetic risk EBC population (HER2 low vs. HER2 0); (E) DFS in low genetic risk EBC population (HER2 low vs. HER2 0). 



Regarding patients with hormone receptor-positive BC, the analysis based on six studies with 12283 patients revealed significantly longer DFS among patients with HER2-low expression compared with that in patients with HER2-zero BC (HR, 0.81; 95% CI, 0.72–0.90), with no considerable heterogeneity observed (I2 = 0%; P = 0.73) ( Figure 3B ). The association of HER2-low expression and DDFS in hormone receptor-positive BC was analyzed ( Supplementary Figure 1A ) and no significant difference was observed based on two studies with 5146 patients (HR, 0.73; 95% CI, 0.59–0.91), with no considerable heterogeneity observed (I2  = 0%; P = 0.79).

However, among patients with TNBC, no significant difference in DFS was found in patients with HER2-low expression and HER2-zero BC (HR, 0.87; 95% CI, 0.65–1.17) based on five studies with 2535 patients, and this outcome was statistically insignificant within a very heterogeneous study group (I2  = 58%, P = 0.05) ( Figure 3C ).

Further analyses were performed to determine whether genetic risk was associated with DFS among all patients. Among all patients with high genetic risk, significantly longer DFS was observed among patients with HER2-low expression compared with that in patients with HER2-zero BC (HR, 0.41; 95% CI, 0.30–0.56) based on data obtained from two studies with 392 patients, with no considerable heterogeneity observed (I2  = 40%; P = 0.20) ( Figure 3D ). Among all patients with low genetic risk, data obtained from two studies with 1956 patients revealed no significant difference in DFS between patients with HER2-low expression and HER2-zero BC (HR, 0.92; 95% CI, 0.60–1.41), with no considerable heterogeneity observed (I2 = 0%; P = 0.48) ( Figure 3E ).

The same association was observed for DDFS. No significant difference was observed in patients with low genetic risk based on two studies with 1956 patients ( Supplementary Figure 1B ), whereas patients with HER2-low expression had significantly better DDFS compared with that in patients with high genetic risk based on two studies with 392 patients ( Supplementary Figure 1C ).


 3.4 RFS

Among all patients, patients with HER2-low expression had significantly longer RFS compared with that in patients with HER2-zero BC (HR, 0.90; 95% CI, 0.85–0.95) based on four studies with 30380 patients, with no considerable heterogeneity observed (I2  = 0%; P = 0.62) ( Figure 4A ). Regarding patients with hormone receptor-positive BC, our analysis of two studies with 24045 patients revealed significantly longer RFS among patients with HER2-low expression compared with that in patients with HER2-zero BC (HR, 0.90; 95% CI, 0.84–0.96), with no considerable heterogeneity observed (I2  = 0%; P = 0.65) ( Figure 4B ). However, among patients with TNBC, no significant difference was seen in patients with HER2-low expression and HER2-zero BC (HR, 0.80; 95% CI, 0.55–1.16) based on two studies with 4947 patients and within a very heterogeneous study group (I2  = 68%, P = 0.053) ( Figure 4C ).

 

Figure 4 | Forest plot of (A) RFS in overall EBC population (HER2 low vs. HER2 0); (B) RFS in hormone receptor positive subgroup (HER2 low vs. HER2 0); (C) RFS in TNBC subgroup (HER2 low vs. HER2 0); (D) RFS in overall EBC population (HER2 IHC 2 vs. IHC 0); (E) RFS in overall EBC population (HER2 IHC 1 vs. IHC 0). 



An analysis of the association of HER2-zero, HER2 IHC 1+, and HER2 IHC 2+ BC with RFS was performed. Among all patients, data obtained from four studies with 20884 patients revealed no significant difference in RFS between patients with HER2 IHC 2+ and HER2-zero BC (HR, 0.95; 95% CI, 0.86–1.05), with no considerable heterogeneity observed (I2  = 0%; P = 0.53) ( Figure 4D ). However, significantly longer RFS was observed in patients with HER2 IHC 1+ than that in patients with HER2-zero BC (HR, 0.90; 95% CI, 0.84–0.96) based on four studies with 26699 patients, with no considerable heterogeneity observed (I2  = 0%; P = 0.61) ( Figure 4E ).

It’s worth mentioning that sensitivity analyses were performed for each of these analyses ( Supplementary Figures 2 - 4 ). The sensitivity analysis suggested that the study by Denkert et al. (17) was the source of heterogeneity in the analysis of TNBC. Denkert et al. (17) is a pool analysis of four RCTs, and different study design types may be the source of heterogeneity. Therefore, the analysis was performed again after removing the study by Denkert et al. (17), and the results showed that HER2-low expression was still significantly associated with longer OS (HR, 0.83; 95% CI, 0.74–0.94), with low heterogeneity observed across studies (I2  = 0%; P = 0.45), consistent with our previous results ( Supplementary Figure 5A ). And HER2-low expression was still significantly associated with longer DFS (HR, 0.99; 95% CI, 0.77–1.28), with low heterogeneity observed across studies (I2 = 0%; P = 0.49) which is consistent with the results of the analysis of keeping the study by Denkert et al. (17) ( Supplementary Figure 5B ). Besides, Egger test was used for funnel plot asymmetry and no significant publication bias was found except the analysis for OS in patients with hormone-receptor positive BC ( Supplementary Figure 6 ).



 4 Discussion

Recently, the remarkable therapeutic effect of novel ADCs on HER2-low expression BC has generated great interest for this new subtype. Nevertheless, the prognosis of HER2-low expression BC remains controversial. In our systematic review and meta-analysis of the published data, the prognostic difference between patients with HER2-low expression and HER2-zero BC was analyzed among patients with early-stage BC, both in the overall population and hormone receptor-positive and TNBC subgroups.

We found that compared with patients with HER2-zero BC, patients with HER2-low expression BC had better OS, DFS, and RFS both in the overall population and hormone receptor-positive subgroup, suggesting distinct biological subtype of HER2-low expression. In the TNBC subgroup, OS was superior in patients with HER2-low expression compared with that for patients with HER2-zero BC, whereas no significant differences in DFS and RFS were observed between patients with HER2-low expression and HER2-zero BC.

Among all patients with BC, significantly longer OS and RFS was observed in patients with HER2 IHC 1+ compared with that in patients with HER2-zero BC. However, no significant difference in OS and RFS was observed between patients with HER2 IHC 2+ and HER2-zero BC. No significant difference in OS was observed between patients with HER2 IHC 1+ and HER2-zero BC. The prognostic difference in RFS between patients with HER2 IHC 1+ and HER2-zero BC was not analyzed because of data leakage.

In addition, the Oncotype Dx risk score was compared between HER2-low expression and HER2-zero BC among patients with hormone receptor-positive BC (24, 26). Interestingly, the prognosis of HER2-low expression BC differs significantly in patients with high genetic risk (Oncotype Dx risk score > 26), although not for patients with low genetic risk (Oncotype Dx risk score ≤ 25). In early hormone receptor-positive BC with high genomic risk, HER2-low expression was associated with more favorable DFS and DDFS compared with that for HER2-zero BC. However, for early hormone receptor-positive BC with low genomic risk, no significant differences were observed in DFS or DDFS between patients with HER2-low expression and HER2-zero BC.

The findings of a recent study involving 30491 patients support that HER2-low expression has a better prognosis than that of HER2-zero BC, although this study used BC-specific survival as an outcome indicator, which was not included in our meta-analysis. This conclusion is consistent with our findings and further validates our conclusion (8).

Several reasons may explain why HER2-low expression has a more favorable prognosis in patients with hormone receptor-positive BC, whereas only OS was superior in patients with TNBC. First, the PAM50 intrinsic subtype profiles of HER2-low expression BC were demonstrated in a recent study (9), which concluded that in hormone receptor-positive BC, the gene expression of patients with HER2-zero and HER2-low expression tumors was obviously different. However, no significant difference in gene expression was observed between HER2-zero and HER2-low expression in patients with TNBC. This indicates that HER2-low expression is more likely to be a distinct biological entity in hormone receptor-positive than in TNBC tumors.

What’s more, several studies have reported an association between hormone receptor status and HER2-low expression. The percentage of HER2-low expression differed between the hormone receptor-positive and TNBC groups. Interestingly, the prevalence of HER2-low expression was higher in patients with hormone receptor-positive BC than that in TNBC (9, 31). HER2-low expression BC tends to be luminal-like with high estrogen receptor (ER) expression, whereas HER2-zero BC is generally more basal-like, with low ER expression (26). ER expression may play a confounding role when analyzing the prognostic difference between patients with HER2-low expression and HER2-zero BC in some studies. However, this hypothesis requires further statistical analysis and verification in future studies.

Further, HER2-low expression BC is reportedly associated with indicators of decreased aggressiveness, such as lower histological grade, lower Ki-67 status, and fewer TP53 mutations compared with that of HER2-zero BC (17). Whether the prognostic differences are driven by HER2-low expression or the varying distribution of other clinicopathological characteristics, such as ER expression, requires further investigation.

HER2-low expression and HER2-zero BC vary in the somatic mutation landscape. In patients with HER2-low expression BC, the frequency of phosphatidylinositol 3-kinase/protein kinase B signaling mutations was higher, and the frequency of p53 signaling and cell cycle pathway mutations was lower. This conclusion supports that HER2-low expression and HER2-zero BC are two different entities (10). Another study with similar findings reported that PIK3CA and TP53 mutation frequencies differed between patients with HER2-low expression and HER2-zero BC. Moreover, BRCA1/2 and other BC predisposition gene mutations have different frequencies (17). Studies on the PAM50 intrinsic subtype also found significant differences in gene expression between HER2-low expression and HER2-zero among patients with hormone receptor-positive BC, although no significant differences were observed in patients with TNBC (9). Further studies are needed to verify whether different gene expression profiles lead to different prognoses, and whether these differences are sufficient for classification into independent molecular subtypes.

Owing to the promising future of ADCs in treating HER2-low expression BC, researchers are conducting clinical trials to investigate the therapeutic effect of advanced treatment with novel ADCs in patients with early stage BC. However, we observed significant survival differences between patients with HER2-low expression and HER2-zero BC. This study suggests the possibility that patients with HER2-low expression BC may receive de-escalated treatment to achieve the desired therapeutic effect, which could guide the design of future clinical trials. Our results provide new directions for future research.

Many studies have found poor concordance between different pathologists when using IHC to assess HER2-low expression and HER2-zero BC. One study found that there was only 26% agreement when IHC was used to assess low levels of HER2 (i.e., IHC 0 and IHC 1+) (32). The phase 1b trastuzumab deruxtecan study reported consistency of 40% for HER2 IHC 2+ and 70% for HER2 IHC 1+ between local and central pathology reports (33). This suggests that pathologists need to use more accurate methods to distinguish HER2-low expression from HER2-zero in the future, such as the detection of mRNA expression or quantitative automated chemistry.


 5 Limitations

Several limitations of this study should be considered when interpreting the results. First of all, considering the accessibility and quality of the available literature, only studies published in English were included in our study. Considering the integrity of the data, conference reports were not included in the report, which potentially affected the interpretation of our results. Secondly, to fully utilize the data, if K-M curves were provided without HRs, we used Engauge Digitizer to extract data from K-M curves and calculated the HRs using practical methods and a small data set. Owing to inevitable human errors when using measurement tools, a certain degree of deviation might exist between the extracted and real HRs. Thirdly, this meta-analysis included retrospective studies, RCT, and pool analysis, which may have increased the heterogeneity among studies. And the only RCT (30) was treated as a cohort study and the RCT was assessed using the Newcastle-Ottawa Scale. In the analysis of OS and DFS among patients with TNBC, the heterogeneity was large (with I2  values of 43% and 58%, respectively). To reduce the impact of this possible heterogeneity on the results, the sensitivity analysis was performed. After the sensitivity analysis, we concluded that the main source of heterogeneity was from the included pool analysis study (17). Therefore, we excluded this article and conducted another meta-analysis of patients with TNBC with OS and DFS as outcome indicators. Nevertheless, we reached similar conclusions. In addition, there were relatively small number of studies for each analysis which limited further analysis for whether the length of follow-up duration or the different therapy method have influence on the conclusion. Further studies are needed. Lastly, in the analysis of the prognostic differences among genetic risk types and HER2 IHC groups, the number of included studies was small. The sensitivity analysis was conducted to evaluate the robustness of the meta-analysis results.

Despite these limitations, we believe that this analysis provides significant implications for future treatment strategies and research directions.


 6 Conclusion

Whether HER2 low is a prognostic factor in early BC is widely discussed and has attracted the attention of many scholars. Nevertheless, the prognosis of HER2-low expression BC is still controversial at present. Therefore, the study aimed to evaluate the prognostic significance of HER2-low expression in patients with BC. Overall, this meta-analysis revealed that among patients with early-stage BC, patients with HER2-low expression BC had better OS in the overall population and hormone receptor-positive and TNBC subgroups. In particular, favorable DFS and RFS were observed in both the overall population and hormone receptor-positive subgroup. The results of this meta-analysis support that there are distinct subtypes of HER2-low expression BC, although further studies are necessary to verify whether differences in genetic profiles are sufficient for classification into independent molecular subtypes. The results of this meta-analysis will deepen the general understanding of HER2-low expression BC and have important implications for future therapeutic strategies.


 Data availability statement

The original contributions presented in the study are included in the article/ Supplementary Material . Further inquiries can be directed to the corresponding author.


 Author contributions

TW, DW, SG, and PY contributed to the conception of the study, performed the data analyses and wrote the manuscript. XW, JY, YK, JJ, ZY, and YS helped perform the analysis with constructive discussions. All authors contributed to the article and approved the submitted version.


  Funding

National Natural Science Foundation of China (82172650), Clinical Translation and Medical Research Fund of Chinese Academy of Medical Sciences (2019XK320071), and Beijing Xisike Clinical Oncology Research Foundation (Y-2019AZMS-0377).


 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.


 Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1100332/full#supplementary-material 

 Supplementary Figure 1 | Forest plot of (A) DDFS in hormone receptor positive subgroup (HER2 low vs. HER2 0) (B) DDFS in low genetic risk EBC population (HER2 low vs. HER2 0) (C) DDFS in high genetic risk EBC population (HER2 low vs. HER2 0) 

 Supplementary Figure 2 | Sensitivity analysis of (A) OS in overall EBC population (HER2 low vs. HER2 0); (B) OS in hormone receptor positive subgroup (HER2 low vs. HER2 0); (C) OS in TNBC subgroup (HER2 low vs. HER2 0); (D) OS in overall EBC population (HER2 IHC 2 vs. IHC 0); (E) OS in overall EBC population (HER2 IHC 1 vs. IHC 0). 

 Supplementary Figure 3 | Sensitivity analysis of (A) DFS in overall EBC population (HER2 low vs. HER2 0); (B) DFS in hormone receptor positive subgroup (HER2 low vs. HER2 0); (C) DFS in TNBC subgroup (HER2 low vs. HER2 0). 

 Supplementary Figure 4 | Sensitivity analysis of (A) RFS in overall EBC population (HER2 low vs. HER2 0); (B) RFS in overall EBC population (HER2 IHC 2 vs. IHC 0); (C) RFS in overall EBC population (HER2 IHC 1 vs. IHC 0). 

 Supplementary Figure 5 | Forest plot of (A) OS in TNBC subgroup (HER2 low vs. HER2 0) removed an article with potential heterogeneity; (B) DFS in TNBC subgroup (HER2 low vs. HER2 0) removed an article with potential heterogeneity; 

 Supplementary Figure 6 | Egger test of (A) OS in overall EBC population (HER2 low vs. HER2 0), p=0.3675; (B) OS in hormone receptor positive subgroup (HER2 low vs. HER2 0), p=0.0435; (C) OS in TNBC subgroup (HER2 low vs. HER2 0), p=0.5758; (D) DFS in hormone receptor positive subgroup (HER2 low vs. HER2 0), p=0.7471; (E) DFS in TNBC subgroup (HER2 low vs. HER2 0), p=0.1468. 
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Objective

Patients with breast cancer carrying BRCA1 and BRCA2 genetic alterations show poor prognoses. However, the efficacy of pharmacotherapies for patients with advanced breast cancer carrying BRCA1/2 pathogenic variants remains unclear. This study aimed to conduct a network meta-analysis to assess the efficacy and safety of various pharmacotherapies for patients with metastatic, locally advanced, or recurrent breast cancer carrying BRCA1/BRCA2 pathogenic variants.



Methods

A literature search was conducted using Embase, PubMed, and Cochrane Library (CENTRAL), from inception to 11th May 2022. The references of included articles were screened to identify relevant literature. This network meta-analysis included patients with metastatic locally advanced or recurrent breast cancer who received pharmacotherapy and carried deleterious variants of BRCA1/2. The Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) guidelines were followed for conducting and reporting this systematic meta-analysis. The Grading of Recommendations Assessment, Development, and Evaluation (GRADE) method was employed to evaluate evidential certainty. Frequentist random-effect model was applied. Results of objective response rate (ORR), progression-free survival (PFS), overall survival (OS), and rates of any-grade adverse events were presented.



Results

Nine randomized controlled trials were obtained comprising six treatment regimens, including 1912 patients with pathogenic variants of BRCA1 and BRCA2. The orchestration of PARP inhibitors with platinum-based chemotherapy was found to be the most effective with a pooled odds ratio (OR) of 3.52 (95% CI 2.14, 5.78) for ORR; 1.53 (1.34,1.76), 3.05 (1.79, 5.19), and 5.80 (1.42, 23.77) for 3-, 12-, and 24-month PFS, respectively, and 1.04 (1.00, 1.07), 1.76 (1.25, 2.49) and 2.31 (1.41, 3.77) for 3-, 12-, and 36-month OS, respectively compared to those receiving non-platinum-based chemotherapy. However, it posed an elevated risk of some adverse events. Platinum-based chemotherapy alone or PARP inhibitors markedly improved ORR, PFS, and OS compared to non-platinum-based chemotherapy. Interestingly, platinum-based chemotherapy surpassed PARP inhibitors in terms of efficacy. Evidence on programmed death-ligand 1(PD-L1) inhibitors and sacituzumab govitecan (SG) suggested low quality and insignificant results.



Conclusions

Among all treatment regimens, PARP inhibitors with platinum exhibited the best efficacy, although with a trade-off of elevated risk of some types of adverse events. Future research on direct comparisons between different treatment regimens specifically targeting patients with breast cancer carrying BRCA1/2 pathogenic variants with a pre-specified adequate sample size is warranted.
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Introduction

Breast cancer is the most diagnosed cancer in women and the fifth leading cause of cancer mortality worldwide, with an estimated 685,000 deaths in 2020 (1). Breast cancer is also the leading cause of cancer-related disability-adjusted life years (DALYs) for females globally, as reported in 2019 (2). It has a rapidly rising incidence rate in transitioning countries in South America, Africa, and Asia, as well as high-income Asian countries (1).

Pathogenic variants of breast cancer susceptibility genes 1 or 2 (BRCA1/BRCA2) reportedly occur in nearly 5% of patients with breast cancer (3, 4). These patients are more likely to have a family history, receive an early diagnosis, or show a worse prognosis, especially at an advanced cancer stage (5, 6). Genetic alterations in BRCA1/BRCA2 cause the weakening of DNA double-strand break (DSB) repair ability, making the tumor cells highly dependent on the pathways involved in single-strand break repair (7, 8). The enzyme, poly(adenosine diphosphate-ribose) polymerase (PARP) crucially controls this pathway, making PARP inhibitors a promising treatment strategy for patients with breast cancer carrying BRCA1/2 pathogenic variants (9). The U.S. Food and Drug Administration approved two PARP inhibitors, olaparib and talazoparib, as treatment options for patients with metastatic or advanced breast cancer carrying germline BRCA1/2 pathogenic variants. Other PARP inhibitors have also been tested for breast cancer therapy, including veliparib and niraparib. As a class, PARP inhibitors share some similarities (10). Platinum agents are reportedly more effective for patients with breast cancer carrying germline BRCA1/2 pathogenic variants (11). These treatments are recommended as preferred treatment options for recurrent or stage IV TNBC in the updated guidelines (12).

Platinum-based chemotherapy and PARP inhibitors are common regimens for patients with breast cancer carrying BRCA pathogenic variants. Randomized controlled trials (RCTs) using PARP inhibitors or platinum for treating patients with metastatic, locally advanced, or recurrent breast cancer carrying BRCA1/2 pathogenic variants have shown efficacy, as evidenced by improved survival duration (13–15). However, the comparative performances of these regimens remain unknown.

A previous network meta-analysis compared the efficacy and safety of various drug regimens for patients with BRCA-pathogenic variant-associated breast cancer. However, the primary analysis mixed studies on patients at different disease stages, and no comparative results were provided for patients with advanced breast cancer and BRCA1/2 pathogenic variants (16).

We undertook this network meta-analysis to assess the efficacy and safety of pharmacotherapies for patients with metastatic, locally advanced, or recurrent breast cancer carrying BRCA1/2 pathogenic variants.



Methods

The network meta-analysis was performed following the guidelines of the 2020 Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement (17).


Data sources and search strategies

From inception until May 11th, 2022, a systematic literature search was conducted in Embase, PubMed, and Cochrane Library (CENTRAL). To identify relevant studies, we screened the references cited in the included publications. Terms related to breast cancer and its synonyms, BRCA1/2 pathogenic variants, and RCTs were used (please refer to the detailed search string in Appendix 1).



Study selection and data extraction

Eligibility criteria included the following: (1) studies of patients with advanced or metastatic breast cancer. (2) Studies targeting patients carrying BRCA1/2 pathogenic variants or those reporting relevant subgroup results. (3) Studies with chemotherapy or targeted therapies as the treatment strategy. (4) Studies reporting at least one of the following outcomes: objective response rate (ORR), progression-free survival (PFS), or overall survival (OS). (5) Studies with an RCT design.

Exclusion criteria were as follows: (1) studies including patients with BRCA methylation. (2) Studies including patients treated with non-platinum-based chemotherapy both in the intervention and control arms. (3) Trials published in languages other than English. Only reports with the most updated results were used to retrieve information for studies derived from the same trial.

The screening was conducted by meticulously reading the titles and abstracts of each potential article, and full texts were scrupulously scrutinized when necessary. The following data were collected: author’s names, publication year, study’s abbreviation, registration number, sample size, BRCA pathogenic variant type, the proportion of TNBC patients, patients’ indication, treatment regimens, patients’ median age, and efficacy and safety outcomes. Two investigators (ZY and LY) independently conducted study selection and data extraction. Any disparity was adjudicated by a senior reviewer (LW).



Outcomes and measures

Efficacy outcomes included ORR and PFS rates at 3-, 12-, and 24 months, and OS rates at 3-, 12-, 24, and 36 months. Raw data on the number of patients experiencing/not experiencing the outcome were obtained from Kaplan-Meier survival curves. The toxicological effects were measured as rates of any-grade adverse events (thrombocytopenia, neutropenia, anemia, leukopenia, nausea, vomiting, diarrhea, constipation, decreased appetite, fatigue, headache, alopecia, and back pain).



Data analysis and evidential quality assessment

All eligible studies were included in the network meta-analysis utilizing the frequentist method and the random-effects model (18). The network estimates were visualized using net-league tables and forest plots. Odds ratios (ORs) with 95% confidence intervals (CIs) were created to quantify outcomes. The P-score, measuring the degree to which one therapy was guaranteed to be superior compared to its counterparts, was used to rank various treatment regimens (19).

Two independent reviewers (ZY and LY) evaluated the risk of bias in each study using the Cochrane risk of bias tool 2.0 for RCTs. All efficacy outcomes were assessed, and the effect of assignment to intervention was regarded as the effect of interest. The study’s overall risk of bias was divided into three categories as follows: low risk of bias if all domains showed low risk; some concerns if there was at least one domain showing some concerns but not at high risk, and high if there was at least one domain at high risk or multiple domains showing some concerns (20). We applied the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) approach to assess the certainty of the evidence and rated it as high, moderate, low, or very low (21).

Cochran’s Q statistic was decomposed into within-design and between-design values to test the heterogeneity (22). Local inconsistency was tested by splitting and comparing indirect and direct effects, and the former estimates were calculated by back-calculation method (23). We also assessed the transitivity by comparing the distributions of potential effect modifiers across treatment regimens. Comparison-adjusted funnel plots were applied to detect publication biases for direct comparisons with treatment ranked by their P-scores (24). Egger’s regression and Begg’s rank tests were also performed to test for asymmetry in any potential publication biases. To assess the robustness of these results, sensitivity analyses were conducted using the surface under the cumulative ranking curve (SUCRA) values to rank the treatments and excluding studies reporting somatic BRCA deleterious variants, as the corresponding patients may not share the same advantage as those carrying germline mutations (12). The R package, netmeta, in R version 4.2.0, was used for data analyses.




Results

We identified 786 records, and after screening the titles and abstracts, 216 reports were retrieved for screening their full-text (Figure 1). Nine RCTs involving 1912 participants with six treatment regimens, including non-platinum-based chemotherapy, platinum-based chemotherapy, PARP inhibitor-containing regimen, PARP inhibitor plus platinum-based chemotherapy, programmed death-ligand 1 (PD-L1) inhibitor, and sacituzumab govitecan (SG), with one multi-arm study, were included. For EMBRACA and OlympiAD studies, additional final analysis reports from updated survival data were included. Finally, 11 reports were included (25–35).




Figure 1 | PRISMA flowchart describing the study selection process.



The features of the included studies are summarized in Table 1. The range of publications dated from 2018 to 2021, suggesting recent research attention has been drawn toward BRCA1/2 deleterious variants. Eight studies explicitly reported the results of patients carrying germline BRCA deleterious variants, and one reported a mix of patients carrying germline or somatic mutations. Three of the nine studies targeted only TNBC patients. Eight studies provided the outcome as ORR, while another set of eight studies provided the outcome for survival rate as PFS; seven stated the outcome as the OS rate, and five offered comprehensive information on adverse events included in the analysis.


Table 1 | Characteristics of the included studies.



Figure 2 illustrates the network of available direct comparisons for efficacy outcomes. Network plots for safety outcomes are provided in Appendix 2. Table 2 shows the network meta-analysis results for the efficacy outcomes of eligible trials. Rankings of efficacy outcomes are shown in Table 3.




Figure 2 | Network plots of direct comparisons for ORR (A), 3-month PFS (B), 12-month PFS (C), 24-month PFS (D), 3-month OS (E), 12-month OS (F), 24-month OS (G), and 36-month OS (H) Each node represents a treatment regimen. The thickness of the lines is related to the number of randomized trials that included relevant direct comparisons, and the size of the nodes is proportional to the number of individuals allocated to the corresponding intervention group.




Table 2 | League tables of network estimates of odds ratios for efficacy outcome analyses.




Table 3 | Network rankings of efficacy outcomes by p-score.




ORR comparison

In terms of ORR, the treatment regimens containing both PARP inhibitors and platinum-based chemotherapies yielded the best benefit versus SG (OR 1.04, 95% CI 0.11 to 9.93), platinum-based chemotherapy (OR 1.18, 95% CI 0.87 to 1.60), PARP inhibitors (OR 2.09, 1.31 to 3.34), and non-platinum-based chemotherapy (OR 3.52, 95% CI 2.14, 5.78). Additionally, platinum-based chemotherapy markedly improved ORR compared to PARP inhibitors (OR 1.77, 95% CI 1.15 to 2.75) and non-platinum-based chemotherapy (OR 1.68, 95% CI 1.24 to 2.28). PARP inhibitors showed a significantly higher ORR compared to non-platinum-based chemotherapy (OR 1.68, 95% CI 1.24 to 2.28).



PFS comparison

For the outcome of PFS, the treatment regimens containing both PARP inhibitor and platinum-based chemotherapy were most likely to be ranked the best among all treatments. The PFS improved significantly at months 3 (OR 1.20, 95% CI 1.08, 1.33), 12 (OR 2.02, 95% CI 1.31, 3.10), and 24 (OR 3.44, 95% CI 1.10, 10.72) with PARP inhibitor plus platinum compared to other regimens comprising PARP inhibitors alone. The orchestration of PARP inhibitors with platinum-based chemotherapy also showed a significantly better PFS than those of the non-platinum-based chemotherapy at months 3 (OR 1.53, 95% CI 1.34,1.76), 12 (OR 3.05, 95% CI 1.79, 5.19), and 24 (OR 5.80, 95% CI 1.42, 23.77). A significant advantage of PARP inhibitor plus platinum over PD-L1 inhibitor was found for 3-month PFS (OR 1.33 95% CI 1.03, 1.71) but not 12-month (OR 2.22, 95% CI 0.83, 5.94) or 24-month (OR 1.52 95% CI 0.19, 12.41) PFS rates. Furthermore, platinum-based chemotherapy showed significantly higher 3-month and 12-month PFS rates than PARP inhibitor alone (OR 1.18, 95% CI 1.07, 1.32; OR 1.79, 95% CI 1.16, 2.76); however, the relative effect was statistically insignificant for 24-month PFS with a wider confidence interval (OR 1.97, 95% CI 0.62, 6.27). Platinum-based chemotherapy also had a higher 3-month PFS than PD-L1 inhibitor (OR 1.32, 95% CI1.02, 1.69), as well as significantly higher 3-month and 12-month PFS rates than non-platinum-based chemotherapy (OR 1.52, 95% CI 1.33, 1.74; OR 2.70, 95% CI 1.58, 4.62). The treatment regimen containing PARP inhibitors alone showed better 3-month PFS (OR 1.28, 95% CI 1.16, 1.41) and 12-month PFS (OR 1.51, 95% CI 1.09, 2.08) rates than non-platinum-based chemotherapy.



OS comparison

In terms of the 3-month OS, treatment regimens containing both PARP inhibitors and platinum-based chemotherapy (OR 1.04, 95% CI 1.00, 1.07), platinum-based chemotherapy (OR 1.03, 95% CI 1.00, 1.06), and the treatment using PARP inhibitors (OR 1.04, 95% CI 1.01, 1.07) were significantly superior to non-platinum-based chemotherapy. For the 12-month OS, the treatment regimens containing both PARP inhibitors and platinum demonstrated a significant advantage over treatment with PARP inhibitors alone (OR 1.22, 95% CI 1.04, 1.42). At month 24, the treatment regimen containing both PARP inhibitors and platinum showed a higher OS rate than treatment with PARP inhibitors alone (OR 1.66, 95% CI 1.24, 2.23) and treatment using non-platinum-based chemotherapy (OR 1.76, 1.25, 2.49). Platinum-based chemotherapy also showed a better 24-month OS compared to PARP inhibitors alone (OR 1.57, 95% CI 1.17, 2.11) and non-platinum-based chemotherapy (OR 1.66, 95% CI 1.18, 2.36). For 36-month OS, only four treatments were included in the analysis. The treatment regimen containing both PARP inhibitors and platinum showed a significantly higher 36-month OS rate versus platinum-based chemotherapy (OR 1.21, 95% CI 1.01, 1.46), PARP inhibitors (OR 1.77, 95% CI 1.19, 2.63), and non-platinum-based chemotherapy (OR 2.31, 95% CI 1.41, 3.77). Platinum-based chemotherapy also showed a better 36-month OS compared to non-platinum-based chemotherapy (OR 1.91, 95% CI 1.16, 3.13).

Results from the IMpassion130 trial, whereby some of the patients carried somatic BRCA variants, were excluded from the sensitivity analysis. The principal findings were supported by the results of our sensitivity analysis (Appendix 9).



Safety analysis

Figure 3 shows the network estimates of ORs for adverse events of any grade. Compared to non-platinum-based chemotherapy, the treatment regimen of PARP inhibitor plus platinum had a significantly higher OR for thrombocytopenia (OR 2.96, 95% CI 2.00, 4.39), anemia (OR 3.40, 95% CI 1.61, 7.20), leukopenia (OR 2.12, 95% CI 1.10, 4.10), headache (OR 1.82, 95% CI 1.13, 2.92), and alopecia (OR 4.07, 95% CI 1.71, 9.68), while treatment with PARP inhibitors showed a significantly increased risk of thrombocytopenia (OR 3.15, 95% CI 2.19, 4.54), anemia (OR 1.65, 95% CI 1.13, 2.41), nausea (OR 1.44 95% CI 1.08, 1.92), vomiting (OR 1.62, 95% CI 1.07, 2.44), headache (OR 1.52 95% CI 1.16, 2.01), and back pain (OR 1.48 95% CI 1.05, 2.08), compared to non-platinum-based chemotherapy. Platinum-based chemotherapy had higher ORs for thrombocytopenia (OR 2.69 95% CI 1.82, 3.99), anemia (OR 2.99, 95% CI 1.41, 6.35), leukopenia (OR 2.00, 95% CI 1.04, 3.87), fatigue (OR 1.36, 95% CI 1.00, 1.85), headache (OR 1.75, 95% CI 1.08, 2.82), and alopecia (OR 3.68, 95% CI 1.54, 8.76), compared to non-platinum-based chemotherapy. All three treatment regimens, PARP inhibitor plus platinum (OR 0.8, 95% CI 0.65, 0.99), PARP inhibitor (OR 0.81 95% CI 0.68, 0.96), and platinum-based chemotherapy (OR 0.81 95% CI 0.65, 1.00), had a significantly lower risk of neutropenia than non-platinum-based chemotherapy.




Figure 3 | Forest plot for any-grade adverse events.



Compared to a treatment regimen containing PARP inhibitor, significantly higher ORs of anemia (OR, 2.06, 95% CI 1.08, 3.93), leukopenia (OR 1.74, 95% CI 1.05, 2.89), diarrhea (OR 1.84, 95% CI 1.12, 3.04), and alopecia (OR 6.06, 95% CI 2.95, 12.44) were observed for the treatment regimens including both PARP inhibitors and platinum.

Platinum-based chemotherapy had a significantly higher OR for alopecia (OR 5.47, 95% CI 2.65, 11.26) than PARP inhibitor but a significantly lower OR for thrombocytopenia (OR 0.85, 95% CI 0.74, 0.99). Compared to platinum-based chemotherapy, the treatment with PARP inhibitors plus platinum showed a substantially higher OR for thrombocytopenia (OR 1.10, 95% CI 1.00, 1.21) but no significant differences were noted for most adverse events.

Supplementary Appendix 3 summarizes the results of the risk of bias assessment. The network meta-analysis’ heterogeneity, intransitivity, inconsistency, and publication bias were also assessed (Supplementary Appendices 4–7). No evidence of significant inconsistency was detected.




Discussion

This network meta-analysis revealed that incorporating a PARP inhibitor in platinum-based chemotherapy was the most efficient treatment plan for all specified efficacy outcomes, that is ORR, PFS, and OS. Additionally, platinum-based chemotherapy was superior to PARP inhibitor alone in terms of ORR, 3-month PFS, 12-month PFS, and 24-month OS. Among safety outcomes, the treatment regimens comprising both PARP inhibitors and platinum, PARP inhibitor alone, or platinum-based chemotherapy were all associated with a significantly elevated risk for hematological and non-hematological side effects compared to non-platinum-based chemotherapy. The treatment regimen comprising both a PARP inhibitor and platinum showed a higher risk of anemia, leukopenia, diarrhea, and alopecia, compared to PARP inhibitors without platinum; the safety profile to platinum-based chemotherapy was comparable to PARP inhibitor plus platinum. Thus, adding PARP inhibitors to platinum-based chemotherapy would hardly cause more safety burdens.

A previous network meta-analysis of hazard ratios for PFS and ORR found that for patients with advanced breast cancer carrying germline BRCA variants, treatment with PARP inhibitor plus platinum were ideal regimens (16). Our study included updated articles and additional treatment regimens. We further evaluated more outcomes of OS and PFS rates at different times and various types of adverse events in detail with a specialized focus on patients with metastatic, locally advanced, or recurrent breast cancer. We found similar results, whereby treatment with PARP inhibitor plus platinum was the most effective. Furthermore, we also identified that platinum-based chemotherapy had a better prognosis in terms of most efficacy outcomes than the treatment with PARP inhibitors alone. Nevertheless, there was only one study that included a direct comparison between platinum-based chemotherapy and PARP inhibitors, which had a major contribution to the pooled results. Further verification in the future is needed.

BRCA1/2 are crucial for homologous recombination (HR) during DSB repair, and pathogenic variants are linked to genome instability and the progression of cancer (36). It was reported that HR deficiency assays, such as detecting nuclear RAD51 foci in tumor cells, could identify patients with BRCA pathogenic variants that are more likely to respond to platinum-containing therapy and PARP inhibitors (37–40). Platinum drugs, like cisplatin and carboplatin, act as DNA cross-linking agents forming intra-strand crosslinks, and in turn inhibiting DNA synthesis, function, and transcription (41). BRCA pathogenic variant carriers without sufficient DNA repair ability are, therefore, more sensitive to platinum (42). PARP1 and PARP2 enzymes are critical to the DNA damage response (DDR), and HR deficiency and PARP inhibitors result in synthetic lethality through mechanisms related to catalytic inhibition of the PARP enzyme and trapping of PARP-DNA complexes (9). Our findings showed that the treatment combining both PARP inhibitors and platinum had better efficacy than either regimen alone; however, there may be an increased risk of some adverse events in the former. Since both PARP inhibitors and platinum target and impede DNA synthesis, identifying which of the two treatments is more effective for patients carrying BRCA pathogenic variants would be an interesting topic. Although treating patients with advanced breast cancer carrying pathogenic variants of BRCA with platinum-based chemotherapy is more advantageous than PARP inhibitors according to our analyses, the results need further verification in a sizable RCT that includes direct comparisons.

Sacituzumab govitecan is a Trop-2-directed antibody-drug conjugate that can increase double-stranded DNA breaks (43). It benefits metastatic TNBC patients regardless of germline BRCA1/2 variants, as evidenced in an original trial (25). SG was included in the network analysis for ORR comparison, yet the related results were all statistically insignificant, and the evidence was of low certainty. As for PD-L1 inhibitors, the original study also found that BRCA1/2 status was not a prognostic factor for PFS or OS outcomes (27). Network meta-analysis results for PD-L1 revealed that the quality of evidence was relatively poor. Thus, further investigation is warranted and should be more pertinent to the specific corresponding biomarker (Trop-2 and PD-L1) expression than the BRCA1/2 variants.

There are also some limitations of our study. First, the sample sizes of several trials were small, which may have led to a broader estimate of the CIs of effects and impaired the evidence quality. This happens mainly because the targeted group with BRCA1/2 pathogenic variants is only a subgroup from the original trial. Second, not all studies were included for comparing each outcome, as some data were unavailable from the initial studies.



Conclusion

In conclusion, PARP inhibitor combined with platinum-based chemotherapy was proved as the optimal treatment for patients with metastatic, locally advanced, or recurrent breast cancer carrying BRCA1/2 pathogenic variants in terms of efficacy outcomes, namely ORR, PFS, and OS. Although the combination of both PARP inhibitor and platinum resulted in more adverse events compared to PARP inhibitor alone and non-platinum-based chemotherapy regimens, which should raise caution in clinical settings, adding PARP inhibitor to platinum barely caused an extra risk of unfavorable events compared to platinum-based chemotherapy alone. Thus, this combined regimen should be considered for patients with advanced breast cancer carrying BRCA pathogenic variants for better prognostic outcomes. Confirmatory RCTs of sufficient, pre-specified sample sizes that directly compare currently available treatment regimens and are explicitly aimed at patients carrying BRCA1/2 pathogenic variants should be conducted in the future.
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Background

The emergence of HER2 antibody-drug conjugates provides new treatment decisions for breast cancer patients, especially those with HER2-low expression. In order to explore the biological characteristics of breast cancer with HER2-low expression, the HER2-low category in primary breast cancer and residual tumor after neoadjuvant therapy was investigated to reflect the evolution of HER2 expression.



Methods

HER2 was assessed according to the latest ASCO/CAP guidelines. The cut-off value for staining of HER2-positive cells was >10%. HER2-negative cases were divided into HER2-low (IHC=1+/2+ and no ISH amplification) and HER2-zero (IHC-0), and the clinicopathological characteristics of the cases were collected.



Results

This study included 1140 patients with invasive breast cancer who received preoperative neoadjuvant therapy from 2018 to 2021, of which 365 patients achieved pCR and 775 were non-pCR. In the non-pCR cohort, HER2-low cases accounted for 59.61% of primary tumors and 55.36% of residual tumors. Among HER2-negative cases, HR-positive tumors had a higher incidence of low HER2 expression compared with triple-negative tumors (80.27% vs 60.00% in primary tumors and 72.68% vs 50.77% in residual tumors). The inconsistency rate of HER2 expression was 21.42%, mainly manifested as the conversion of HER2-low cases to HER2-zero (10.19%) and the conversion of HER2-zero to HER2-low (6.45%). Among the HER2-negative cases in the primary tumor, the HER2 discordance rate of HR-positive cases was lower than that of triple-negative cases (23.34% VS 36.92%). This difference was mainly caused by the case switching from HER2-low to HER2-zero. Compared with HER2-zero cases, there were statistically significant differences in RCB grade, MP grade and the number of metastatic lymph nodes in HER2-low cases. Patients with low HER2 expression had a lower pathological response rate and a higher number of metastatic lymph nodes.



Conclusion

HER2-low breast cancer is highly unstable during disease evolution and has certain biological characteristics. HER2-low breast cancer is not only correlated with positive HR, but also has a certain correlation with positive AR. Re-detection of HER2 in breast cancer after neoadjuvant therapy may lead to new treatment opportunities for a certain proportion of patients.
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Introduction

Human epidermal growth factor receptor-2 (HER2) is a proto-oncogene and has a high response rate in breast cancer and other types of cancers. Beyond that, HER2 status defines a distinct breast cancer subtype with aggressive biological behavior and historically worse prognosis, a reality that was changed after the incorporation of HER2 therapy (1). 2018 American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) guidelines recommend a binary distinction between HER2-positive and HER2-negative breast cancers to guide clinicians’ treatment decision. However, the emergence of the antibody-drug conjugates (ADCs) has provided new treatment decisions for patients with low HER2 expression. Breast cancer classified as negative in a certain proportion (approximately 45-55%) (2–4) actually belong to the newly proposed HER2-low. Breast cancer with an immunohistochemistry (IHC) score of 1+ or 2+ and unamplified by in situ hybridization (ISH) is referred to as HER2-low breast cancer. Recently, the results of non-randomized trials with novel antibody–drug conjugates targeting HER2 (trastuzumab–deruxtecan and trastuzumab–duocarmazine) have suggested a level of efficacy in HER2-low patients with advanced breast cancer, with objective response rates ranging between 32% and 37% in a heavily pretreated population (5, 6). Trastuzumab deruxtecan (DS8201a), for instance, has achieved an objective response rate (ORR) of 37% in highly pretreated patients with HER2-low metastatic breast cancer (5), whereas in a similar population ORR with trastuzumab duocarmazine (SYD985) was 28-40% depending on HR expression (6). This led to the hypothesis that HER2-low tumors might represent a separate disease subset, distinct from other luminal and triple-negative breast cancers (TNBC). Indeed, several trials are currently exploring the potential of anti-HER2 agents in HER2-low patients.

In this study, the evolution and clinicopathological characteristics of HER2-low expression tumors were analyzed based on neoadjuvant breast cancer patients in China.



Materials and methods


General information

A total of 1140 patients who received preoperative neoadjuvant therapy in the Fourth Hospital of Hebei Medical University from January 2018 to December 2021 were screened, and all patients underwent surgery in this hospital. Neoadjuvant therapy includes preoperative chemotherapy and endocrine therapy. Of these, 775 patients did not achieve pathological complete response (pCR), and 365 patients achieved pCR. The clinicopathological characteristics of the cases were collected and analyzed. In the non-pCR cohort, there were 773 females and 2 males, ranging in age from 24 to 86 years old. In the pCR cohort, there were 365 females and 0 males. Two or more attending pathologists performed double-blind follow-up on hematoxylin-eosin (HE) sections and HER2 IHC sections of all patients to improve the clinicopathological data.



Methods

Retrospective analysis of patients with breast cancer that met the criteria was performed by IHC and ISH. The IHC method used Roche’s rabbit monoclonal primary antibody and the BenchMarK XT automatic IHC instrument was used for detection. The clinicopathological data of the non-pCR cohort of patients were collected, and the biological characteristics of HER2 low expression cases and HER2 0 cases were analyzed.



Interpretation criteria

According to the ASCO/CAP guidelines (7), HER2 IHC staining results were determined, HER2 0: no staining is observed HER2-null or membrane staining that is incomplete and is faint/barely perceptible and in <10% tumor cells; HER2 1+: incomplete membrane staining that is faint/barely perceptible and in >10% of tumor cells; HER2 2+: weak to moderate complete membrane staining in >10% of tumor cells; or circumferential membrane staining that is complete, intense, and in ≤10% of tumor cells; HER2 3+: circumferential membrane staining that is complete, intense, and in >10% of tumor cells. For HER2 2+ cases, the ISH method was used for further testing, where HER2-zero was determined as HER2 negative; 1+ and 2+ with no ISH amplification as HER2-low, 2+ with ISH amplification and 3+ as HER2 positive. Hormone receptor (HR)-positive, at least 1% of infiltrating tumor cells showed immunostaining. Androgen receptor (AR)-positive, at least 1% of infiltrating tumor cells showed immunostaining.



Statistical methods

Statistical software SPSS 23.00 was used for statistical analysis and processing, Kappa was used for consistency analysis, and χ2 test was used to test the significance of differences. P<0.05 was considered statistically significant.




Results


Clinical data

1140 breast cancer patients after neoadjuvant therapy were collected, including 1138 females and 2 males, aged 24-86 years. There were 775 patients with invasive breast cancer in the non-pCR group, including 405 left breast masses, 368 right breast masses, and 2 double breast masses. Among the HER2-negative cases, 505 were invasive ductal carcinoma after neoadjuvant therapy, 7 were mucinous adenocarcinoma, and 62 were of undetermined type; 583 were <70 years old, and 10 were ≥70 years old. Residual cancer burden (RCB) Grading: 63 cases of grade I, 172 cases of grade II, and 358 cases of grade III; Miller Payen classification (MP classification): grades 1-5 were 9, 71, 425, 53, and 12 cases, respectively.



Consistent analysis of HER2 status after neoadjuvant therapy

775 patients with invasive breast cancer were all tested for HER2. The interpretation was based on the ASCO guidelines. HER2-negative cases were divided into HER2-low (IHC=1+/2+ and no ISH amplification) and HER2-zero (IHC- 0). HER2 status of primary tumors: 130 cases of HER2-zero, 462 cases of HER2-low, and 183 cases of HER2-positive; HER2 status of residual tumors after neoadjuvant therapy: 164 cases of HER2-zero, 429 cases of HER2-low, and 182 cases of HER2-positive (Table 1). There was indeed a difference in the HER2 status of breast cancer before and after neoadjuvant therapy, and the difference was statistically significant (P=0.014), and the HER2 status was inconsistent (Kappa=0.630, P<0.001). The inconsistency rate was 21.42%, and the main difference: cases of HER2-low were switched to HER2-zero (Figures 1–3).




Figure 1 | HER2 expression evolution from primary breast cancer to residual breast cancer.






Figure 2 | Immunohistochemical detection of HER2 status in breast cancer, streptavidin-perosidase (SP); (A)0; (B)1+; (C)2+; (D)3+.






Figure 3 | In situ hybridization detection of HER2 status in breast cancer. (A) No amplification; (B) amplification.




Table 1 | HER2 expression evolution from primary breast cancer to residual breast cancer.





HER2 low expression status and HR status

In the non-pCR cohort (N=775), HER2-low cases accounted for 59.61% (n=462) of primary breast cancer, 55.36% (n=429) of residual breast cancer after neoadjuvant therapy, respectively 78.04% and 71.92% of HER2-negative primary and residual breast cancers. In the analysis of HER2-negative cases, 527 were HR-positive cases and 65 were HR-negative cases among the primary breast cancers. Among the residual breast cancers after neoadjuvant therapy, there were 512 HR-positive cases and 62 HR-negative cases. The low expression of HER2 was 71.45% and 6.59% in the HR-positive/HER2-negative cohort and triple-negative cohort of primary breast cancer, respectively (p<0.01), and the residual breast cancer HR-positive/HER2-negative cohort and triple-negative cohort after neoadjuvant therapy were 66.72% and 5.75% respectively (p <0.01). After statistical chi-square test, low HER2 expression was positively correlated with HR-positive/HER2-negative breast cancer subtypes, and the difference was statistically significant (p<0.05) (Table 2). Compared with TNBC, the incidence of HER2-low tumors was higher in HR-positive tumors (80.27% vs. 60.00%; p<0.01). HR-positive tumors were characterized by a higher incidence of IHC 1+ and 2+ than TNBC (32.76% vs. 23.94% and 41.38% vs. 35.21%; p<0.05) (Figure 4).


Table 2 | HER2 expression distribution according to breast cancer subtype in the HER2-negative primary and residual breast cancer cohort.






Figure 4 | Hormone receptor (HR) status, HER2-low status, and IHC scores distributions within the HER2-negative population.



Analysis of HER2 1+ and HER2 2+ and HR status after neoadjuvant therapy in HER2-low cases, after statistical analysis, there was no statistical difference in HR status between HER2 1+ and HER2 2+ (P>0.05) (Table 3).


Table 3 | Distribution of HER2 expression by IHC according to tumor phenotype in the HER2-low cohort.



In the cohort, there were 592 HER2-negative cases in primary breast cancer, including 527 HR-positive cases and 65 triple-negative cases. Compared with residual breast cancer, the inconsistency rate of HR-positive cases was 123/527, 23.34%; the inconsistency rate of triple-negative cases was 24/65, 36.92% (Table 4). The HER2 discordance rate of HR-positive cases was lower than that of triple-negative cases (23.34% vs. 36.92%) (Figure 5).


Table 4 | HER2 expression evolution from primary breast cancer to residual according to tumor phenotype in the HER2-low cohort.






Figure 5 | HER2 expression evolution from primary breast cancer to residual according to tumor phenotype in the HER2-low cohort. (A) Hormone receptor positive; (B) Hormone receptor negative.





HER2 low expression status and AR status

Of the 775 patients in the non-PCR group after neoadjuvant therapy, 677 cases had definite AR status, 432 cases were AR positive, and the positive rate was 63.81%. After neoadjuvant therapy, 677 of the 775 patients in the non-PCR group had definite AR status, and 432 were AR positive. In AR positive cases, 80 cases were HER2-zero, 261 cases were HER2-low and 91 cases were HER2 positive. Among AR negative cases, 67 cases were HER2-zero, 116 cases were HER2-low and 62 cases were HER2 positive. Among them, 524 were HER2-negative. HER2 low expression in both AR positive and AR negative cases were 76.54% and 63.38%, respectively. Chi-square test showed that AR-positive breast cancer had a higher incidence of HER2-low than AR-negative breast cancer (p < 0.01) (Table 5).


Table 5 | Distribution of breast cancer patients with HER2-negative in different AR states.



To further analyze the correlation between HER2 low expression and AR status, In 124 HR negative cases after neoadjuvant therapy, 27 cases were HER2-zero, 46 cases were HER2-low, and 51 cases were HER2-positive. There were 45 AR positive cases and 79 AR negative cases. The positive rate of AR was 43.5% in the HER2-low group and 11.1% in the HER2-zero group. HER2-low showed a higher AR positive rate than HER2-zero, and the difference was statistically significant (p < 0.01).

In the TNBC cohort (n=73), the AR positive rate was 31.5%, and the incidence of HER2-low was higher in AR positive breast cancer than in AR negative (86.96% VS 52.00%).



Clinicopathological features of low HER2 expression

In the HER2-negative group of the non-pCR cohort, compared with the HER2-zero cases, the cases with low HER2 expression had statistical differences in RCB grade, MP grade and the number of metastatic lymph nodes, and the pathological remission rate was lower; and the number of metastatic lymph nodes was more (Table 6).


Table 6 | Baseline patient characteristics stratified by breast residual HER2 status (HER2 0 vs. HER2-low).



Among HER2-negative cases, the clinicopathological characteristics of consistent cases (including: HER2-zero and HER2-low) and differential cases (including: HER2-zero to HER2-low and HER2-low to HER2-zero cases) were analyzed (Table 7). There were differences in histological type, Ki-67, RCB grade, and the number of lymph node metastasis among the four groups, and the difference was statistically significant (p<0.05).


Table 7 | Baseline patient characteristics stratified by HER2 status evolution (Differential vs. Consistent).






Discussion

Neoadjuvant therapy combined with anti- HER2 therapy is an effective treatment option for HER2-positive breast cancer (based on IHC defined as HER2-amplified IHC 3+ or IHC 2+ and ISH amplification). The heterogeneity of HER2 expression before and after neoadjuvant therapy for breast cancer is an area of interest for clinicians and pathologists. HER2-low breast cancer is emerging as a new entity, leading to biological and clinical complexity. Currently, the evolution of HER2-low expression from primary breast cancer to residual breast cancer after neoadjuvant therapy was assessed in a cohort by including the HER2-low category in the characterization of primary and post-neoadjuvant residual tumours.

In a cohort of 775 patients with pathological non-pCR breast cancer after neoadjuvant therapy, HER2-low expressing breast cancers accounted for almost more than half (59.61%) of the entire HER2-negative cohort, which is consistent with available research data (8). Furthermore, in this cohort, the proportion of HER2-low cases in breast cancer samples with residual tumours after neoadjuvant therapy was lower than in breast cancer primaries, and the decrease in HER2-low cases in residual tumours after neoadjuvant therapy compared with breast cancer primaries was mainly due to the fact that HER2-low cases switched to HER2-zero with treatment.

The study showed an association between HR status and HER2-low. HER2-low expression consisted of 80.27% and 60.00% in the HR-positive/HER2-negative cohort and triple-negative cohort for primary breast cancer, respectively, and 74.14% and 53.23% in the HR-positive/HER2-negative cohort and triple-negative cohort for residual breast cancer after NAT, respectively. HER2-low cases were more common in the HR-positive/HER2-negative breast cancer cohort, while HER2-zero cases were more common in the TNBC cohort. This result is consistent with those in previous studies (9, 10) and Schettini et al (9) reported a higher incidence of HR-positive/HER2-negative phenotype than triple-negative phenotype in HER2-low breast cancer. ER levels were higher in the HR-positive/HER2-negative subgroup than in the HER2-low cohort. In conclusion, HR status is a key determinant of the underlying biology of HER2-low breast cancer. The complexity between HER2 and HR pathways may play a key role in biologically defining the HER2-low phenotype (11, 12) However, whether HER2-low can be considered as a separate subtype needs to be further validated in future studies.

Our main objective was to study the evolution of HER2-low from primary breast cancer to residual breast cancer after neoadjuvant therapy. In the whole cohort, the HER2 noncompliance rate was 21.41%, mainly due to the switch from HER2-low to HER2-zero cases. In particular, approximately 17% of patients with HER2-low primary breast cancer exhibited conversion to HER2-zero after neoadjuvant therapy, whereas about 38% of patients with HER2-zero in the primary tumour switched to HER2-low, further confirming the instability of HER2-low expression. The great instability of HER2-low breast cancer was shown in the conversion from HER2-zero phenotype to HER2-low phenotype or from HER2-low phenotype to HER2-zero phenotype and with the use of ADC analogues (13). Therefore, re-testing for HER2 should be recommended for patients with breast cancer after undergoing neoadjuvant therapy. In addition, inconsistent HER2 low expression is primarily driven by the TNBC subgroup, which shows a higher conversion rate compared to the HR-positive/HER2-negative subgroup, especially when considering the conversion of TNBC to the HER2-low phenotype. It should be considered that these patients have exhausted their primary treatment options, including hormonal strategies and chemotherapy after neoadjuvant therapy, but may still benefit from additional therapy. In such cases, those who exhibit low HER2 expression may be ideal candidates for inclusion in ongoing clinical trials of anti-HER2 ADCs. In contrast, although HER2-low expression was observed less frequently in triple-negative cohorts than in HR-positive cohorts, approximately 50% of TNBC patients exhibited an HER2-low status. This result opens up new treatment decisions and opportunities for patients with TNBC.

In general, our findings emphasise the importance of re-testing for HER2 in breast cancer patients after neoadjuvant therapy. Indeed, low HER2 expression can be detected in breast cancer patients with primary HER2-zero after neoadjuvant therapy, thus expanding the treatment options for patients. However, it is unclear whether patients with HER2-low breast cancer who exhibit complete deletion of HER2 expression during disease evolution can still benefit from these new treatment strategies.

In addition, we analysed the pathological remission rates after neoadjuvant therapy in HER2-zero versus HER2-low cases to detect the difference between these two types. The main finding of our study was that HER2-zero and HER2-low expressing tumours are different biological subtypes with distinct clinicopathological features, including differences in HR-positive tumours and in pathological remission rates. Compared to HER2-zero cases, HER2-low cases had statistically different RCB grading, MP grading, and number of metastatic lymph nodes; the pathological remission rates were lower, and the number of metastatic lymph nodes was higher. We also analysed the clinicopathological characteristics of concordant cases (including HER2-zero and HER2-low cases) versus discrepant cases (including HER2-zero to HER2-low, and HER2-low to HER2-zero cases) in the HER2-negative cohort. There were differences in histological staging, Ki-67 index, MP grading, RCB grading, and number of lymph node metastases among the four groups of cases; the differences were statistically significant (p < 0.05).

The biological staging of breast cancer has always been based on HR status (HER2-negative and HER2-positive) (14). Our study not only confirmed the correlation between HER2 low and HR status, but also closely correlated with AR status. In addition, in order to confirm the correlation between low HER2 expression and AR positivity, we excluded the influence of HR status and conducted the study on the TNBC cohort. The incidence of HER2 low expression in AR positive cohort was significantly higher than that in AR negative cohort. This has not been shown in other studies.In breast cancer, these new subtypes can be distinguished by the standardized pathological assessment of HRs and HER2, especially in HER2-low breast cancer. This will lead to more complex breast cancer subtypes and provide new targeted therapeutic options to improve breast cancer prognosis.

This study also has certain limitations, because the collected cases were recent breast cancer patients, whose prognostic information was not obtained. Therefore, some biological characteristics of HER2-low breast cancer were not studied.



Conclusion

HER2-low breast cancer is highly unstable during disease evolution and has certain biological characteristics, and breast cancer with HER2-low positivity has certain biological characteristics, which are correlated with positive HR and positive AR. Whether HER2-low breast cancer can be regarded as a new subtype still needs to be confirmed by more studies. At the same time, re-detection of HER2 in breast cancer after neoadjuvant therapy may bring new treatment opportunities for a certain proportion of patients.
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Objective

The same clinicopathological features and prognosis have been reported between single progesterone receptor-positive (sPR-positive) and triple-negative phenotype in early-stage breast cancer, but such similarity has not been studied in metastatic breast cancer (MBC). Therefore, the purpose of this study was to estimate the difference between sPR-positive phenotype and other phenotypes in MBC.



Methods

Patients with HER-2-negative MBC were selected from the Surveillance, Epidemiology and End Results database. Pearson’s χ2 test was used to compare the difference of clinicopathologic factors between sPR-positive phenotype and other phenotypes. Univariate and multivariate analyses were performed to evaluate the effects of hormone receptor (HoR) phenotypes and other clinicopathologic factors on the cancer-specific survival (CSS) and overall survival (OS).



Results

Overall, 10877 patients including 7060 patients (64.9%) with double HoR-positive (dHoR-positive), 1533 patients (14.1%) with single estrogen receptor-positive (sER-positive), 126 patients (1.2%) with sPR-positive and 2158 patients (19.8%) with double HoR-negative (dHoR-negative) were analyzed. The patients with sPR-positive or dHoR-negative were more likely to be younger, higher grade and tumor stage, visceral and brain metastasis than ER-positive phenotypes (P<0.001). MBC with sPR-positive had the similar CSS (HR: 1.135, 95%CI: 0.909-1.417, P=2.623) and OS (HR: 1.141, 95%CI: 0.921-1.413, P=0.229) as dHoR-negative, but worse outcome than ER-positive phenotypes. Chemotherapy significantly improved the survival for MBC, especially for sPR-positive MBC (CSS, HR: 0.39, 95%CI: 0.213-0.714, P=0.002; OS, HR: 0.366, 95%CI: 0.203-0.662, P=0.001).



Conclusions

Patients with sPR-positive and triple-negative have similar biological behavior and prognosis in MBC. Chemotherapy may be a preferred recommendation for MBC with sPR-positive.





Keywords: metastatic breast cancer, single progesterone receptor-positive, endocrine therapy, chemotherapy, outcome



Introduction

Breast cancer is the most common malignant tumor in women and seriously threatens their health and lives (1). Fortunately, after the finding of hormone receptors (HoR) including estrogen receptor (ER) and progesterone receptor (PR), endocrine therapy was gradually becoming the standard treatment for patients with HoR-positive breast cancer and significantly improved the survival for those patients (2). With the development of endocrine therapy, many traditional endocrine therapy regimens including tamoxifen, ovarian function suppression, aromatase inhibitor and fulvestrant have contributed greatly to the survival of patients with HoR-positive breast cancer (2–5). In addition, the combination of cyclin-dependent kinase 4/6 inhibitors and the above endocrine drugs becomes a better choice for patients with HoR-positive breast cancer, especially for metastatic breast cancer (MBC) (6).

More than 80% of breast cancers are HoR-positive (7), and the National Comprehensive Cancer Network (NCCN) guidelines recommend endocrine therapy for patients with ER-positive (ER+) and/or PR-positive (PR+). Actually, there are four HoR phenotypes including double HoR-positive phenotype (ER+/PR+, dHoR-positive), single ER-positive phenotype (ER+/PR-, sER-positive), single PR-positive phenotype (ER-/PR+, sPR-positive) and double HoR-negative (ER-/PR-, dHoR-negative). Many experts have suspected the existence of sPR-positive phenotype and thought it resulted from technical artifacts (8–10), but more and more evidence has justified the existence of this phenotype both in biology and clinic (11, 12). Many previous studies have explored the causes of sPR-positive breast cancer and demonstrated that the major mechanism is the secondary loss of ER (13–15). Furthermore, multiple studies have demonstrated that the breast cancer with sPR-positive and HER-2-negative phenotype has the same clinicopathological characteristics as triple-negative subtype and is also not sensitive to endocrine therapy (11, 16–19). However, those studies included the patients with stage I-III breast cancer but not MBC. Although the most recent study included patients with MBC, the proportion of MBC in the statistical analysis was very small (20). Therefore, we used the stage IV breast cancer with HER-2-negative at the initial diagnosis from the Surveillance, Epidemiology and End Results (SEER) database to analyze the clinicopathological difference between sPR-positive phenotype and other HoR phenotypes.



Material and methods


Data source and patient selection

Retrospective study was performed by using the National Cancer Institute’s SEER database which covers approximately 28% of the United States population. Because the SEER database began collecting the HER-2 status and distant metastatic sites from 2010, our study employed the data of SEER database from 2010 to 2018. SEER*Stat version 8.3.8 (http://seer.cancer.gov/seerstat) was used to identify the eligible patients based on the following inclusion criteria: breast cancer, definite distant metastasis, HER-2-negative status, years of diagnosis from 2010 to 2018, one primary cancer only, available HoR status and other clinicopathological information (Figure 1, flowchart). Finally, 10877 patients were enrolled in our study and their information including sex, age, race, marital status, histology type, grade, tumor and lymph node stage, ER and PR status, metastatic sites, therapeutic methods and survival months were collected and analyzed. Because the personally identifiable information about patients could not be obtained from the SEER database, our study was approved to be exempt from ethical review by ethics Committee of our institution.




Figure 1 | Flowchart for patient selection from the Surveillance, Epidemiology and End Results (SEER) database. MBC, metastatic breast cancer; ER, estrogen receptor; PR, progesterone receptor.





Statistical analysis

The enrolled patients were divided into four cohorts including ER+/PR+, ER+/PR-, ER-/PR+ and ER-/PR- according to HoR status. Then, Pearson’s χ2 test was used to estimate the clinicopathologic difference among these four cohorts. The cancer-specific survival (CSS) and overall survival (OS) were the endpoints of our study. CSS was defined as the interval from the diagnosis of breast cancer to death caused by breast cancer or the final follow-up in censored cases, and OS was defined as the interval from diagnosis of breast cancer to death from all causes or the last follow-up in censored cases. Survival differences were assessed through Kaplan-Meier analysis, followed by a log−rank test. Then, the multivariable Cox proportional hazards model was used and hazard ratios (HR) with the corresponding 95% confidence intervals (CI) were subsequently calculated to estimate the independent prognostic factors. STATA software (Version 13; Stata Corporation) was applied for all statistical analyses. The forest plot was generated by Microsoft Office Excel (Version 2021; Microsoft Corporation). All tests were two sided and p value <0.05 were considered statistically significant.




Results


Patient characteristics

A total of 10877 patients were diagnosed with HER-2-negative MBC at initial presentation between 2010 and 2018 and were included in this study. Among them, 7060 patients (64.9%) were dHoR-positive, 1533 patients (14.1%) were sER-positive, 126 patients (1.2%) were sPR-positive and 2158 patients (19.8%) were dHoR-negative (Table 1). The patients with sPR-positive or dHoR-negative were more likely to be younger and higher percentage of black race when compared with dHoR-positive or sER-positive (P<0.001). A lower proportion of patients with sPR-positive or dHoR-negative presented invasive lobular carcinoma than patients with dHoR-positive or sER-positive (P<0.001). Furthermore, the patients with sPR-positive or dHoR-negative presented higher histological grade and tumor stage than patients with dHoR-positive or sER-positive (P<0.001). Less bone metastasis occurred to patients with sPR-positive (40.5%) or dHoR-negative (42.8%) than patients with dHoR-positive (76%) or sER-positive (68%), but more visceral and brain metastasis happened to patients with sPR-positive or dHoR-negative than patients with dHoR-positive or sER-positive (P<0.001). More patients with sPR-positive (42.9%) or dHoR-negative (40.5%) got surgery of the breast than patients with dHoR-positive (30.1%) or sER-positive (30.9%). Also, more patients with sPR-positive (71.4%) or dHoR-negative (80.6%) accepted chemotherapy than patients with dHoR-positive (52.8%) or sER-positive (58.1%).


Table 1 | The clinicopathological features of patients with HER-2-negative MBC in different hormone receptor status.





Univariate survival analysis

The follow-up time ranged from 1 to 106 months, with a median of 19 months. Finally, death occurred to 6381 patients including 3633 patients with dHoR-positive, 1006 patients with sER-positive, 89 patients with sPR-positive and 1653 patients with dHoR-negative. As shown in Figure 2, the patients with sPR-positive had the same CSS as patients with dHoR-negative (median CSS: 12 and 14 months, respectively, P=0.345), but both had significantly worse CSS than patients with dHoR-positive (median CSS: 44 months, P<0.001). Also, the patients with sPR-positive had the same OS as patients with dHoR-negative (median OS: 11 and 13 months, respectively, P=0.348), but both had worse OS than patients with dHoR-positive (median OS: 40 months, P<0.001). In addition to HoR status, other clinicopathologic factors could also have impacts on the survival of patients with MBC. As shown in Table 2, worse CSS and OS were seen in those patients who were older, black race, unmarried status, higher histological grade (III-IV), higher tumor stage (T3–4), visceral and brain metastasis. Anti-tumor treatments including radiation, chemotherapy and especially surgery of the breast could significantly extend the survival for patients with MBC.




Figure 2 | Kaplan-Meier curves of cancer-specific survival (A) and overall survival (B) based on hormone receptor status for patients with HER-2-negative metastatic breast cancer. CSS, cancer-specific survival; OS, overall survival; ER, estrogen receptor; PR, progesterone receptor.




Table 2 | Unadjusted CSS and OS for patients with HER-2-negative MBC.





Multivariate survival analysis

When multivariate survival analysis was performed (Table 3), better outcomes were seen in patients with ER-positive. Especially in patients with dHoR-positive, multivariate survival analysis shown significant better CSS (HR: 0.366, 95%CI: 0.293-0.458, P<0.001) and OS (HR: 0.382, 95%CI: 0.309-0.474, P<0.001) compared with patients of sPR-positive. Also, the patients with sER-positive exhibited better CSS (HR:0.624, 95%CI: 0.497-0.784, P<0.001) and OS (HR:0.625, 95%CI: 0.501-0.778, P<0.001) than patients with sPR-positive. However, patients with dHoR-negative had the same CSS (HR: 1.135, 95%CI: 0.909-1.417, P=0.263) and OS (HR: 1.141, 95%CI: 0.921-1.413, P=0.229) compared with patients of sPR-positive. Then, the older age, black race, unmarried status, invasive lobular carcinoma, higher histological grade (III–IV), higher tumor stage (T3-4), visceral (lung and liver) and brain metastasis were independent risk factors for OS and CSS. Surgery of the breast and chemotherapy obviously increased the survival for MBC. Furthermore, the subgroup survival analysis shown that chemotherapy significantly improved the CSS (HR: 0.39, 95%CI: 0.213-0.714, P=0.002) and OS (HR: 0.366, 95%CI: 0.203-0.662, P=0.001) for patients with sPR-positive (Figure 3).


Table 3 | Multivariable Cox regression for CSS and OS among patients with HER-2-negative MBC.






Figure 3 | Effect of chemotherapy on patients with HER-2-negative metastatic breast cancer according to hormone receptor status. HoR, hormone receptor; ER, estrogen receptor; PR, progesterone receptor; HR, hazard rations; CI, confidence intervals.






Discussion

Detection of hormone receptors can provide prognostic information for breast cancer patients (21, 22), and also endocrine therapy can significantly improve the survival for patients with HoR-positive (2). Thus, the accuracy of hormone receptors testing becomes very critical for breast cancer patients. In 2010, the American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) published the guideline for ER/PR immunohistochemical (IHC) detection, which clearly proposed that the expression level of ER/PR should be detected in all newly diagnosed breast cancer patients, and emphasized the basic operating procedures, quality control and result interpretation criteria of ER/PR detection (23). This guideline defined 1% as the threshold for positive ER/PR expression in IHC, and recommended that the percentage of positive cells and the intensity of positive staining should be noted in the report. Double HoR-positive phenotype occurs in the majority of patients with breast cancer and has better outcome than single HoR-positive phenotypes including sER-positive phenotype and sPR-positive phenotype (11, 16–18, 24, 25). There was a controversy that whether sPR-positive phenotype is an error or entity. Some experts attributed the sPR-positive phenotype to artifacts arising from the preparation or assay of the sample, such as inadequate tissue fixation or technique failure of the IHC assay (10, 26). However, some studies confirmed its existence through IHC (11, 12, 27). Besides, subsequent researches justified its presence through analyzing PAM50 expression signature and mRNA level of ESR1, which also revealed that 53-65% of patients with sPR-positive phenotype were basal-like and didn’t respond well to endocrine therapy (28, 29). Recent studies shown that the sPR-positive phenotype has the same characteristics as dHoR-negative phenotype and may not well respond to endocrine therapy (11, 16–18, 20). But those studies didn’t include or included a small percentage of patients with MBC which clearly differs from early-stage breast cancer. Therefore, we estimated the eligible patients from SEER database to figure out if the biological behavior of MBC with sPR-positive is the same as early-stage breast cancer reported by previous researches.

Consistent with previous studies (11, 12, 16, 17, 26), the patients with sPR-positive accounted for 1.2% of the whole cohort in our study. Also, our study exhibited the same clinicopathological features between sPR-positive phenotype and dHoR-negative phenotype, such as, younger age, less proportion of invasive lobular carcinoma, higher histologic grade, later tumor stage and more lymph nodes involved. What has not been reported is the difference of metastatic sites between breast cancer with sPR-positive phenotype and other phenotypes. Our study shown the metastatic tendency of sPR-positive phenotype kept with dHoR-negative phenotype and it was more likely to be visceral and brain metastasis for sPR-positive phenotype compared with ER-positive phenotypes. This finding further sheds light on the similar aggressive biological behavior between sPR-positive phenotype and dHoR-negative phenotype in MBC.

Compared with sPR-positive phenotype, the patients with dHoR-positive or sER-positive phenotype significantly exhibited better outcomes. While, the same prognosis between sPR-positive phenotype and dHoR-negative phenotype was seen in our study. The difference of prognosis among these four cohorts keeps with previous studies (11, 16, 17). Multiple studies (30, 31) have reported that surgery of the breast can improve the survival for stage IV breast cancer, which was also proved in our study. Then, chemotherapy as the main treatment to delay the progression of MBC can also significantly improve the survival for MBC, especially for such patients with sPR-positive phenotype as shown in the forest plot. This interesting finding was also reported in a previous study which used propensity score matching cohorts to show the significant benefit from chemotherapy for sPR-positive phenotype (17). The remarkable effect of chemotherapy on MBC with sPR-positive phenotype may be due to the insensitivity of this phenotype to endocrine therapy. Unfortunately, the information about endocrine therapy can’t be acquired from SEER database. Although the explicit endocrine therapy information can’t be obtained, most of the patients with ER-positive and/or PR-positive would have received appropriate endocrine therapy for the wide use of NCCN guidelines. Bardou, et al (18) performed a retrospective study including patients from two large breast cancer databases to evaluate whether progesterone receptor status provided prediction of benefit from endocrine treatment. One of the cohorts including 1688 patients of endocrine therapy shown that sPR-positive phenotype had the same outcome compared with dHoR-negative phenotype, and another cohort containing 10444 patients of endocrine therapy also demonstrated that result. In addition, a large meta-analysis including 20 trails shown that 1236 patients with sPR-positive phenotype didn’t benefit from adjuvant tamoxifen therapy (Rate ration=0.9, 95CI%: 0.73-1.12, P=0.35) (19). Actually, previous studies have revealed that only 20-30% of patients with sPR-positive breast cancer are luminal-like and the majority are basal-like (28, 29, 32), which explained why patients with sPR-positive didn’t significantly benefit from endocrine therapy. The right treatments are crucial for MBC because the noneffective therapeutic regimens may lead to tumor progression and finally worsen the outcome. Therefore, the MBC with sPR-positive should be dealt with seriously and chemotherapy can be the most crucial treatment for such group for its outstanding effect on improving survival as shown above. Meanwhile, the gene expression measurement should be performed to find the minority patients of sPR-positive phenotype belonging to luminal-like and endocrine therapy should also be used to palliate the progression of MBC.

Several limitations of this study must be elucidated. Firstly, some bias is inevitable due to retrospective nature of this study. Secondly, endocrine therapy information is not available from the SEER database and we can’t directly analysis the effect of endocrine therapy on MBC with sPR-positive. Finally, the number of patients with sPR-positive is not very large, so the conclusion of our study must be further justified by larger population. However, our study is the first one that used the MBC with HER-2-negative to analysis the difference between sPR-positive phenotype and other phenotypes in clinicopathological features and survival. And it further confirms the similar biological behavior between sPR-positive phenotype and triple-negative phenotype in MBC, which can guide the clinicians to make better treatment strategies when facing with this rare phenotype.



Conclusions

MBC with sPR-positive and HER-2-negative has the similar biological behavior to triple-negative MBC, such as younger age, higher histological grade, larger tumor burden and predisposition to visceral and brain metastasis. The MBC with sPR-positive and HER-2-negative has the similar prognosis to MBC of triple-negative but worse prognosis than ER-positive phenotype. Chemotherapy may be a preferred recommendation for patients with sPR-positive phenotype because it significantly improves their survival.



Data availability statement 

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: the Surveillance, Epidemiology, and End Results (SEER) database (https://seer.cancer.gov).



Ethics statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

YL, XZ, and LH conceived and designed this study. YL, HP, FL, and JC collected and analyzed the data. YL, SQ, and HP organized the manuscript. YL, XZ, and LH reviewed the paper and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by grant from North Sichuan Medical College Scientific Research and Development Project (CBY22-QNA34).



Acknowledgments

We would like to thank the SEER program for providing open access to the database.



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. Baum, M, Drinkley, DM, Dossett, JA, Mcpherson, K, Patterson, JS, Rubens, RD, et al. Controlled trial of tamoxifen as adjuvant agent in management of early breast cancer. interim analysis at four years by nolvadex adjuvant trial organisation. Lancet (1983) 1(8319):257–61.

3. Baum, M, Budzar, AU, Cuzick, J, Forbes, J, Houghton, JH, Klijn, JG, et al. Anastrozole alone or in combination with tamoxifen versus tamoxifen alone for adjuvant treatment of postmenopausal women with early breast cancer: first results of the ATAC randomised trial. Lancet (2002) 359(9324):2131–9. doi: 10.1016/s0140-6736(02)09088-8

4. Francis, PA, Regan, MM, Fleming, GF, Lang, I, Ciruelos, E, Bellet, M, et al. Adjuvant ovarian suppression in premenopausal breast cancer. N Engl J Med (2015) 372(5):436–46. doi: 10.1056/NEJMoa1412379

5. Robertson, JFR, Bondarenko, IM, Trishkina, E, Dvorkin, M, Panasci, L, Manikhas, A, et al. Fulvestrant 500 mg versus anastrozole 1 mg for hormone receptor-positive advanced breast cancer (FALCON): an international, randomised, double-blind, phase 3 trial. Lancet (2016) 388(10063):2997–3005. doi: 10.1016/S0140-6736(16)32389-3

6. Gao, JJ, Cheng, J, Bloomquist, E, Sanchez, J, Wedam, SB, Singh, H, et al. CDK4/6 inhibitor treatment for patients with hormone receptor-positive, HER2-negative, advanced or metastatic breast cancer: a US food and drug administration pooled analysis. Lancet Oncol (2020) 21(2):250–60. doi: 10.1016/S1470-2045(19)30804-6

7. Kohler, BA, Sherman, RL, Howlader, N, Jemal, A, Ryerson, AB, Henry, KA, et al. Annual report to the nation on the status of cancer, 1975-2011, featuring incidence of breast cancer subtypes by Race/Ethnicity, poverty, and state. J Natl Cancer Inst (2015) 107(6):djv048. doi: 10.1093/jnci/djv048

8. De Maeyer, L, Van Limbergen, E, De Nys, K, Moerman, P, Pochet, N, Hendrickx, W, et al. Does estrogen receptor negative/progesterone receptor positive breast carcinoma exist? J Clin Oncol (2008) 26(2):335–6. doi: 10.1200/JCO.2007.14.8411

9. Maleki, Z, Shariat, S, Mokri, M, and Atri, M. ER-negative /PR-positive breast carcinomas or technical artifacts in immunohistochemistry? Arch Iran Med (2012) 15(6):366–9.

10. Nadji, M, Gomez-Fernandez, C, Ganjei-Azar, P, and Morales, AR. Immunohistochemistry of estrogen and progesterone receptors reconsidered: experience with 5,993 breast cancers. Am J Clin pathology. (2005) 123(1):21–7. doi: 10.1309/4WV79N2GHJ3X1841

11. Ahmed, SS, Thike, AA, Zhang, K, Lim, JC, and Tan, PH. Clinicopathological characteristics of oestrogen receptor negative, progesterone receptor positive breast cancers: re-evaluating subsets within this group. J Clin Pathol (2017) 70(4):320–6. doi: 10.1136/jclinpath-2016-203847

12. Ng, CH, Pathy, NB, Taib, NA, Mun, KS, Rhodes, A, and Yip, CH. The estrogen receptor negative-progesterone receptor positive breast carcinoma is a biological entity and not a technical artifact. Asian Pac J Cancer Prev (2012) 13(4):1111–3. doi: 10.7314/APJCP.2012.13.4.1111

13. Borras, M, Lacroix, M, Legros, N, and Leclercq, G. Estrogen receptor-negative/progesterone receptor-positive evsa-T mammary tumor cells: a model for assessing the biological property of this peculiar phenotype of breast cancers. Cancer Lett (1997) 120(1):23–30. doi: 10.1016/S0304-3835(97)00285-1

14. Koehorst, SG, Jacobs, HM, Thijssen, JH, and Blankenstein, MA. Wild type and alternatively spliced estrogen receptor messenger RNA in human meningioma tissue and MCF7 breast cancer cells. J Steroid Biochem Mol Biol (1993) 45(4):227–33. doi: 10.1016/0960-0760(93)90336-U

15. Martin, MB, Saceda, M, and Lindsey, RK. Regulation of estrogen receptor expression in breast cancer. Adv Exp Med Biol (1993) 330:143–53. doi: 10.1007/978-1-4615-2926-2_11

16. Bae, SY, Kim, S, Lee, JH, Lee, HC, Lee, SK, Kil, WH, et al. Poor prognosis of single hormone receptor- positive breast cancer: Similar outcome as triple-negative breast cancer. BMC Cancer. (2015) 15:138. doi: 10.1186/s12885-015-1121-4

17. Zheng, H, Ge, C, Lin, H, Wu, L, Wang, Q, Zhou, S, et al. Estrogen receptor-negative/progesterone receptor-positive and her-2-negative breast cancer might no longer be classified as hormone receptor-positive breast cancer. Int J Clin Oncol (2022) 27:1145–53. doi: 10.1007/s10147-022-02158-0

18. Bardou, VJ, Arpino, G, Elledge, RM, Osborne, CK, and Clark, GM. Progesterone receptor status significantly improves outcome prediction over estrogen receptor status alone for adjuvant endocrine therapy in two large breast cancer databases. J Clin Oncol (2003) 21(10):1973–9. doi: 10.1200/JCO.2003.09.099

19. Early Breast Cancer Trialists' Collaborative G, Davies, C, Godwin, J, Gray, R, Clarke, M, Cutter, D, et al. Relevance of breast cancer hormone receptors and other factors to the efficacy of adjuvant tamoxifen: patient-level meta-analysis of randomised trials. Lancet (2011) 378(9793):771–84. doi: 10.1016/S0140-6736(11)60993-8

20. Xiao, Y, Li, J, Wu, Z, Zhang, X, and Ming, J. Influence of progesterone receptor on metastasis and prognosis in breast cancer patients with negative HER-2. Gland Surg (2022) 11(1):77–90. doi: 10.21037/gs-21-677

21. Hilsenbeck, SG, Ravdin, PM, de Moor, CA, Chamness, GC, Osborne, CK, and Clark, GM. Time-dependence of hazard ratios for prognostic factors in primary breast cancer. Breast Cancer Res Treat (1998) 52(1-3):227–37. doi: 10.1023/A:1006133418245

22. Martin, M. Molecular biology of breast cancer. Clin Transl Oncol (2006) 8(1):7–14. doi: 10.1007/s12094-006-0089-6

23. Hammond, ME, Hayes, DF, Dowsett, M, Allred, DC, Hagerty, KL, Badve, S, et al. American Society of clinical Oncology/College of American pathologists guideline recommendations for immunohistochemical testing of estrogen and progesterone receptors in breast cancer. J Clin Oncol (2010) 28(16):2784–95. doi: 10.1200/JCO.2009.25.6529

24. Lv, M, Mao, Y, Song, Y, Wang, Y, Liu, X, Wang, X, et al. Clinical features and survival of single hormone receptor-positive breast cancer: A population-based study of 531,605 patients. Clin Breast Cancer. (2020) 20(5):e589–e99. doi: 10.1016/j.clbc.2020.04.010

25. Li, Y, Yang, D, Yin, X, Zhang, X, Huang, J, Wu, Y, et al. Clinicopathological characteristics and breast cancer-specific survival of patients with single hormone receptor-positive breast cancer. JAMA Netw Open (2020) 3(1):e1918160. doi: 10.1001/jamanetworkopen.2019.18160

26. Rakha, EA, El-Sayed, ME, Green, AR, Paish, EC, Powe, DG, Gee, J, et al. Biologic and clinical characteristics of breast cancer with single hormone receptor positive phenotype. J Clin Oncol (2007) 25(30):4772–8. doi: 10.1200/JCO.2007.12.2747

27. Kuroda, H, Muroi, N, Hayashi, M, Harada, O, Hoshi, K, Fukuma, E, et al. Oestrogen receptor-negative/progesterone receptor-positive phenotype of invasive breast carcinoma in Japan: re-evaluated using immunohistochemical staining. Breast Cancer. (2019) 26(2):249–54. doi: 10.1007/s12282-018-0898-9

28. Itoh, M, Iwamoto, T, Matsuoka, J, Nogami, T, Motoki, T, Shien, T, et al. Estrogen receptor (ER) mRNA expression and molecular subtype distribution in ER-negative/progesterone receptor-positive breast cancers. Breast Cancer Res Treat (2014) 143(2):403–9. doi: 10.1007/s10549-013-2763-z

29. Schroth, W, Winter, S, Buttner, F, Goletz, S, Faisst, S, Brinkmann, F, et al. Clinical outcome and global gene expression data support the existence of the estrogen receptor-negative/progesterone receptor-positive invasive breast cancer phenotype. Breast Cancer Res Treat (2016) 155(1):85–97. doi: 10.1007/s10549-015-3651-5

30. Xiong, Z, Deng, G, Wang, J, Li, X, Xie, X, Shuang, Z, et al. Could local surgery improve survival in de novo stage IV breast cancer? BMC Cancer (2018) 18(1):885. doi: 10.1186/s12885-018-4767-x

31. Li, X, Huang, R, Ma, L, Liu, S, and Zong, X. Locoregional surgical treatment improves the prognosis in primary metastatic breast cancer patients with a single distant metastasis except for brain metastasis. Breast (2019) 45:104–12. doi: 10.1016/j.breast.2019.03.006

32. Yu, KD, Jiang, YZ, Hao, S, and Shao, ZM. Molecular essence and endocrine responsiveness of estrogen receptor-negative, progesterone receptor-positive, and HER2-negative breast cancer. BMC Med (2015) 13:254. doi: 10.1186/s12916-015-0496-z


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 Luo, Pu, Li, Qian, Chen, Zhao and Hou. 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.




ORIGINAL RESEARCH

published: 02 March 2023

doi: 10.3389/fonc.2023.938189

[image: image2]


The utility of diffusion-weighted imaging for differentiation of phyllodes tumor from fibroadenoma and breast cancer


Jinzhi Fang 1†, Yuzhong Zhang 1†, Ruifeng Li 1†, Lanlan Liang 2,3†, Juan Yu 4†, Ziqi Hu 1†, Lingling Zhou 1 and Renwei Liu 1*


1 Department of Radiology, Affiliated Longhua People’s Hospital, Southern Medical University (Longhua People’s Hospital), Shenzhen, China, 2 Clinical Medical College of Dali University, Dali, China, 3 Department of Radiology, Affiliated Hospital of Yunnan University, Kunming, China, 4 Department of Radiology, The First Affiliated Hospital of Shenzhen University, Health Science Center, Shenzhen Second People’s Hospital, Shenzhen, China




Edited by: 

Anna Diana, Ospedale del Mare, Italy

Reviewed by: 

Nguyen Minh Duc, Pham Ngoc Thach University of Medicine, Vietnam

Eva Ruvalcaba-Limon, FUCAM, Mexico

*Correspondence: 

Renwei Liu
 lhhospital@sina.com












†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Breast Cancer, a section of the journal Frontiers in Oncology


Received: 07 May 2022

Accepted: 14 February 2023

Published: 02 March 2023

Citation:
Fang J, Zhang Y, Li R, Liang L, Yu J, Hu Z, Zhou L and Liu R (2023) The utility of diffusion-weighted imaging for differentiation of phyllodes tumor from fibroadenoma and breast cancer. Front. Oncol. 13:938189. doi: 10.3389/fonc.2023.938189






Objective

To evaluate the utility of apparent diffusion coefficient (ADC) values for differentiating breast tumors.





Methods

The medical records of 17 patients with phyllodes tumor [PT; circular regions of interest (ROI-cs) n = 171], 74 patients with fibroadenomas (FAs; ROI-cs, n = 94), and 57 patients with breast cancers (BCs; ROI-cs, n = 104) confirmed by surgical pathology were retrospectively reviewed.





Results

There were significant differences between PTs, FAs, and BCs in ADCmean, ADCmax, and ADCmin values. The cutoff ADCmean for differentiating PTs from FAs was 1.435 × 10−3 mm2/s, PTs from BCs was 1.100 × 10−3 mm2/s, and FAs from BCs was 0.925 × 10−3 mm2/s. There were significant differences between benign PTs, borderline PTs, and malignant PTs in ADCmean, ADCmax, and ADCmin values. The cutoff ADCmean for differentiating benign PTs from borderline PTs was 1.215 × 10−3 mm2/s, and borderline PTs from malignant PTs was 1.665 × 10−3 mm2/s.





Conclusion

DWI provides quantitative information that can help distinguish breast tumors.





Keywords: diffusion-weighted image (DWI), apparent diffusion coefficient (ADC), value, magnetic resonance imaging (MRI), breast tumors, phyllodes tumors





Introduction

Phyllodes tumor (PT), first introduced by Muller in 1838, is a fibroepithelial neoplasm that is histologically similar to a fibroadenoma (FA). PTs are rare, accounting for 2% to 4.4% of all diagnosed FAs in one institution (1). Breast magnetic resonance imaging (MRI) has an overall sensitivity of 90% and a specificity of 72% for detecting breast lesions (2, 3). From 2004 to 2019, there were only a few reports describing the characteristics of PTs on MRI (1, 4–8). PTs may be detected on MRI and classified according to the American College of Radiology Breast Imaging-Reporting and Data System (BI-RADS). The BI-RADS evaluates the benign and malignant nature of lesions according to morphological characteristics and kinetic curve assessments. PTs are classified as benign, borderline, or malignant based on semi-quantitative histological features (mitotic phase, degree of stromal dysplasia, and margin) (9). PTs that do not have typical malignant signs but sufficient suspicious manifestations should be classified as BI-RADS IV. PTs exhibit different time-signal intensity curve (TIC) types (10, 11). The TICs exhibited by benign PTs may be similar to FAs, while the TICs exhibited by borderline and malignant PTs may be similar to breast cancers (BCs). TIC type does not correlate with the histologic grade of PTs (5). PTs and FAs may have a contrast enhancement pattern suggestive of malignancy in up to one-third of cases, and some potentially benign lesions cannot be differentiated from BCs (4).

Diffusion-weighted imaging (DWI) has become clinically relevant (12, 13). DWI is a non-invasive MRI technique that can measure the diffusion of water molecules across tissues, in vivo. The motion of water molecules in tissues depends on tissue cellularity and the integrity of cell membranes. Differences in the motion of water molecules between tissues cause signal attenuation. To date, DWI for breast tumor applications has relied on the mono-exponential model with b-values of 0 and 800 s/mm2 (14–16). Other studies adopted b = 0/1000 s/mm2 (17, 18). This assumes an exponential decay in signal intensity with the product of the b value and apparent diffusion coefficient (ADC). ADC values reflect the slope of the best fit straight line to the log signal as a function of the b-value (19). When the b-value is >1000 s/mm2, signal intensity corresponds to the anatomical and physiological characteristics of breast tissue and, thus, deviates from the single exponential model. In this case, a bi-exponential model is necessary to measure diffusion and microperfusion parameters. ADC values may be determined in three different types of tumor regions of interest (ROIs), including a circular ROI (ROI-c), single-slice ROI (ROI-s), and whole-tumor ROI (ROI-w) (13). ADC values can provide objective and accurate quantitative information (20–24). ADC values are impacted by ROI selection (8). A smaller ROI placed over the most hypointense ADC area may provide better discrimination performance by reflecting the worst pathology within a heterogeneous lesion, but whole tumor measurement may allow better reproducibility (13). The objective of this study was to evaluate the utility of ADC values to differentiate between PTs, FAs, and BCs, and to classify PTs.





Materials and methods




Study subjects

The medical records of female patients diagnosed with breast tumors between 1 January 2017 and 5 April 2022 were retrospectively reviewed. This retrospective analysis of breast MRI data was approved by the Institutional Research Ethics Board of our institute (Approval No. 20220509). The requirement for informed consent was waived. Inclusion criteria were: 1) unilateral or bilateral solid breast tumor, 2) no history of surgery, 3) no history of other tumors or systemic diseases, and 4) surgical pathology provided a definitive diagnosis. All patients underwent MRI examination 3–7 days prior to surgery. Patients were divided into three groups based on pathological findings: Group A, PT; Group B, FA; and Group C, BC.





MRI protocols

Patients were scanned using a 3.0-T (Ingenia, Philips Medical systems, Netherlands) superconducting MRI scanner. DWI sequences were obtained with b-values of 0 and 800 s/mm2. DWI parameters: FOV (mm): RL × AP × FH, 340 × 196 × 150; voxel (mm): 3.04 × 1.87 × 3; REC voxel MPS (mm): 1.06 × 1.06 × 1.06; slice thickness (mm): 3; slice gap (mm): 0; matrix (slices): 112 × 105 × 50; REC matrix: 320; NSA: 2; scan percentage (%): 163.2; total scan duration (min): 3:07; SNR: 1.027; TR (ms): 12500; min.TR (ms): 11007; TE (ms): 82; EPI factor: 93; BW in EPI freq.dir (HZ): 2129.8; WFS (pix)/BW (hz): 24.817/17.5; fold-over suppression: oversampling; P (mm): 153; A (mm): 73; stacks: 1; type: parallel; slices: 50; slice gap: 0; slice orientation: transverse; fold-over direction: AP; fat shift direction: P; packages: 1; local torso SAR: <64%; whole body SAR/level: <1.7 W/kg/normal; SED: <0.3 kj/kg; coilpower: 51%; maxB1 + rms: 1.67 uT. ADC maps were processed using the post-processing software (Philips Intellispace Portal). Two radiologists placed an ROI-c (10–300 mm2) on a 2D single-slice of each breast tumor. The area of the ROI-cs (mm2), ADCmean, ADCmax, ADCmin, and standard deviation (SD) were calculated.





Statistical analysis

Statistical analysis was conducted using SPSS v28.0.1. Descriptive statistics, including mean and standard deviation, were summarized for each ADC parameter. Normality of ADC values was evaluated with the single-sample Shapiro-Wilk test. Normally distributed data with homogeneity of variance were compared with ANOVA. Non-normally distributed data with heterogeneous variance were compared with the non-parametric Kruskal-Wallis H test. Pairwise comparison was made with the Mann-Whitney U test. The area under the curve (AUC) of receiver operating characteristic (ROC) curves was used to assess the diagnostic performance of ADC parameters for breast tumors. p < 0.05 was considered statistically significant.






Results

The medical records of 148 patients with breast tumors were retrospectively reviewed, including 17 patients with PTs [eight benign PTs (Figure 1), six borderline PTs (Figure 2), and three malignant PTs (Figure 3)], 74 patients with FAs, and 57 patients with BCs. A total of 369 ROI-cs were evaluated, including 171 ROI-cs for PTs, 94 ROI-cs for FAs, and 104 ROI-cs for BCs. Patients’ mean (SD) age was 49.17 ± 2.95 years (range, 19–74 years old), and time since diagnosis ranged from 3 weeks to 2 months; 88 patients underwent surgical resection, and 60 patients underwent excisional biopsy.




Figure 1 | Benign PT of the right breast, female, age 46 years. (A) DWI (b800s/mm2): mixed hyperintense signal; (B) ADC map: isointense–hyperintense mixed signal, ADCmean = 1.39 × 10−3 mm2/s; (C) HE ×100: tumor stromal cells were dispersed; (D) HE ×400: no nuclear division was observed, tumor cells were loosely arranged.






Figure 2 | Borderline PT of the right breast, female, age 45 years. (A) DWI (b800 s/mm2): mixed hyperintense signal; (B) ADC map: isointense signal, ADC mean = 1.66×10−3 mm2/s; (C) HE ×100: uneven distribution of tumor stromal cells, high cell density in some areas, low cell density in other areas; (D) HE ×400: tumor stromal cells had “tadpole-like” nuclei, cells were closely packed.






Figure 3 | Malignant PT of the right breast, female, age 29 years. (A) DWI (b800 s/mm2): mixed hyperintense signal; (B) ADC map: isointense-hyperintense mixed signal, ADCmean = 1.84 × 10−3 mm2/s; ADCmean (left normal breast) = 1.52 × 10−3 mm2/s; (C) HE ×100: tumor stromal cells were closely packed; (D) HE ×400: nuclear fission, interstitial edema was insignificant.



ADCmean, ADCmax, and ADCmin of PTs were 1.6083 (0.83–2.16) ± 0.26015 × 10−3 mm2/s, 1.8112 (0.94–2.44) ± 0.28428 × 10−3 mm2/s, and 1.4113 (0.69–2.05) ± 0.28392 × 10−3 mm2/s, respectively, which were higher than the ADCmean, ADCmax, and ADCmin of FAs and BCs. Multiple group comparisons conducted with the Kruskal-Wallis H test and Mann-Whitney U test showed significant differences (p < 0.001) (Supplementary Tables 1–4). ROC curve analysis and the Youden index were used to determine optimum cutoff values for ADC parameters for differentiating PTs, FAs, and BCs (Supplementary Figure 1 and Table 1). ADCmean had the largest AUC among ADC mean, ADCmax, and ADCmin. For PTs vs. FAs, the AUC of ADCmean was 0.823 (95% CI 0.764–0.881). For PTs vs. BCs, the AUC of ADCmean was 0.987 (95% CI 0.977–0.996). For FAs vs. BCs, the AUC of ADCmean was 0.906 (95% CI 0.8677–0.946). The cutoff ADCmean for differentiating PTs from FAs was 1.435 × 10−3 mm2/s, PTs from BCs was 1.100 × 10−3 mm2/s, and FAs from BCs was 0.925×10−3 mm2/s.


Table 1 | Diagnostic performance of ADC parameters for differentiating between PTs, FAs, and BCs.



The ADCmeans of benign PTs, borderline PTs, and malignant PTs were 1.5619 (1.25–1.92) ± 0.14886 × 10−3 mm2/s, 1.3098 (0.83–1.68) ± 0.25017 × 10−3 mm2/s, and 1.7962 (1.45–2.16) ± 0.13255 × 10−3 mm2/s, respectively (Supplementary Table 5). ADCmean, ADCmax, and ADCmin of benign PTs, borderline PTs, and malignant PTs were significantly different (Supplementary Tables 6–9). For benign PTs vs. borderline PTs, the AUC of ADCmean was 0.771 (95% CI 0.672–0.870). For borderline PTs vs. malignant PTs, the AUC of ADCmean was 0.982 (95% CI 0.964–0.999). The cutoff ADCmean for differentiating benign PTs from borderline PTs was 1.215 × 10−3 mm2/s and borderline PTs from malignant PTs was 1.665 × 10−3 mm2/s. For benign PTs vs. malignant PTs, the ADCmin had the largest AUC among ADCmean, ADCmax, ADCmin; which was 0.905 (95% CI 0.848–0.961); the cutoff ADCmin was 1.465 × 10−3 mm2/s (Supplementary Figure 2 and Table 2).


Table 2 | Diagnostic performance of ADC parameters for classifying PTs.







Discussion

BI-RADS is a comprehensive guideline used by radiologists for breast tumor classification. Conventional MRI sequences are a complementary approach to assessing breast tumors. DWI technology is not included in the BI-RADS system, but the use of ADC values to evaluate breast tumors has become a research hotspot in recent years (14, 17, 23, 25, 26). The multiparameter MRI model with dynamic contrast-enhanced (DCE)-MRI, DWI, and synthetic MRI is a robust tool for evaluating malignancies in BI-RADS IV lesions. Including clinical features may further improve the diagnostic performance of this model (10). PTs are rare breast tumors that have not been widely recognized by clinicians. Reports on the use of ADC values to analyze PTs are scarce (5, 7, 8). Due to the large size of PTs (7), ROI-cs can be used to obtain ADC values that reflect tumor heterogeneity (14, 15).

Clinically, PTs are usually managed surgically. Benign and borderline PTs require wide excision. Malignant PTs >10 cm or PTs with rapid progression in a short period require whole mastectomy. PTs are likely to recur after surgery, but only malignant PTs develop distant metastases (27). PTs and FAs are difficult to distinguish on breast imaging modalities. On mammography, PTs usually present as rounded, oval, or lobulated masses with well-rounded edges, similar to FAs. On ultrasound, PTs present as well-defined solid, low-echo areas, almost identical to FAs. The sensitivity of fine needle aspiration biopsy for diagnosis of PT is only 40%, and has a high false-negative rate (28). Coarse needle biopsy has a slightly higher sensitivity (approximately 63%) (29), but histopathological examination of the whole tumor is generally required for diagnosis.

In this study, conventional MRI showed that the imaging characteristics of benign, borderline, and malignant PTs overlap, and benign PTs could not be precisely differentiated from other BCs. In previous reports, MRI findings for eight cases of benign PTs identified some characteristics of large benign PTs (>3 cm), but distinguishing small PTs from small FAs was difficult (1); MRI of 24 PTs (n = 1 malignant; n = 23 benign) showed PTs had benign morphological features, administration of contrast material suggested malignancy in 33% of cases, and PTs and FAs could not be precisely differentiated (4); a retrospective review of dynamic MRI findings for 30 cases of PTs (n = 19 benign; n = 6 borderline; n = 5 malignant) showed no significant association between TIC patterns (persistent, plateau, washout) and histopathological findings (5).

According to the results of this study, the ADCmeans of PTs, FAs, and BCs were 1.6083 (0.83–2.16) ± 0.26015 × 10−3 mm2/s, 1.2711 (0.81–2.20) ± 0.31678 × 10−3 mm2/s, and 0.8496 (0.60–1.26) ± 0.14857 × 10−3mm2/s, respectively. The ADCmeans of PTs was significantly higher than those of FAs and BCs (p < 0.001). ADCmean had the best efficacy to discriminate between PTs, FAs, and BCs compared to ADCmax and ADCmin, and had the highest specificity. The specificity of ADCmean for differentiating between PTs and FAs or PTs and BCs was 81.90% and 94.2%, respectively. These findings suggest ADCmean has potential as a clinically useful technology. In 2020, Jelena et al. (26) reported that DWI is a clinically useful tool for the differentiation of malignant from benign lesions based on mean ADC values. To the authors’ knowledge, the present study is the first published report comparing the ADC values of PTs, FAs, and BCs.

The ADCmeans of benign PTs, borderline PTs, and malignant PTs were 1.5619 (1.25–1.92) ± 0.14886 × 10−3 mm2/s, 1.3098 (0.83–1.68) ± 0.25017 × 10−3 mm2/s, and 1.7962 (1.45–2.16) ± 0.13255 × 10−3 mm2/s, respectively, and were significantly different. ADC values of malignant PTs at b0/1000 s/mm2 have been reported as 1.37 ± 0.03 (10−3 mm2/s) (5), 1.03 ± 0.03 (10−3 mm2/s), and 1.45 ± 0.03 (10−3 mm2/s) (7). DWI is performed using motion-sensitizing gradients applied during MR image acquisition to probe local diffusion characteristics. The resulting diffusion-weighted MRI signal is reduced in intensity proportional to water mobility, and is commonly described by the monoexponential equation: SD=S0 e−b*ADC (13). Theoretically, as the b value increases, the corresponding ADC value should gradually decrease. Therefore, ADC values obtained in this study at b0/800 s/mm2 should be greater than those reported at b1000s/mm2. This was not always the case, likely due to the heterogeneity of breast tumors (14, 15).

The motion of water molecules in tissues depends on tissue cellularity and the integrity of cell membranes (30, 31). Consequently, PT cellularity should correlate with ADC values. Previous reports show an association between the ADC values of BCs and some histological features (32), and malignant tumors had lower ADC values than benign tumors due to high cellularity in the tumors (33). In the present study, ADC values reflected pathological findings, which showed that malignant and borderline PTs had high cell densities, while tumor cells of benign PTs were more dispersed. However, the ADCmean of malignant PTs was higher than benign or borderline PTs. This may be because the ADCmean of malignant PTs was not only related to tumor cell density, but also to the necrosis, cystic degeneration, and edema occurring inside the tumor. Extensive necrosis and interstitial edema allow water protons to move freely, which strongly influence the ADC value. The cutoff ADCmean has important clinical application. Correct diagnosis of PT grade is required before breast surgery. In our study, PTs were benign at ADCmean > 1.215 × 10−3 mm2/s or malignant with internal liquefaction, necrosis, and cystic degeneration at ADCmean >1.665×10−3 mm2/s. ADCmin had clinical application for the differentiation of benign and malignant PTs, and PTs were considered malignant at ADCmin >1.465×10−3 mm2/s.





Limitations of the study

This study was associated with several limitations. First, it was a retrospective study, and the clinical value of ADC values for discriminating between breast tumors should be verified in prospective studies. Second, the sample size was small, and there may have been interobserver variability with regard to ROI-c selection, which may have introduced bias. Third, DWI sequences included b-values of 0 and 800 s/mm2; further research should include multi-b-value DWI. Fourth, distortion and deformation often occur at high b-values, which may disturb ADC parameters.





Conclusion

Breast DWI acquiring b0 and 800 s/mm2 images took 3 minutes. This enabled us to obtain satisfactory ADC values to evaluate the histological characteristics of a tumor. ADCmean differentiated PTs, FAs, and BCs, and benign PTs from borderline PTs and borderline PTs from malignant PTs. ADCmin helped differentiate benign PTs from malignant PTs. Overall, ADC values provided quantitative information that has potential to distinguish between PTs, FAs, and BCs, and classify PTs.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving human participants were reviewed and approved by People’s Hospital of Longhua. The patients/participants provided their written informed consent to participate in this study.





Author contributions

Image evaluation, JF, JY, and RWL; Quality control, YZ and RWL; Literature retrieval, RFL; Data and statistics, LL and RWL; MR scanning, ZH, and LZ; Manuscript writing, RWL. All authors contributed to the article and approved the submitted version.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.938189/full#supplementary-material




References

1. Kinoshita, T, Fukutomi, T, and Kubochi, K. Magnetic resonance imaging of benign phyllodes tumors of the breast. Breast J (2004) 10(3):232–6. doi: 10.1111/j.1075-122X.2004.21316.x

2. Moy, L, Elias, K, Patel, V, Lee, J, Babb, JS, Toth, HK, et al. Is breast MRI helpful in the evaluation of inconclusive mammographic findings? AJR Am J Roentgenol (2009) 193(4):986–93. doi: 10.2214/ajr.08.1229

3. Peters, NH, Borel Rinkes, IH, Zuithoff, NP, Mali, WP, Moons, KG, and Peeters, PH. Meta-analysis of MR imaging in the diagnosis of breast lesions. Radiology (2008) 246(1):116–24. doi: 10.1148/radiol.2461061298

4. Wurdinger, S, Herzog, AB, Fischer, DR, Marx, C, Raabe, G, Schneider, A, et al. Differentiation of phyllodes breast tumors from fibroadenomas on MRI. AJR Am J Roentgenol (2005) 185(5):1317–21. doi: 10.2214/ajr.04.1620

5. Yabuuchi, H, Soeda, H, Matsuo, Y, Okafuji, T, Eguchi, T, Sakai, S, et al. Phyllodes tumor of the breast: Correlation between MR findings and histologic grade. Radiology (2006) 241(3):702–9. doi: 10.1148/radiol.2413051470

6. Balaji, R, and Ramachandran, KN. Magnetic resonance imaging of a benign phyllodes tumor of the breast. Breast Care (Basel) (2009) 4(3):189–91. doi: 10.1159/000220604

7. Alhabshi, SM, Rahmat, K, Abu Hassan, H, Westerhout, CJ, and Chandran, PA. Advanced MRI applications and findings of malignant phyllodes tumour: Review of two cases. Jpn J Radiol (2013) 31(5):342–8. doi: 10.1007/s11604-013-0183-y

8. Guo, Y, Tang, WJ, Kong, QC, Liang, YY, Han, XR, Zheng, BJ, et al. Can whole-tumor apparent diffusion coefficient histogram analysis be helpful to evaluate breast phyllode tumor grades? Eur J Radiol (2019) 114:25–31. doi: 10.1016/j.ejrad.2019.02.035

9. Tavassoli, FA, and Devilee, P. World health organization classification of tumors: Pathology and genetics tumours of the breast and female genital organs. Lyon: IARC Press (2003) p. 99–103.

10. Sun, SY, Ding, Y, Li, Z, Nie, L, Liao, C, Liu, Y, et al. Multiparameter MRI model with DCE-MRI, DWI, and synthetic MRI improves the diagnostic performance of BI-RADS 4 lesions. Front Oncol (2021) 11:699127. doi: 10.3389/fonc.2021.699127

11. Kuhl, CK, Schild, HH, and Morakkabati, N. Dynamic bilateral contrast-enhanced MR imaging of the breast: trade-off between spatial and temporal resolution. Radiology (2005) 236(3):789–800. doi: 10.1148/radiol.2363040811

12. Koh, DM, and Collins, DJ. Diffusion-weighted MRI in the body: Applications and challenges in oncology. AJR Am J Roentgenol (2007) 188(6):1622–35. doi: 10.2214/ajr.06.1403

13. Partridge, SC, and Amornsiripanitch, N. DWI in the assessment of breast lesions. Top Magn Reson Imaging (2017) 26(5):201–09. doi: 10.1097/rmr.0000000000000137

14. Ao, F, Yan, Y, Zhang, ZL, Li, S, Li, WJ, and Chen, GB. The value of dynamic contrast-enhanced magnetic resonance imaging combined with apparent diffusion coefficient in the differentiation of benign and malignant diseases of the breast. Acta Radiol (2022) 63(7):891–900. doi: 10.1177/02841851211024002

15. Niu, S, Wang, X, Zhao, N, Liu, G, Kan, Y, Dong, Y, et al. Radiomic evaluations of the diagnostic performance of DM, DBT, DCE MRI, DWI, and their combination for the diagnosisof breast cancer. Front Oncol (2021) 11:725922. doi: 10.3389/fonc.2021.725922

16. Geng, X, Zhang, D, Suo, S, Chen, J, Cheng, F, Zhang, K, et al. Using the apparent diffusion coefficient histogram analysis to predict response to neoadjuvant chemotherapy in patients with breast cancer: Comparison among three region of interest selection methods. Ann Transl Med (2022) 10(6):323. doi: 10.21037/atm-22-1078

17. Kunimatsu, N, Kunimatsu, A, Uchida, Y, Mori, I, and Kiryu, S. Whole-lesion histogram analysis of apparent diffusion coefficient for the assessment of non-mass enhancement lesions on breast MRI. J Clin Imaging Sci (2022) 12:12. doi: 10.25259/jcis_201_2021

18. Kim, JY, Kim, JJ, Lee, JW, Lee, NK, Lee, G, Kang, T, et al. Risk stratification of ductal carcinoma in situ using whole-lesion histogram analysis of the apparent diffusion coefficient. Eur Radiol (2019) 29(2):485–93. doi: 10.1007/s00330-018-5666-x

19. White, NS, McDonald, C, Farid, N, Kuperman, J, Karow, D, Schenker-Ahmed, NM, et al. Diffusion-weighted imaging in cancer: physical foundations and applications of restriction spectrum imaging. Cancer Res (2014) 74(17):4638–52. doi: 10.1158/0008-5472.can-13-3534

20. Schob, S, Meyer, HJ, Pazaitis, N, Schramm, D, Bremicker, K, Exner, M, et al. ADC Histogram analysis of cervical cancer aids detecting lymphatic metastases-a preliminary study. Mol Imaging Biol (2017) 19(6):953–62. doi: 10.1007/s11307-017-1073-y

21. Kang, Y, Choi, SH, Kim, YJ, Kim, KG, Sohn, CH, Kim, JH, et al. Gliomas: Histogram analysis of apparent diffusion coefficient maps with standard- or high-b-value diffusion-weighted MR imaging–correlation with tumor grade. Radiology (2011) 261(3):882–90. doi: 10.1148/radiol.11110686

22. Zhang, YD, Wang, Q, Wu, CJ, Wang, XN, Zhang, J, Liu, H, et al. The histogram analysis of diffusion-weighted intravoxel incoherent motion (IVIM) imaging for differentiating the gleason grade of prostate cancer. Eur Radiol (2015) 25(4):994–1004. doi: 10.1007/s00330-014-3511-4

23. Jin, YN, Zhang, Y, Cheng, JL, Zhang, XP, Hu, Y, and Shao, XN. The role of histogram analysis in diffusion-weighted imaging in the differential diagnosis of benign and malignant breast lesions. BMC Med Inform Decis Mak (2020) 20(1):239. doi: 10.1186/s12911-020-01257-0

24. Kim, EJ, Kim, SH, Park, GE, Kang, BJ, Song, BJ, Kim, YJ, et al. Histogram analysis of apparent diffusion coefficient at 3.0t: Correlation with prognostic factors and subtypes of invasive ductal carcinoma. J Magn Reson Imaging (2015) 42(6):1666–78. doi: 10.1002/jmri.24934

25. Liu, HL, Zong, M, Wei, H, Wang, C, Lou, JJ, Wang, SQ, et al. Added value of histogram analysis of apparent diffusion coefficient maps for differentiating triple-negative breast cancer from other subtypes of breast cancer on standard MRI. Cancer Manag Res (2019) 11:8239–47. doi: 10.2147/cmar.s210583

26. Maric, J, Boban, J, Ivkovic-Kapicl, T, Djilas, D, Vucaj-Cirilovic, V, and Bogdanovic-Stojanovic, D. Differentiation of breast lesions and distinguishing their histological subtypes using diffusion-weighted imaging and ADC values. Front Oncol (2020) 10:332. doi: 10.3389/fonc.2020.00332

27. Sevinç, A, Aksoy, S, Güray Durak, M, and Balcı, P. Is the extent of surgical resection important in patient outcome in benign and borderline phyllodes tumors of the breast? Turk J Med Sci (2018) 48(1):28–33. doi: 10.3906/sag-1704-47

28. El Hag, IA, Aodah, A, Kollur, SM, Attallah, A, Mohamed, AA, and Al-Hussaini, H. Cytological clues in the distinction between phyllodes tumor and fibroadenoma. Cancer Cytopathol (2010) 118(1):33–40. doi: 10.1002/cncy.20057

29. Lee, AH. Recent developments in the histological diagnosis of spindle cell carcinoma, fibromatosis and phyllodes tumour of the breast. Histopathology (2008) 52(1):45–57. doi: 10.1111/j.1365-2559.2007.02893.x

30. Guo, Y, Cai, YQ, Cai, ZL, Gao, YG, An, NY, Ma, L, et al. Differentiation of clinically benign and malignant breast lesions using diffusion-weighted imaging. J Magn Reson Imaging (2002) 16(2):172–8. doi: 10.1002/jmri.10140

31. Gauvain, KM, McKinstry, RC, Mukherjee, P, Perry, A, Neil, JJ, Kaufman, BA, et al. Evaluating pediatric brain tumor cellularity with diffusion-tensor imaging. AJR Am J Roentgenol (2001) 177(2):449–54. doi: 10.2214/ajr.177.2.1770449

32. Tuan Linh, L, Minh Duc, N, Minh Duc, N, Tra My, TT, Viet Bang, L, Cong Tien, N, et al. Correlations between apparent diffusion coefficient values and histopathologic factors in breast cancer. Clin Ter (2021) 172(3):218–24. doi: 10.7417/ct.2021.2318

33. Partridge, SC, Mullins, CD, Kurland, BF, Allain, MD, DeMartini, WB, Eby, PR, et al. Apparent diffusion coefficient values for discriminating benign and malignant breast MRI lesions: Effects of lesion type and size. AJR Am J Roentgenol (2010) 194(6):1664–73. doi: 10.2214/ajr.09.3534




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 Fang, Zhang, Li, Liang, Yu, Hu, Zhou and Liu. 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.




ORIGINAL RESEARCH

published: 02 March 2023

doi: 10.3389/fonc.2023.1030124

[image: image2]


Clinical characteristics and overall survival prognostic nomogram for metaplastic breast cancer


Caihong Zheng 1,2,3†, Chengbin Fu 2,3,4†, Yahui Wen 1,2,3, Jiameng Liu 5, Shunguo Lin 2,3,4, Hui Han 2,3,4, Zhonghua Han 2,3,4* and Chunsen Xu 2,3,4*


1The Graduate School of Fujian Medical University, Fuzhou, Fujian, China, 2Department of Breast Surgery, Fujian Medical University Union Hospital, Fuzhou, Fujian, China, 3Department of General Surgery, Fujian Medical University Union Hospital, Fuzhou, Fujian, China, 4Breast Cancer Institute, Fujian Medical University, Fuzhou, Fujian, China, 5Department of Breast Surgery, Women and Children’s Hospital, School of Medicine, Xiamen University, Xiamen, Fujian, China




Edited by: 

Benedetta Pellegrino, University of Parma, Italy

Reviewed by: 

Sara Ravaioli, Maria Cecilia Hospital, Italy

Nguyen Minh Duc, Pham Ngoc Thach University of Medicine, Vietnam

*Correspondence: 

Zhonghua Han
 zhhan@fjmu.edu.cn

Chunsen Xu
 xuchunsen@fjmu.edu.cn


†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Breast Cancer, a section of the journal Frontiers in Oncology


Received: 28 August 2022

Accepted: 09 February 2023

Published: 02 March 2023

Citation:
Zheng C, Fu C, Wen Y, Liu J, Lin S, Han H, Han Z and Xu C (2023) Clinical characteristics and overall survival prognostic nomogram for metaplastic breast cancer. Front. Oncol. 13:1030124. doi: 10.3389/fonc.2023.1030124




Background

Metaplastic breast cancer (MBC) is a rare breast tumor and the prognostic factors for survival in patients still remain controversial. This study aims to develop and validate a nomogram to predict the overall survival (OS) of patients with MBC.



Methods

We searched the Surveillance, Epidemiology, and End Results (SEER) database for data about patients including metaplastic breast cancer and infiltrating ductal carcinoma (IDC) from 2010 to 2018. The survival outcomes of patients between MBC and IDC were analyzed and compared with the Kaplan-Meier (KM) method. MBC patients were randomly allocated to the training set and validation I set by a ratio of eight to two. Meanwhile, the performance of this model was validated again by the validation II set, which consisted of MBC patients from the Union Hospital of Fujian Medical University between 2010 and 2018. The independent prognostic factors were selected by univariate and multivariate Cox regression analyses. The nomogram was constructed to predict individual survival outcomes for MBC patients. The discriminative power, calibration, and clinical effectiveness of the nomogram were evaluated by the concordance index (C-index), the receiver operating characteristic (ROC) curve, and the decision curve analysis (DCA).



Results

MBC had a significantly higher T stage (T2 and above accounting for 75.1% vs 39.9%), fewer infiltrated lymph nodes (N0 accounted for 76.2% vs 67.7%), a lower proportion of ER (22.2% vs 81.2%), PR (13.6% vs 71.4%), and HER-2(6.7% vs 17.7%) positive, radiotherapy(51.6% vs 58.0%) but more chemotherapy(67.5% vs 44.7%), and a higher rate of mastectomy(53.2% vs 36.8%), which was discovered when comparing the clinical baseline data between MBC and IDC. Age at diagnosis, T, N, and M stage, as well as surgery and radiation treatment, were all significant independent prognostic factors for overall survival (OS). In the validation I cohort, the nomogram’s C-index (0.769 95% CI 0.710 -0.828) was indicated to be considerably higher than the standard AJCC model’s (0.700 95% CI 0.644 -0.756). Nomogram’s great predictive capability capacity further was supported by the comparatively high C-index of the validation II sets (0.728 95%CI 0.588-0.869).



Conclusions

Metaplastic breast cancer is more aggressive, with a worse clinical prognosis than IDC. This nomogram is recommended for patients with MBC, both American and Chinese, which can help clinicians make more accurate individualized survival analyses.
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Background

Female breast cancer has overtaken others as the most commonly diagnosed malignancy, with an expected 2.3 million new cases in 2020, based on data from the International Agency for Research on Cancer (1). Metaplastic breast cancer (MBC) is a group of rare and heterogeneous invasive carcinomas, characterized by cell differentiation of the tumor epithelium towards squamous and/or mesenchymal-like components such as spindle cells, chondrocytes, and osteoblasts, accounting for only 0.2-5% of all breast cancer (2). MBC has been considered more aggressive, with poor clinical outcomes and a large unmet demand for treatment, compared to invasive ductal breast carcinoma(IDC). Due to the rarity of MBC, limitations of tailored understanding of the clinical characteristics and prognosis exist in previous reports. The majority of MBC’s local and system-optimally regulated treatment approaches are deduced from IDC’s treatment practice and have not been rigorously confirmed in MBC patients. The American Joint Committee on Cancer Staging (AJCC) system is the most commonly used to assess a patient’s prognosis for breast cancer (3). However, disregard for other parameters (such as age), limited precision, and poor performance in forecasting individual survival risk are some of its main disadvantages. Patients with MBC, therefore, require a tailor-made prediction model. Nomogram is confirmed as a reliable and alternative prognosis assessment tool in many carcinomas and is even thought to be a new emerging standard (4). Based on clinical, immunological, and pathological data from the Surveillance, Epidemiology, and End Results (SEER) database, we intend to develop a maneuverable, definitive, and high-exactness nomogram to foresee MBC patient individual survival endings (5–7).



Materials and methods


Data source and study population

The Surveillance, Epidemiology, and End Results (SEER) Program provides information on cancer statistics in an effort to reduce the cancer burden, and no ethics committee review approval was needed. We included patients diagnosed with confirmed MBC by extracting and screening data from the SEER database, which included persons from 18 areas (1975-2018) and was released on August 20, 2021. And patients diagnosed with confirmed MBC from the Union Hospital of Fujian Medical University between 2010 and 2018, also were included in this study. The including and excluding criteria of patients with MBC were as follows.

Inclusion criteria:

	(1) the years of diagnosis spanned from 2010 to 2018.

	(2) the primary site of the tumor was the breast.

	(3) according to ICD-0-3, histological types were restricted to 8500/3 (IDC) and 8052/3, 8070/3-8072/3, 8074/3, 8560/3, 8571/3,8572/3, 8575/3, 8980/3 (MBC) (8).



Exclusion criteria:

	(1) patients with missing information of age at diagnosis, marital status, PR status, ER status, HER2 status, surgery, or other important clinicopathological data.

	(2) patients under the age of 18 years old.

	(3) the patients have other cancer other than breast cancer.

	(4) patients who have survived or followed up less than one month since the initial diagnosis.

	(5) diagnosis of MBC patients obtained from autopsy or death.



The demographic parameters included age at diagnosis is distributed into <50 years, 50-64 years, 65-79 years, and 80+ years, gender is divided into women and males, race (white, black, and others), marital status is classified into married, single and divorced (separated, widowed and divorced). The clinicopathologic parameters included laterality of primary is divided into right and left, site of the tumor is distributed into 502, 503, 504,505 and others, AJCC stage is divided into I, II, III, and IV, T stage is divided intoT1, T2, T3, and T4, N stage is divided into N0, N1, N2, and N3), M stage is divided intoM0 and M1, ER status is distributed into negative or positive), PR status is distributed into negative or positive, HER2 status is distributed into negative or positive, the subtype of breast cancer is distributed into HR+/HER2-, HR+/HER2+, HR-/HER2+, and HR-/HER2-, surgery type is classified into no surgery, breast-conserving, and mastectomy, radiotherapy is divided into yes and no, and chemotherapy is divided into yes and no. The primary clinical outcome for this series was overall survival (OS), which was defined as the time from the date of diagnosis to the date of death owing to any cause or the final follow-up.



Statistical analysis

The chi-square test or Fisher exact test was performed to evaluate the clinical and pathological characteristics of the different cohorts. Kaplan-Meier analysis was utilized to construct the survival curve. The discrepancy in the survival of each group was evaluated using the log-rank test. The life table approach was performed to figure out overall survival over three and five years. The patients with MBC were split into the training sets and validation sets with an 8:2 ratio, using the “createDataPartition” function of R software to guarantee that result events were distributed randomly. The Cox regression model, hazard ratios (HRs), and 95% confidence intervals (CIs) were utilized to confirm prognostic factors in the training set. Univariate Cox regression analyses were conducted for all variables, followed by multivariate Cox regression for variables with p < 0.1 in univariate Cox regression. Finally, variables with p < 0.05 in multivariate Cox backward stepwise regression were determined as independent risk factors. To prevent multicollinearity, in the multivariate analysis, T, N, and M stage variables were utilized instead of AJCC stage variables. Based on the findings of the multivariate Cox regression, the nomogram model was generated utilizing the RMS package in the R program, and further verified by the validation sets. The C-index, the receiver operating characteristic (ROC) curve, and the decision curve analysis (DCA) were used to evaluate the predictive accuracy, discrimination ability, as well as clinical effectiveness and benefit of the nomogram model respectively (9, 10).

The SEERStat software, version 8.3.9, was applied to extract the data. R software version 3.5.3 and IBM SPSS Statistics 26 were utilized to conduct statistical analyses. For all of the analyses, a two-tailed p-value of <0.05 was deemed statistically significant.




Results


Clinical and pathological characteristics

A total of 225,548 eligible patients were included in this study, based on data from the SEER database. The median age of 223943(99.3%) IDC patients was 59 years old, whereas 1605 MBC patients had a median age of 61 years old. The proportion of MBC patients over 65 years old was greater than the proportion of IDC patients (p <0.001). The proportion of black patients with MBC is larger (p <0.001). When it comes to marital status, MBC patients have a higher number of divorced patients than IDC patients, but a lower proportion of married patients. Compared to patients with IDC, those with MBC had considerably significantly larger primary tumors. Furthermore, MBC patients exhibited a greater T stage than IDC patients (p <0.001), with T2 (47.9% vs 30.9%), T3 (16.9% vs 5.1%), and T4 (10.3% vs 3.9%), but a lower axillary lymph node involvement rate (76.2% vs. 67.7%, p <0.001), as well as no significant difference in the proportion of distant metastasis(4.9% vs 4.0%, p=0.066). meanwhile, the majority of MBC patients are “triple-negative”, with HR-/HER2- (68.3% vs 12.4% p<0.001), a meaning lower expression of the ER (22.2% vs 81.2%), PR (13.6% vs 71.4%), and HER-2(6.7% vs 17.7%) receptors (p<0.001). MBC patients received less radiotherapy but more chemotherapy. Patients with MBC were more likely to have a mastectomy (53.2% vs 36.8%), whereas those with IDC were more likely to have breast-conserving (41.9% vs 57.4%)surgery(p<0.001) (Table 1). There were no statistically significant differences between the training and verification I sets of MBC patients with 17 variables (Supplementary Table 1).


Table 1 | The characteristics of 225,548 breast cancer patients.



For the validation II cohort, 49 Chinese MBC patients, who were diagnosed in the Union Hospital of Fujian Medical University between 2010 and 2018, were included in this study. Among these patients, the median age was 50 years old, and the median follow-up time was 79 months (3-139 months). When it comes to marital status, Chinese MBC patients have a higher number of married patients. Compared to American MBC patients, a higher proportion of Chinese MBC patients were under 65 years old, with particularly less than 50 years old(20.8% vs 51.0%). Furthermore, a higher percentage of mastectomy (95.9%) was performed on Chinese MBC patients. And in comparison with American patients, a larger proportion of Chinese patients with MBC receive chemotherapy (67.0% vs 95.9%) and less radiotherapy (50.6% vs 38.8%). There were no statistically significant differences between American patients and Chinese patients with MBC on other variables (Supplementary Table 2).



Survival analysis

The median follow-up period of MBC was 53 months (1-107 months). According to the KM analysis, MBC patients’ survival was considerably shortened than that of IDC patients (p < 0.001). The three-year and five-year overall survival rates of MBC were 74.5 and 67.4%, respectively. Likewise, IDC’s three-year and five-year overall survival rates were 91.6 and 86.5%, respectively (Figure 1). The histological category of MBC was found to be a poorer prognosis element for breast carcinoma by univariate Cox regression analysis




Figure 1 | The survival of patients with MBC and IDC by Kaplan-Meier analysis. Patients with MBC had worse survival (HR = 5.853, 95% CI, 5.015-6.832,p < 0.001) with 3- and 5-year OS rates of 74.5 and 67.4% vs. 91.6 and 86.5% in IDC patients, respectively.





Prognostic factors in MBC

The patients with MBC were split into the training sets (n =1284) and validation I sets (n = 321) with an 8:2 ratio, using the “createDataPartition” function of R software to guarantee that result events were distributed randomly.

In the training set, the Cox regression model was utilized to find the variables that influence MBC prognosis. Age, marital status, tumor site, AJCC stage, T stage, N stage, M stage, surgery, radiotherapy, and chemotherapy all demonstrated statistically significant variations in survival prognostic variables, in the univariate analysis, but the sex (p=0.700), race (p=0.131), PR status (p=0.312), ER status (p=0.296), HER-2 status(p=0.518) and subtype (p=0.913). Finally, followed by multivariate Cox regression, age, T stage, N stage, M stage, surgery, and radiotherapy were determined as independent prognostic factors for patients with MBC (Table 2). Kaplan-Meier survival curves of each independent prognostic factor were shown in Figure 2.


Table 2 | Univariate and multivariate Cox regression analysis of overall survival (MBC Training Cohort).






Figure 2 | Kaplan-Meier OS curves for patients with MBC according to different independent prognostic factors. (A-F) Kaplan-Meier OS curves for patients with MBC according to (A) age, (B) T stage, (C) N stage, (D) M stage, (E) surgery, and (F) surgery.





Construction and validation of a nomogram

The independent prognostic factors (age, T stage, N stage, M stage, surgery, and radiotherapy), which were found by the Cox regression, were utilized to develop a nomogram model to assess the overall survival of MBC (Figure 3). The nomogram model showed that T stage had the greatest impact on prognosis, and the smallest is radiotherapy. Scores are awarded to all subtypes of all factors (Table 3).




Figure 3 | Nomogram predicted 3- and 5-year overall survival for patients with MBC. The nomogram is used by summing the points identified on the top scale for each independent covariate. The total points projected to the bottom scale indicated the % probability of the 3- and 5-year OS.




Table 3 | Point assignment and prognostic score in the nomogram (MBC Training Cohort).



The nomogram model has been verified internally and externally. The internal verification revealed that the C-index estimated by overall survival for the training sets was 0.794 (95% CI 0.771-0.816). The C-index indicated by the overall survival of the externally confirmed was 0.769 (95% CI 0.710-0.828), according to the validation I sets. In the training and validation I sets, the calibration plots revealed high uniformity between the nomogram prognostication and the actual observation (Figure 4). The ROC of the training and verification I sets is depicted in (Figure 5). In the verification I sets, the C-index of the overall survival predicted by the nomogram was 0.769 (95% CI 0.710 -0.828), which was greater than the C-index of the AJCC staging system (C-index=0.700 95% CI 0.644 -0.756). The DCA was applied to make comparisons of the availability and advantages between the nomogram model and the AJCC staging system. In the validation I sets, the nomogram has a greater overall advantage over a number of death hazards than the AJCC staging system, which was revealed by the 3-year and 5-year DCA curves, (Figure 6).




Figure 4 | The calibration plot for predicting 3- and 5-year overall survival for patients with MBC. Calibration plot of nomogram prediction of (A) 3-year and (B) 5-year OS of patients with MBC in the training and validation I sets.






Figure 5 | Discriminatory accuracy for predicting OS examined by ROC analysis calculating AUC. There-year OS in the training and validation I sets (A). Five-year OS in the training and validation I sets (B).






Figure 6 | DCA for the Nomogram and AJCC staging system in the validation cohort. DCA in the prediction of patients at 3-year (A) and 5-year (B) in the training and validation I sets.



According to the validation II sets, the C-index indicated by the overall survival of the externally confirmed was 0.728 (95% CI 0.588-0.869). The calibration plots in the training and validation II sets indicated a comparatively high uniformity between the nomogram prognostication and the actual observation (Figure 7). The training and verification II sets’ ROC is provided in Figure 8. In the validation II sets, the 3-year and 5-year DCA curves also indicated that the nomogram had a bigger overall advantage over the availability than the AJCC staging scheme (Figure 9).




Figure 7 | The calibration plot for predicting 3- and 5-year overall survival for patients with MBC. Calibration plot of nomogram prediction of (A) 3-year and (B) 5-year OS of patients with MBC in the training and validation II sets.






Figure 8 | Discriminatory accuracy for predicting OS examined by ROC analysis calculating AUC. There-year OS in the training and validation II sets (A). Five-year OS in the training and validation II sets (B).






Figure 9 | DCA for the Nomogram and AJCC staging system in the validation cohort. DCA in the prediction of patients at 3-year (A) and 5-year (B) in the training and validation II sets.






Discussion

Metaplastic breast cancer is rare and generally highly aggressive invasive carcinoma, accounting for 0.2-5% of all breast cancers, characterized by differentiation of the neoplastic epithelium to squamous and/or mesenchymal components (11). The histologic structure of MBC is diversified, consisting of both neoplastic cells and metaplastic cancer tissue, or just metaplastic neoplastic tissue (12), which was further divided into several subgroups: low-grade adenosquamous carcinoma, fibromatosis-like metaplastic carcinoma, squamous cell carcinoma, metaplastic carcinoma with mesenchymal differentiation, mixed metaplastic carcinoma, according to The World Health Organization (WHO) (2, 11, 13).

Traditionally, for assessing prognosis, diagnosing cancer patients, and selecting the most beneficial treatment modalities, the American Joint Committee on Cancer (AJCC) staging guideline has emerged as the gold standard (3). Given that it ignored other biological factors that impact cancer prognosis, at the level of individual treatment, the decisive status of the AJCC staging system has aroused suspicion. Actually, biological markers and other factors may also play a part. In our study, this nomogram demonstrates that, in addition to the T stage, N stage, and M stage, the age of diagnosis, surgery, and whether radiation is administered have a larger influence on prognosis.

According to earlier research, MBC typically affects women over the age of 50 (2, 11). In our study, age is divided into <50 years old, 50-64 years old, 65-80 years old, and 80+ years old. The univariate and multivariate analysis revealed that age is an independent prognostic factor for patients with MBC. The nomogram model showed that age had a pretty great impact on prognosis, in which the 80+ years old subtype of age is assigned a rather high score.

Currently, ER status, PR status, and HER-2 status are three core indicators in medical decision-making, according to ASCO and NCCN recommendations (14–16). However, in our study, ER,PR, and HER-2 status were not the independent prognostic factor for patients with MBC in either multifactorial or univariate Cox analysis. In this study, the positive rate for these three markers is relatively low. Weigelt et al. also demonstrate that more than 90% of MBC patients have a triple-negative phenotype (13), which is consistent with the findings of this study. Even if HR or HER2 status is positive, the efficacy of endocrine treatment and targeted therapy for MBC patients needs to be further investigated.

MBC manifests as a rapidly increasing palpable breast mass, appearing as an ill-defined phyma on imaging without unique radiological signs (12, 17). In this study, patients with MBC had primary tumors that were noticeably larger than those with IDC. Most MBC patients (75.1%) arrived with tumors that were T2 and above, whereas most IDC patients presented with tumors smaller than 20mm (i.e.T1). Further, T3 and greater stage accounted for 27.2% of MBC, and only 9.2% of IDC (p < 0.001). Interestingly, patients with MBC presented a lower rate of lymph node metastasis (2). In this study, only 23.8% of 1605 patients with MBC demonstrate lymph node involvement. Although lymph node involvement was less frequent, more commonly stage II and above (MBC 77.6% vs. IDC 48.4%, p < 0.0001) were seen in MBC patients. MBC patients were also more likely to have stage III (16.9%) or stage IV disease (10.3%), in comparison to IDC patients (10.3% and 4.0%, respectively). The outcomes of the appeal were also corroborated by single-center data from the Union Hospital of Fujian Medical University.

It was not until 2000 that MBC was officially recognized as a distinct pathologic phenotype (12), which results in lacking randomized controlled studies that evaluate treatment modalities and the prognosis in patients with MBC. And that for patients with MBC, endocrine therapy and targeted therapy, which target ER, PR, and HER2 respectively, have limited benefits. Although poor prognosis indicates the limitations of the existing therapeutic alternatives, like IDC, surgery, radiotherapy, and chemotherapy are still the mainstays of treatment for MBC. No association of surgery type with survival was concluded by Haque W and colleagues, examining patients with MBC from Surveillance, Epidemiology, and End Results (SEER) data from 1988 to 2006 (18). Whereas, in this study, surgery was proven to be an independent prognostic factor for MBC in both univariate and multifactorial analyses. Ninety-four point two percent of MBC and IDC patients were treated surgically, but patients with MBC most frequently underwent mastectomy (53.2%), whereas those with IDC most frequently underwent BCS (57.4%). This discrepancy was attributable to a larger primary tumor of the MBC patients, with 16.9% of MBC primary tumors measuring more than 5cm in size as opposed to just 5.1% of IDC primary tumors. Compared to mastectomy, breast-conserving surgery has a better prognosis, according to Kaplan-Meier overall survival curves for patients with MBC, which may be caused by the effects of receiving radiotherapy following breast-conserving surgery (19), with is consistent with the study of Onitilo and colleagues (20). Meanwhile, the effects of a mastectomy on a patient’s physical appearance, quality of life, and psychological health cannot be denied, which may lead to a poorer prognosis (21).

In addition to surgery, radiotherapy (HR=0.57, p<0.001) was found to be also an independent prognostic factor for MBC in both univariate and multivariate Cox regression analysis. In contrast to pT1-2 N0 instances, radiotherapy was associated with OS improvements in pT3-4/N+ patients (8, 18), according to a report from the National Cancer Data Base (NCDB) (22). And Warren H et al. report that patients at “high risk” who have tumors greater than 5cm in size or more than four metastatic axillary lymph nodes are the ones who can benefit from radiotherapy (8, 22, 23). The majority of the MBC patients in this study have primary tumors that were large enough to benefit from radiation. However, there is a dearth of evidence on the effectiveness of chemotherapy in MBC patients. In this multivariate Cox regression analysis, chemotherapy was proven not to be an independent prognostic factor for MBC patients. The application of chemotherapy is an extension of more prevalent histologic subtypes of breast cancer (24). And retrospective studies by D. Rayson have demonstrated that MBC patients benefit less from conventional chemotherapy regimens than do IDC patients (2).

Notably, studies have found evidence that patients with triple negative breast cancer(TNBC) who have BRCA mutations may benefit from poly(adenosine diphosphate-ribose) polymerase inhibitors (PARPi) and platinum salts treatment. For homologous recombination DNA repair, BRCA1/2 encode proteins are indispensable. And breast cancers with BRCA mutations exist a deficiency in homologous recombination repair. Utilizing the principle of synthetic lethality, the poly(adenosine diphosphate-ribose) polymerase inhibitors (PARPi) could target and kill tumor cells with a deficiency in homologous recombination repair. Therefore, Olaparib is the first PARPi to have received approval for the treatment of breast cancer as a result. On the other hand, BRCA mutations make cancer cells more sensitive to the platinum compound, which is also connected to a defective homologous recombination system. Some findings suggest BRCA mutation carriers had longer disease-free intervals and survival following platinum salt therapy (25–31). Thus, BRCA sequencing could be a suitable biomarker for predicting patient response to PARPi and platinum salts in TNBC. And the majority of MBC patients are “triple-negative”(i.e., negative for human epidermal growth factor receptor 2 and estrogen and progesterone receptors), who may benefit from PARPi and platinum salts treatment.

In contrast to IDC, MBC is a relatively chemorefractory malignancy with a significant unmet demand. Some clinical trials for MBC are now conducted to find more effective treatments. For instance, an isolated study from 2018 discovered a durable response to therapy with a P13K inhibitor (buparlisib) for MBC (32). And a 2018 study observing the response of these MBCs to inhibition of mTOR with Afinitor (everolimus) or Toris (temsirolimus) drugs found that patients with triple-negative MBC treated with mTOR inhibitors warranted further exploration (33, 34). Sylvia Adams et al. also found no additional safety issues in MBC patients treated with the combination of ibritumomab and nabumab, and achieved an objective remission rate of 18% for the primary endpoint (35). Meanwhile, in examining the levels of tumor-infiltrating lymphocytes (TILs) and survival data of patients with MBC, Kalaw et al. found the clinical significance and prognostic value of FOXP3, PD-1/PD-L1 and tumor-infiltrating lymphocytes in MBC and confirmed that immunotherapy may be a potential treatment for part patients with MBC (36).

The nomogram model has been validated internally and externally in multiple ways. A relatively higher C-index, relatively high uniformity of the calibration plots, a great receiver operating characteristic(ROC) curve, and decision curve analysis(DCA), prove that the nomogram model has higher predictive accuracy, stronger discriminative ability, greater clinical effectiveness, and benefit respectively. And the nomogram model had a bigger overall advantage over the availability than the AJCC staging model.

In this study, the nomogram model could also be applied to the Chinese MBC patients, which was confirmed by the verification II sets. According to the data of 49 MBC patients from the Union Hospital of Fujian Medical University, Chinese MBC patients more received a mastectomy, with a larger proportion of chemotherapy and less radiotherapy. Part of the reason is that patients with MBC have a younger age composition in China. Young breast cancer patients have distinctive biological behavior, a more aggressive type of pathology, and are more likely to accept a mastectomy and chemotherapy, which was also proved by Partridge et al. (37).

Limitations of this study include that we failed to explore the characteristics and prognosis of several subgroups of MBC separately. Second, SEER data lacks information about BRCA, FOXP3, PD-1/PD-L1, chemotherapy regimens, and genomic profiling. Additionally, there is a dearth of more data from Chinese research centers to verify the nomogram. Finally, prospective research on therapy options and prognosis is critical, although MBC is relatively rare. However, our investigation provided fresh insight into the clinicopathological features and prognosis of MBC patients.



Conclusions

MBC patients have larger primary tumors, less lymph node invasion, mostly triple-negative phenotype, and relatively chemorefractory tumors with a high unmet need. Patients with MBC have a much poorer prognosis than those with IDC. This nomogram is recommended for patients with MBC, both American and Chinese, which can help clinicians make more accurate individualized survival analyses.
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Bilateral metachronous breast malignancies: Malignant phylloides and invasive breast carcinoma—a case report
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A 57-year-old Malay nullipara initially presented with a right breast lump that was increasing in size but defaulted follow-up. Two years later, she developed a contralateral breast lump. She only returned to the hospital when the right breast lump had become painful, 4 years from its onset. The biopsy of the right breast lump was a phylloides tumor and that of the left breast lump was a carcinoma. She had bilateral palpable axillary lymph nodes. She underwent bilateral mastectomy and axillary dissection. The pathology report confirmed the right breast lesion to be a malignant phylloides and the left breast lesion to be a carcinoma (pT3N2). She declined adjuvant treatment. A year after the surgical operation of the metachronous lesions, she had a right chest wall recurrence with widespread pulmonary metastases. She was given palliative chemotherapy but succumbed several months later.




Keywords: metachronous, malignant phylloides, breast carcinoma, mastectomy, recurrence





Introduction

The occurrence of bilateral breast cancer is uncommon; the incidence is 3% of all breast cancers. The second cancer may be synchronous or metachronous. Synchronous breast cancer is defined as breast cancer occurring within 1 year of the earlier cancer. Metachronous cancers develop more than a year from the initial cancer (1). There have been rare reports of synchronous phylloides tumors (PTs) with contralateral invasive carcinoma (2) and metachronous bilateral breast cancers of different histopathology (3–5).





Case report

Madam R was a Malay nullipara, a banker, with no known medical illness. She had menarche and menopause at the age of 12 and 55 years, respectively. She had no history of oral contraceptive pill usage or hormonal replacement therapy. There was no family history of breast or ovarian malignancy.

At 57 years old, she complained of a right breast lump. A mammogram was done at the National Cancer Society Center. She was informed that there were mammogram abnormalities in the right breast. However, she defaulted follow-up and sought alternative treatment instead.

Two years later, she presented to another hospital. The right breast lump had increased in size and she was found to have a contralateral breast lump. A mammogram with complementary breast and axillary ultrasound showed bilateral BI-RADS 5 lesions. A core-needle biopsy showed the right breast lump to be a PT, but the left breast lump was reported to be benign. As the left breast biopsy may have missed the lesion because it was discordant with the imaging findings, she was advised to undergo a repeat biopsy but she declined. Again, she defaulted follow-up.

At 61 years old, the patient came to our hospital due to pain in the right breast lump. On clinical examination, there was a hard bosselated mass occupying the whole right breast measuring 12 cm × 13 m with a right axillary lymph node measuring 1.5 cm. On the contralateral breast, there was an upper inner quadrant mass measuring 4.5 cm × 6.8 cm with a left axillary lymph node measuring 1 cm.

A mammogram of the left breast showed a lobulated mass with clustered microcalcifications at the upper inner quadrant with associated architectural distortion. Core-needle biopsy was repeated for the left breast lump and reported to be a left invasive carcinoma, no special type, ER positive >95%, PR positive 30%, and HER2 negative 1+.

Computed tomography (CT) of the thorax, abdomen, and pelvis was done to stage the disease. The CT scan revealed a well-defined lobulated heterogeneously enhancing mass at the retroareolar and outer half of the right breast measuring 7.9 × 13.3 × 10.5 cm with a necrotic center and foci of calcifications within. The right nipple was retracted and the skin was thickened. The mass was abutting the right pectoralis muscles with no clear fat plane at the central region (Figure 1A). A lobulated heterogeneously enhancing mass at the upper inner quadrant of the left breast extended to the retroareolar region, measuring 2.4 × 5.4 × 4.2 cm with calcifications and a necrotic center within (Figure 1B). There were bilateral enlarged axillary lymph nodes.




Figure 1 | CT scan of the thorax. (A) Right breast mass, arrowed. (B) Left breast mass, arrowed.



The patient underwent bilateral mastectomy and axillary dissection successfully (Figures 2A-C). Intraoperatively, the masses were not attached to the underlying pectoralis muscle and were easily removed from the pectoralis fascia. The right mastectomy specimen weighed 1.2 kg with a maximal diameter of 16 cm and was a malignant phylloides (Figure 3). A right axillary dissection was performed as the lymph nodes were palpable, but all 18 lymph nodes were clear of malignancy. The left mastectomy specimen weighed 400 g. The lump had a diameter of 6 cm. It was an invasive carcinoma of no special type (ER positive 60%, PR positive 50%, and HER2 negative) (Figure 4). The left axillary dissection revealed 7 positive out of a total of 13 lymph nodes. Microscopically, the closest surgical margin for each tumor was the deep margin measuring 1 mm.




Figure 2 | Photos of the patient. (A, B) Preoperatively, front and right lateral views. (C) Postoperatively, front.






Figure 3 | Microscopic analysis of the right breast. (A) The right breast tumor shows hypercellularity [hematoxylin–eosin (H&E) staining, ×4]. (B) The spindle-shaped cells are arranged in fascicles in a herringbone pattern (H&E, ×20). (C) Focal leaf-like pattern typical of phylloides tumor with adjacent necrosis (H&E, ×4). (D) The tumor is seen less than 1 mm from the inked deep margin (H&E, ×4).






Figure 4 | Microscopic analysis of the left breast. (A, B) The left breast tumor shows variable morphology of invasive carcinoma comprised of infiltrating small ducts, cords, and cribriform glands with a micropapillary pattern (H&E, ×4). (C) Clusters of cells floating in mucin pools (H&E, ×4). (D) The malignant cells display pleomorphic vesicular nuclei with inconspicuous nucleoli (H&E, ×20).



Unfortunately, the patient declined all adjuvant therapy despite repeated advice. A year after the operation, she developed an enlarging right chest wall lump. When she came, it measured 10 cm which was biopsied and confirmed to be a recurrent malignant PT. There were also right palpable axillary lymph nodes. A CT scan of the thorax demonstrated a large right chest wall mass, right axillary lymph nodes measuring 3.1 × 4.9 × 6.8 cm, and multiple lung nodules of varying sizes.

She underwent several cycles of palliative chemotherapy (paclitaxel) but had neutropenic sepsis with obvious disease progression. She declined further chemotherapy and was just given oral endocrine treatment (letrozole) for several weeks. She succumbed soon after due to widespread pulmonary metastases.





Discussion

PTs, originally known as cystosarcoma phylloides, are rare fibroepithelial breast tumors. They are characterized by the proliferation of epithelial and stromal components. They constitute less than 1% of breast neoplasms (6) and are more common in the fifth decade of life, as in this patient. They are characterized by rapidly growing breast lumps with a median symptom duration of 2 months (7). The WHO has classified PTs into benign, borderline (low-grade malignant), and malignant (high-grade malignant) based on histology, and they constitute 52.3%–74.6%, 11.1%–16.1%, and 9.3%–20% of cases, respectively (6).

PTs appear as well-circumscribed round or oval lobulated masses on mammogram. They occasionally contain calcifications. While on ultrasound, they appear as well-circumscribed round or oval lobulated hypoechoic, solid masses. Scattered cystic components may be seen at times. There are no distinct imaging characteristics to reliably distinguish benign from malignant PTs. However, features that may raise a suspicion of malignancy include branching, segmental or pleomorphic-type microcalcifications and spiculated masses on mammogram, and increased height–width ratio of irregular or ill-defined lesions on ultrasound (8).

In our patient, her initial right breast biopsy showed epithelial and connective tissue hyperplasia with no evidence of malignancy, with features favoring a benign PT. However, 2 years later, the right breast (mastectomy specimen) had transformed into a malignant PT with fibrosarcomatous elements.

Malignant transformation usually arises from the stromal components (6). For this patient, the right breast tumor showed malignant features such are hypercellularity, composed of spindle-shaped cells arranged in fascicles in a herringbone and a focal leaf-like pattern typical of PT with adjacent necrosis. The left breast tumor showed the morphology of invasive carcinoma comprised of infiltrating small ducts, cords, and cribriform glands with a micropapillary pattern and clusters of cells floating in mucin pools.

There were several reports of synchronous PTs with contralateral invasive carcinoma but only one case was reported to be metachronous (2, 7). We believe this is only the second of such a case reported in the literature.

Treatment of PTs is generally wide local excision, or mastectomy, with a minimum margin of 1 cm. Adequate clear margins can prevent a recurrence, especially in borderline and malignant PTs (8). PTs typically behave more like sarcomas and do not metastasize to regional lymph nodes (9). In this case, for PT in the right breast, mastectomy and axillary lymph node dissection were performed, due to the size of the tumor which occupied the whole breast and the palpable ipsilateral right axillary lymph nodes. Mastectomy and axillary dissection were performed on the contralateral breast (invasive carcinoma) with palpable lymph nodes. She would have benefitted from prompt adjuvant chemotherapy, radiotherapy, and endocrine therapy to treat the left breast carcinoma with high nodal involvement. Adjuvant chemotherapy is usually reserved for metastatic malignant phylloides. Radiotherapy has a role in the treatment of malignant phylloides and carcinoma when there are involved margins, or margins less than 1 cm for malignant phylloides (10). As the two malignancies respond differently to the various treatment modalities, each lesion has to be dealt with individually, as stated above.

Postoperatively, the risk of local recurrence for PTs is reported as 8% in 10 years with adequate excised margin (2). Unfortunately, for this patient, both tumors had close surgical margins. This made the local recurrence risk of the PT to be high as the surgical margin was less than 1 cm. Hence, regular clinical and annual mammograms, in cases of breast-conserving surgery, are essential to detect early signs of local recurrence.

It is reported that distant metastases (brain and lungs) occur in 10% of malignant PTs. Once metastases have occurred, they indicate a poor prognosis as they respond to systemic therapy poorly (8). The survival outcomes for those with metastatic disease from a breast carcinoma are better than those from a malignant PT. There has been no single publication comparing survival data head-to-head between breast carcinoma and malignant phylloides. For those with stage 4 breast carcinoma, the 5-year survival has been found to vary from 15% to 27% (11). However, the median overall survival of those with metastatic malignant PT has been reported to be only 10.7 months (12).

The coexistence of invasive breast carcinoma and PTs in the ipsilateral breast has been described in the literature; it is hypothesized that this could be due to the invasive breast carcinoma cells arising from the adjacent tissue or within the phylloides tissues. Mathias et al. (2) postulated that the coexistence of contralateral invasive breast carcinoma and PTs could be associated with germline mutations (PTEN and PARP4 genes) and exposure to radiotherapy. Both of these factors increase the risks of metachronous and synchronous malignancies. However, our patient was not known to have any germline mutation and was neither exposed to prior radiotherapy.

Similar to this patient, there is a small but significant percentage of the Malay population in Malaysia who tend to favor alternative treatment and present themselves late to the hospital which results in a poor clinical outcome (13) despite ongoing public education efforts by the government and non-governmental agencies.





Conclusion

Metachronous and synchronous contralateral malignant phylloides and invasive breast carcinoma are rare. However, clinicians and pathologists need to be aware of the possibility of two different pathologies existing when dealing with bilateral breast disease, as in this case, as the required treatment options and eventual outcomes differ. More studies need to be done in order to understand the histopathological events better.
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Background

Male breast cancer (MBC) is rare, which has restricted prospective research among MBC patients. With effective treatments, the prognosis of MBC patients has improved and developing a second primary malignancy (SPM) has become a life-threatening event for MBC survivors. However, few studies have focused on the prognosis of MBC patients and looked into the SPM issue in MBC survivors.



Method

We reviewed MBC patients diagnosed between 1990 and 2016 from the latest Surveillance, Epidemiology, and End Results (SEER) Plus database. Competing risk models and nomograms were conducted for predicting the risk of cancer-specific death and SPM occurrence. C-indexes, calibration curves, ROC curves, and decision curve analysis (DCA) curves were applied for validation.



Result

A total of 1,843 MBC patients with complete information were finally enrolled and 60 (3.26%) had developed an SPM. Prostate cancer (40%) was the most common SPM. The median OS of all the enrolled patients was 102.41 months, while the median latency from the initial MBC diagnosis to the subsequent diagnosis of SPM was 67.2 months. The patients who suffered from an SPM shared a longer OS than those patients with only one MBC (p = 0.027). The patients were randomly divided into the development cohort and the validation cohort (at a ratio of 7:3). The Fine and Gray competing risk model was used to identify the risk factors. Two nomograms were constructed and validated to predict the 5-year, 8-year, and 10-year survival probability of MBC patients, both of which had good performance in the C-index, ROC curves, calibration plots, and DCA curves, showing the ideal discrimination capability and predictive value clinically. Furthermore, we, for the first time, constructed a nomogram based on the competing risk model to predict the 5-year, 8-year, and 10-year probability of developing an SPM in MBC survivors, which also showed good discrimination, calibration, and clinical effectiveness.



Conclusion

We, for the first time, included treatment information and clinical parameters to construct a nomogram to predict not only the survival probability of MBC patients but also the probability of developing an SPM in MBC survivors, which were helpful in individual risk estimation, patient follow-up, and counseling in MBC patients.





Keywords: male breast cancer, second primary malignancy, prognosis, survival probability, nomogram




Introduction

Breast cancer is relatively uncommon in men. Approximately 2,000 men are diagnosed with breast cancer annually in the USA, accounting for 1% of all new breast cancer patients and 0.03% of all new malignant diseases in men (1). Male breast cancer (MBC) has a similar mortality rate to female breast cancer at 17% (2). Mortality rates in Europe remained fairly stable, but the USA indicated an increase in incidence (3, 4). This trend could result from an increase in longevity in the population, since age is the major determinant of risk for most solid tumors. The incidence of MBC had a similar increasing rate with that of female breast cancer, which is probably related to the popularity of mammography screening (5, 6). However, it was shown that the prognosis of MBC patients was worse than that of female breast cancer patients (7–9). Similar to female breast cancer, the incidence of MBC also has regional differences, which is higher in North America and Europe and lower in Asia (10). The majority of MBCs do not have specific risk factors, and some small-sample studies showed that a high level of estrogen and an imbalance of hormones may contribute to the development of MBC (11–13). Genetic factors may also have a possible connection to MBC, and BRCA2 mutations appear to be the strongest risk factor for breast cancer in men with a lifetime risk of 7%, which is approximately 80 times more than the general population (14).

The rarity of MBC has restricted prospective studies on it. Principles of treatments of MBC are derived largely from randomized trials carried out in women (15, 16). Ninety percent of MBCs are estrogen-receptor-positive; tamoxifen is the standard adjuvant therapy, and some individuals could also benefit from chemotherapy. Hormonal therapy is the main treatment for metastatic disease (17), while chemotherapy can also provide palliation (10). In addition, advances in early screening and treatments have caused a considerable proportion of MBC survivors. For some survivors, second primary malignancy (SPM) is one of the most potentially life-threatening outcomes (18). At present, no research has focused on the SPM in MBC survivors, and the prediction models of developing an SPM in MBC patients have not been provided. In this study, we developed two nomogram models to predict the survival probability of MBC patients using the competing risk method. Furthermore, we built an additional nomogram to predict the probability of an MBC survivor developing an SPM.



Method




Data sources and population selection

The data of the present research were obtained from the latest Surveillance, Epidemiology, and End Results (SEER) Plus database (SEER 9 Registries data, with additional treatment information, Nov 2021 sub). The SEER database is an authoritative source of information on cancer, covering approximately 34.6% of the population in the USA. The records of male patients diagnosed with breast carcinoma between 1990 and 2016 were extracted using the SEER*Stat software (version 8.4.1), ensuring long-term follow-up of at least 5 years to estimate the risk of developing a second primary cancer. The International Classification of Diseases for Oncology third edition (ICD-O-3) was used to identify breast malignancy by site code C50 (including C50.1 to C50.9). The three key variables “year of diagnosis”, “sequence number”, and “total number of in situ/malignant tumors for patient” of the SEER Plus database were used to determine the status of SPM. Cases that were diagnosed as synchronous cancers occurring as SPM within 2 months after initial diagnosis or those in which the breast malignancy was not the patients’ first primary malignancy were excluded. The inclusion criteria were as follows: (1) male breast malignancy was the only or the first primary malignancy; (2) histological diagnosis confirming the existence of breast malignancy; and (3) under treatment and the follow-up data were available. The exclusion criteria were as follows: (1) incomplete cases with missing information on important variables; (2) the SPM (if any) data were incomplete; (3) initially diagnosed with distant metastasis; and (4) synchronous cancers. The flowchart of case selection is shown in Supplementary Figure 1.




Variable declaration and outcome

A total of 1,843 MBC patients were involved in this study. Variables such as age, race, marital status, year of diagnosis, sequence number, total number of in situ/malignant tumors for patient, histological type, tumor grade, TMN stage, surgery performance, radiotherapy performance, chemotherapy performance, months from diagnosis to treatment, the hormone receptor (HR) status, HER2 status, survival time, and cause of death were extracted. Age was regrouped into six groups (<45, 45–55, 55–65, 65–75, 75–85, and 85+). Race was regrouped into white, black, and other. Marital status included married, single, and divorced. Histological type was divided into infiltrating duct, adenocarcinoma, and other by the SEER Plus database. The HR status was classified as HR positive [estrogen receptor (ER) and/or progesterone receptor (PR) was positive] and HR negative (both ER and PR were negative). TMN stage was adjusted to the 6th AJCC staging edition by the SEER Plus database in the additional analysis. The site and the diagnosis time of the SPM were recorded. Overall survival (OS) refers to the time from the initial cancer diagnosis to cancer-specific death.




Study design and methods

The cumulative incidence of cancer-specific death and the occurrence of SPM were calculated based on the Fine and Gray competing risk model. The Kaplan–Meier method was constructed to estimate the difference in OS between MBC survivors with and without an SPM. The entire cohort was randomly divided into a development cohort (70%) and a validation cohort (30%) for the development and validation for the competing risk nomogram. Standardized mean differences (SMDs) were used to assess distributional differences in the baseline variables between the development and validation cohorts. As HER2 status is known to be tested after 2010, and HER2 status should be routinely diagnosed clearly in breast cancer patients nowadays, sensitivity analyses were carried out excluding those MBC patients whose HER2 was unknown or whose diagnosis was made prior to 2010.




Variable selection

The univariate and multivariate Cox regression analyses were firstly performed to identify variables that significantly affected the breast cancer-specific survival and occurrence of SPM. However, applying only univariate and multivariate Cox regression analyses was inadequate, because aside from the primary tumor, there were other factors that might threaten the patients’ lives, such as accidents and infectious or other serious diseases. As a result, death due to other causes acted as a competing risk event to death due to a specific cancer. Hence, the Cox proportional hazards model might overestimate the incidence rate of the outcome with the passage of time. Similarly, death due to primary breast cancer or other causes also acted as a competing event for the MBC patients to develop an SPM—only those cured from MBC could have the probability of developing an SPM during their long survival time. In this study, the additional Fine and Gray competing risk analysis was applied to compare the association among different causes of death with a competing risk framework: death due to breast cancer or death due to other causes. Then, as for the occurrence of SPM in MBC survivors, the Fine and Gray method was also applied: death due to primary breast cancer or other causes was the competing event in the development of an SPM.




Competing risk nomogram construction and evaluation

In order to help clinicians predict the survival probability of MBC patients and their individual probability to develop an SPM, nomograms were established based on the multivariate competing risk models. Next, we identified low-risk and high-risk survivors by calculating the 50th quantiles of total points of the nomograms and compared the difference of their survival time. Validation of these nomograms was performed by calculating the concordance index (C-index) and plotting calibration curves by a bootstrapping method with 1,000 resamples. Furthermore, the receiver operating characteristic (ROC) curves were drawn to estimate the predictive value by calculating the area under the ROC curves (AUCs). Meanwhile, decision curve analyses (DCAs) were conducted to show the clinical effectiveness of the nomogram models.




Statistical analyses

All analyses were performed using R software (version 4.21, https://www.r-project.org/). Significance level was set as p < 0.05.




Results




Patient characteristics

A total of 1,843 MBC patients, who were initially diagnosed between 1990 and 2016, were finally enrolled in the present study. Among these MBC patients, 60 (3.26%) developed at least one SPM. A total of 339 (18.39%) patients died from MBC, and 707 (38.4%) patients died from other causes. Among those survivors who suffered from an SPM, prostate cancer represented 24 (40%) of all SPMs, followed by lung and bronchus cancer at 6 (10.0%), melanoma of the skin at 5 (8.3%), secondary breast cancer at 4 (6.7%), liver cancer at 3 (5.0%), urinary bladder cancer at 3 (5.0%), kidney and renal pelvis cancer at 2 (3.3%), NHL at 2 (3.3%), pancreas cancer at 2 (3.3%), rectal cancer at 2 (3.3%), and stomach cancer at 2 (3.3%). The SPM details of these MBC survivors are shown in Figure 1. The median OS of all the enrolled patients was 102.41 months. The median latency from diagnosis of initial breast primary cancer to subsequent diagnosis of the SPM was 67.2 months. The detailed information of these MBC patients is summarized in Tables 1, 2.




Figure 1 | The detailed distribution of the SPMs among MBC survivors. Prostate cancer represented 24 (40%) of all SPMs, followed by lung and bronchus at 6 (10.0%), melanoma of the skin at 5 (8.3%), the secondary breast cancer at 4 (6.7%), liver at 3 (5.0%), urinary bladder at 3 (5.0%), kidney and renal pelvis at 2 (3.3%), NHL at 2 (3.3%), pancreas at 2 (3.3%), rectum at 2 (3.3%), and stomach at 2 (3.3%).




Table 1 | Patient characteristics and clinicopathological variables.




Table 2 | Patient characteristics (with or without SPM).






Kaplan–Meier analysis

As is shown in Figure 2A, there was no significant difference in OS between the development and validation cohorts (p = 0.83). The OS of MBC patients who did not suffer from an SPM was 101.87 ± 68.17 months, while the OS of those who suffered from an SPM was 118.63 ± 75.76 months. Those who developed an SPM have a significantly longer OS (Figure 2B, p = 0.027).




Figure 2 | The survival analyses. (A) There was no significant difference in OS between the development and validation cohort (p = 0.83). (B) Those who developed an SPM have a significantly longer OS in MBC survivors (p = 0.027).






Univariate and multivariate Cox regression analysis with cancer-specific death

Univariate and multivariate Cox regression were applied in the development cohort to select the predictive variables for the prediction models of cancer-specific death. MBC patients whose HER2 was unknown or diagnosed prior to 2010 were excluded in the following sensitivity analyses as mentioned above. As is shown in Table 3, tumor grade, TMN stage, surgery, and chemotherapy were related to OS in the univariate analysis, while in the multivariate Cox regression, chemotherapy failed to show a significant relation with OS.


Table 3 | Univariate and multivariate analysis of cancer-specific death.






Univariate and multivariate Cox regression analysis with the occurrence of SPM

Univariate and multivariate Cox regression were also applied to select the predictive variables for the occurrence of SPM. As is shown in Table 4, marital status showed a significant relation with the occurrence of SPM in the univariate analysis. Moreover, in the multivariate Cox regression, age, race, tumor differentiated grade, histological type, TMN stage, chemotherapy, and the waiting time from diagnosis to begin treatment were significant.


Table 4 | Univariate and multivariate analysis of the occurrence of SPM.






Fine and Gray competing risk models

The Fine and Gray method was used to estimate the risk predictors for cancer-specific death and the occurrence of SPM. The results of the characteristics are provided in Table 5. Age, race, marital status, histological type, TMN stage, therapy, the waiting time from diagnosis to begin treatment, HR status, and HER2 status were the significant risk factors for both cancer-specific death and the development of an SPM.


Table 5 | Risk factors associated with cancer-specific death and occurrence of SPM.






Nomogram construction and validation

The first two nomograms were established based on the previously mentioned risk factors to predict the survival probability of MBC patients. Age, race, marital status, tumor differentiated grade, histology, TMN stage, surgery, radiotherapy, chemotherapy, duration to begin treatment, HR status, and HER2 status, which were selected by the Fine and Gray method, were enrolled in nomogram model 1 to predict the 5-year, 8-year, and 10-year survival probability of MBC patients (Figure 3A). Meanwhile, age, tumor differentiated grade, TMN stage, and surgery, which were selected by the multivariate Cox regression, were included in nomogram model 2 (Figure 3B) to predict the same survival probability above. The C-index of model 1 was 0.710 in the development cohort and 0.703 in the validation cohort, while model 2 had a C-index at 0.728 in the development cohort and 0.718 at the validation cohort. Both model 1 (AUC = 0.713) and model 2 (AUC = 0.757) achieved a better predictive value than the AJCC TMN staging system (AUC = 0.689) in the ROC analysis shown in Figure 4A. The integrated discrimination improvement (IDI) and net reclassification improvement (NRI) between model 1 and TMN stage were 0.610 (95% CI 0.490–0.258) and 0.333 (95% CI 0.182–0.508), respectively. Meanwhile, The IDI and NRI between model 2 and TMN stage were 0.059 (95% CI 0.036–0.193) and 0.290 (95% CI 0.154–0.513), respectively. The calibration curves show that both model 1 and model 2 had good agreement between predicted probability and the observed outcome (Figures 4B, C). The DCA also showed that model 1 (Figures 4D, E) and model 2 (Figures 4F, G) had a good discrimination in both the development and validation cohorts. We divided the patients into a low-risk group and a high-risk group at the 50th percentile of nomogram total points and compared the difference of the survival time among these subgroups. Figures 5A, B show that there were significant differences in survival time between different risk groups in both the development cohort (p = 0.0022) and the validation cohort (p = 0.002), based on nomogram model 1 (Figure 3A). Meanwhile, Figures 5C, D also show the survival time difference between different risk groups in the development cohort (p = 0.001) and the validation cohort (p = 2e-04), based on nomogram model 2 (Figure 3B), which indicated that both of these nomogram models had a good discrimination capability for the survival probability of the MBC patients. The details of these two nomograms are shown in Supplementary Tables 1, 2.




Figure 3 | (A) The nomogram model 1 to predict the 5-year, 8-year, and 10-year survival probability of MBC patients based on the Fine and Gray method. (B) The nomogram model 2 to predict the same survival probability of MBC patients based on the multivariate Cox regression.






Figure 4 | (A) Both model 1 and model 2 showed better predictive value than TMN stage in the ROC analyses. (B) The calibration curve of model 1. (C) The calibration curve of model 2. (D) The DCA of model 1 in the development cohort. (E) The DCA of model 1 in the validation cohort. (F) The DCA of model 2 in the development cohort. (G) The DCA of model 2 in the validation cohort.






Figure 5 | (A) The survival curves between different risk groups in the development cohort in model 1. (B) The survival curves between different risk groups in the validation cohort in model 1. (C) The survival curves between different risk groups in the development cohort in model 2. (D) The survival curves between different risk groups in the validation cohort in model 2.



An additional nomogram model 3 was established to predict the probability of MBC survivors developing an SPM within 10 years after the initial diagnosis. All of the risk factors selected by the Fine and Gray method were included in model 3 (Figure 6A). The C-index of model 3 was 0.909 in the development cohort and 0.494 in the validation cohort. The AUC of the ROC curve in model 3 is 0.934 (Figure 6B). The calibration curve is shown in Figure 6C. The DCA curve is shown in Figure 6D in the development cohort and in Figure 6E in the validation cohort. The details of these risk factors are shown in Supplementary Table 3.




Figure 6 | (A) The nomogram of model 3 for predicting the 10-year probability of MBC survivors who suffer from an SPM. (B) The ROC curve of model 3. (C) The calibration curve of model 3. (D) The DCA of model 3 in the development cohort. (E) The DCA of model 3 in the validation cohort.






Discussion

MBC is a rare disease whose causes remain incompletely characterized and understood. Because of the limitation of large-scale randomized prospective research, MBC treatment largely follows the guidelines of female breast cancer (19). By applying sufficient therapies, such as surgery, chemotherapy, radiotherapy, endocrine therapy, targeted therapy, and immunotherapy, the prognosis of MBC survivors has improved in the past 25 years (20). With the longevity of the MBC survivors, SPM has become a life-threatening event. In the present study, we enrolled 1,843 MBC patients who were randomly divided into a development and a validation group at a ratio of 7:3. No difference was found between these two groups (Table 1). At present, a few studies focused on the prognosis of MBC patients. Wang et al. developed a nomogram to predict distant metastasis in MBC patients, based on univariate and multivariate logistic regression analyses, but did not focus on the probability of survival and the development of an SPM (21). Chen et al. constructed a nomogram to predict the prognosis of MBC patients based on univariate and multivariate Cox regression (22). Similar research was published by Zhang et al. (23). However, as we mentioned above, applying only Cox regression analysis was inadequate and would overestimate the risk of cancer-specific death, because aside from the primary tumor, there were other factors that might threaten their life (24), and death due to other causes actually acted as a competing event to death caused by MBC. In this study, two nomograms were constructed to predict the survival probability of MBC patients based on the Fine and Gray competing risk analysis and multivariate Cox regression, respectively, to correct this bias. Sun et al. performed a competing risk analysis in MBC patients but failed to include treatment information (25). As is shown in the present study, treatments influenced cancer-specific death and the occurrence of SPM. Different clinical circumstances with different treatment strategies might lead to different outcomes.

A few studies estimated the effect of initial treatment on the development of SPM in female breast cancer patients (26, 27), but no research has focused on the development of SPM in MBC survivors. To our knowledge, this is the first available nomogram for developing an SPM in MBC survivors in the presence of competing events.

In this study, 60 survivors developed an SPM. Prostate cancer was the most common SPM. Interestingly, previous research showed that prostate cancer was also the most common SPM in colon cancer survivors treated with colectomy (28). However, prostate cancer had a bigger portion in SPM patients than in the whole population (29). The efficiency of endocrine therapy, along with the high proportion of HR-positive status in MBC patients (17), warrants further study to clarify whether the endocrine status is related to the occurrence of the SPM. It is also worth noting that patients who suffered from an SPM shared a longer OS than those patients with only one MBC (Figure 2, p = 0.027), which indicated that the cumulative incidence of developing an SPM increased with the prolonged survival time.

Univariate and multivariate Cox regression analyses were insufficient, and in this study, we applied additional Fine and Gray competing risk analysis to show the differences among the risk factors associated with OS and the occurrence of SPM. We have constructed two nomogram models to predict the OS of the MBC patients: model 1 based on the risk factors selected by the Fine and Gray method, and model 2 based on the multivariate analysis. Both of these nomogram models achieved good C-index. Model 2 had an even better predictive value than model 1 and the TMN stage in the combined ROC analysis (Figure 4A). The calibration plots, the DCA curves, and the survival curves of different risk groups altogether showed that both of these models had an ideal discrimination capability and predictive value. Model 1 included more clinical details while model 2 was more simplified. According to our study, higher age at diagnosis, higher TMN stage, absence of surgery and radiotherapy, more than 1 month waiting time to begin treatment, and being HR and HER2 positive contributed to a poorer prognosis in MBC patients.

An additional nomogram model 3 was constructed based on the Fine and Gray method to predict the probability of the occurrence of an SPM. Li et al. focused on the SPM on female breast cancer patients and constructed a nomogram to predict the SPM probability of female breast cancer patients (30). A similar study was published by Bao et al. on female breast cancer patients (31). Mellemkjær et al. investigated whether pregnancy near the time of the initial female breast cancer diagnosis would increase the risk of an SPM and obtained a negative result (32). Chen et al. found that germline pathogenic variants in BRCA1, BRCA2, and ERCC2 increased the risk for female breast cancer patients of developing an SPM (33). Nevertheless, no similar research had been published in MBC patients and few studies had focused on the SPM issue in MBC patients. Satram-Hoang et al. found that there is a general tendency towards higher risks of SPM among younger men compared to older men but did not provide a predictive model (34). Hung et al. found that the risk of SPM was significantly higher for both male and female breast cancer patients compared with the general population (35). In this study, we constructed an available nomogram to predict the SPM probability of MBC patients. There were 36 SPM patients in the development cohort and 24 in the validation (Table 1). Nomogram model 3 achieved good performance in the C-index and DCA curve in the development cohort and attained an ordinary score in the validation cohort, which was attributed to the rarity of MBC and the small number of the enrolled SPM patients. However, the present study is still the first research to look into the SPM of MBC patients, and achieved an AUC at 0.934 (Figure 6B), which indicated a good predictive value of the predictive model.

A nomogram had been widely used for the prediction of certain clinical outcomes because it is convenient and reliable. In this study, we, for the first time, constructed competing risk nomograms including both the treatment information and the clinicopathological parameters to predict the prognosis of MBC patients and, for the first time, developed a competing risk nomogram to predict the probability of developing an SPM in MBC patients, which was thought to be helpful for both clinicians and the patients to estimate the risk and manage their strategies about treatment and follow-up.

There are some limitations in our study. First, this study was a population-based retrospective study using the SEER Plus database, which had missed some important variables of some of the patients, leading to more than 1,000 MBC patients being excluded because of the incomplete information. Second, some important risk factors for SPM that were rapidly developing or widely used in clinical practice nowadays, such as diet and lifestyle, family history of cancer, oncogene test, radiotherapy or chemotherapy protocols, and the performance of endocrine therapy, targeted therapy, or immunotherapy, were not included in the SEER Plus database. Additionally, MBC is a rare disease, and the SEER Plus database did not involve a larger population worldwide, which had restricted the scale of the present study and might lead to bias. An additional larger study is needed to determine the mechanism of SPM in MBC patients.



Conclusion

Our study for the first time included the treatment information and clinical parameters needed to construct an external validation competing risk nomogram to predict the survival probability of MBC patients, according to which higher age at diagnosis, higher TMN stage, absence of surgery and radiotherapy, more than 1 month waiting time to begin treatment, and being HR and HER2 positive contributed to a poorer prognosis in MBC patients. This study also, for the first time, constructed a nomogram to predict the probability of developing an SPM in MBC survivors, which was helpful in individual risk estimation, patient follow-up, and counseling in MBC patients.
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Background

Breast cancer (BC) is the most common malignant cancer. The prognosis of patients differs according to the location of distant metastasis, with pleura being a common metastatic site in BC. Nonetheless, clinical data of patients with pleural metastasis (PM) as the only distant metastatic site at initial diagnosis of metastatic BC (MBC) are limited.





Patient cohort and methods

The medical records of patients who were hospitalized in Shandong Cancer Hospital between January 1, 2012 and December 31, 2021 were reviewed, and patients eligible for the study were selected. Survival analysis was conducted using Kaplan–Meier (KM) method. Univariate and multivariate Cox proportional-hazards models were used to identify prognostic factors. Finally, based on these selected factors, a nomogram was constructed and validated.





Results

In total, 182 patients were included; 58 (group A), 81 (group B), and 43 (group C) patients presented with only PM, only lung metastasis (LM), and PM combined with LM, respectively. The KM curves revealed no significant difference in overall survival (OS) among the three groups. However, in terms of survival after distant metastasis (M-OS), the difference was significant: patients with only PM exhibited the best prognosis, whereas those with PM combined with LM exhibited the worst prognosis (median M-OS: 65.9, 40.5, and 32.4 months, respectively; P = 0.0067). For patients with LM in groups A and C, those with malignant pleural effusion (MPE) exhibited significantly worse M-OS than those without MPE. Univariate and multivariate analyses indicated that primary cancer site, T stage, N stage, location of PM, and MPE were independent prognostic factors for patients with PM without other distant metastasis. A nomogram prediction model incorporating these variables was created. According to the C-index (0.776), the AUC values of the 3-, 5-, and 8-year M-OS (0.86, 0.86, and 0.90, respectively), and calibration curves, the predicted and actual M-OS were in good agreement.





Conclusion

BC patients with PM only at the first diagnosis of MBC exhibited a better prognosis than those with LM only or PM combined with LM. We identified five independent prognostic factors associated with M-OS in this subset of patients, and a nomogram model with good predictive efficacy was established.





Keywords: breast cancer, metastatic breast cancer, first metastatic site, pleural metastasis, survival, prognostic factors, nomogram model




1 Introduction

Breast cancer (BC) is the cancer with the highest prevalence worldwide (1) and the leading cause of cancer-related deaths among females (2). BC has a tendency for distant metastasis (3), and the majority of BC-related deaths are due to metastasis (4). BC exhibits heterogeneity in metastasis and prognosis (1). Even though patients with distant metastases are all defined as MBC (5), different sites of metastasis have variable impacts on clinical outcomes (6), and the prognosis varies greatly. The metastatic sites should be taken into consideration when assessing prognosis and making therapeutic strategies for patients with MBC (5).

The lung and pleura are among the most common metastatic sites of BC (7). Cummings MC et al. performed an autopsy examination of women who died of BC and found that the most common organs involved were lung/pleura, followed by bone, liver and non-axillary lymph nodes (8). The lung is generally accepted as one of the primary target visceral organs of BC metastasis (1), and is anatomically related to pleura. Lung metastasis (LM) is the most common accompanied organ metastasis site of pleural metastasis (PM) in BC. Some studies on MBC did not distinguish between LM and PM (8–11). Thus when interpreting these data, it must be noted that LM are referred to as either including or excluding PM (12). The site of first distant metastasis correlates with the survival of patients with BC (13, 14). And lung metastasis (LM) is of particular attention because of its high morbidity and association with high mortality of patients (15). PM usually manifested as pleural nodulations or pleural thickening (16), with or without malignant pleural effusion (MPE) (17). However, PM often goes unnoticed until the appearance of MPE. There is little evidence regarding the prognosis of patients with MBC when pleura is the first recurrence site. In the present study, we wanted to explore the prognostic differences between pleural and lung when serving as the first site of distant metastasis after radical surgery for primary BC, which could help to supplement the vacancy of current data.

MPE is a common manifestation of PM (18) and a frequent complication during the course of MBC (19). Approximately 11% of the patients with BC eventually present with symptomatic pleural effusions; at autopsy, 36%–65% of patients retrospectively suffered from this condition (20, 21). Although MPE is rarely the initial manifestation of cancer (20), it carries a significant symptom burden (22) and is considered to be associated with a dismal prognosis (23). However, not all PM was accompanied by MPE (24), especially when the initial diagnosis of MBC. Therefore, we hypothesized that among BC patients with PM, the presence or absence of MPE would lead to different prognoses. The diversity in prognosis of BC patients is caused by the combined effect of multiple pathological factors. An understanding of prognostic factors is imperative for individualization of prognosis in patients with BC. However, the prognostic factors in BC patients with PM are unclear, particularly when no other distant metastases exist. In addition, the prognosis plays a central role for patients with BC and oncologists to choose optimally treatment in this era of individualized therapy (25). Therefore, an accurate prediction model is needed for this subset of patients.

Over the past few years, nomograms have been widely recognized as a predictive method for several diseases, including BC (26). Nomograms can generate an individual probability of a clinical event by integrating diverse determinant variables and meet the requirement for biologically and clinically integrated models (27). Evidence-based guidelines suggest using conservative treatments in patients with limited life expectancy, whereas they suggest offering more aggressive treatment modalities for patients with better prognosis. Real-world data can inform the outcome comparisons (28). Our study aimed to investigate whether patients with BC in whom PM was the primary event of recurrence exhibit a prognosis different than those with LM. Furthermore, we explored the prognostic factors and created a nomogram model, which can aid physicians in better evaluating the patient’s prognosis and selecting patients for different treatment tactics.




2 Patients and methods



2.1 Study population and variables

This was a single-center retrospective cohort study. Patients with MBC confirmed by pathology who were consecutively hospitalized at Shandong Cancer Hospital between January 1, 2012 and December 31, 2021, were included in this study. The inclusion criteria according to primary BC were as follows: (1) female patients who had undergone radical surgery for BC; (2) T stage was 1–3; and (3) unilateral BC. Patients with other malignancies or diseases that severely affected the patient’s survival and prognosis were eliminated. These diseases include acute myocardial infarction/congestive heart failure, acute cerebrovascular disease, chronic obstructive pulmonary disease, irreversible severe renal/hepatic impairment (such as severe hepatitis, cirrhosis…), serious mental illness, diabetes mellitus with severe complications. Tracing patient’s clinical data, and the metastatic sites at the first diagnosis of MBC after surgery were determined. Only those with PM or LM at first MBC diagnosis were further screened, 182 patients were finally included in this study and pertinent data were updated retrospectively using current tumor classification criteria. The Flow chart of patient selection was shown in Figure 1.




Figure 1 | Flow chart of patient selection. BC, Breast cancer; PM, Pleural metastasis; LM, Lung metastasis.



The diagnosis of PM was based on pleural biopsy results, imaging, pleural fluid analysis, and medical thoracoscopy. Cancer staging of the primary cancer was based on the TNM staging system by the 8th American Joint Committee on Cancer (AJCC). HER2 was determined locally by IHC/FISH and determined positive by 3+ staining or FISH positivity (29). Cancers with estrogen receptor-positive (ER+) and/or progesterone receptor-positive (PR+) were considered hormone receptor-positive (HR+), while ER-negative (ER-) and PR-negative (PR-) were considered HR-negative (HR-). Distant metastasis-free interval was defined as the period after radical surgery till the first diagnosis of MBC. Medical attention due to symptoms refers to the diagnosis of MBC was because of symptoms such as chest pain, dyspnea and thoracic pressure, rather than regular follow-up examinations. OS and survival time after distant metastasis (M-OS) were defined as the time from the diagnosis of BC or distant metastasis to death, respectively. The follow-up cut-off was July 31, 2022. If the patient was alive at the last censored follow-up, we considered her to have not reached the study endpoint. Our study was approved by the Shandong Cancer Hospital Ethical Committee.




2.2 Statistical analysis and model construction

Chi-square tests were used to compare the clinicopathological characteristics among groups. Comparisons of continuous variables were performed using ANOVA. The Kaplan–Meier (KM) method was used to calculate the survival end-points (OS and M-OS), and the log-rank test was conducted to assess the differences among subgroups. The factors independently associated with M-OS of patients with PM were assessed using univariate and multivariate Cox regression analyses, and hazard ratios (HRs) with 95% confidence intervals (CIs) were calculated. A two-sided P value < 0.05 was considered significant. A prediction nomogram based on the results of multivariate logistic regression analysis was developed using the “rms” package. The concordance index (C-index) was generated to measure the predictive accuracy and discrimination capabilities. Receiver operating characteristic (ROC) curves were depicted and the predictive accuracy was examined with the area under the curve (AUC). A calibration curve was plotted to test the association between the expected probabilities and observed outcome frequencies.





3 Results



3.1 Patient baseline

We obtained the clinical data of these 182 patients and followed them up. PM was the primary event at first MBC diagnosis in 58 (31.9%) patients (group A), 81 (44.5%) patients (group B) had LM without other distant metastases, and 43 (23.6%) patients had LM and PM (group C). The baseline features of these individuals according to metastatic sites are given in Table 1. The median age of patients at initial BC diagnosis was 42 years (range, 23–71 years) and most patients were premenopausal (73.1%). In terms of therapy, the majority of patients (91.2%) did not receive neoadjuvant chemotherapy and 151 (83.0%) patients underwent a mastectomy. Most patients were at histopathological grade II (58.2%) or T2 stage (56.6%). Moreover, 23.1% of patients were at the N0 stage, 36.8% at N1, 20.3% at N2, and 19.8% at N3. Luminal B was the most common molecular subtype (33.5%), followed by luminal A (26.9%), triple-negative (23.6%), and HER-2-enriched type (16.0%). After surgery, 180 (98.9%) patients received chemotherapy and 79 (43.4%) received radiotherapy. There was no significant difference in the distribution of the described variables among the three groups (Table 1).


Table 1 | Baseline characteristics of the entire cohort.






3.2 Survival analysis

At the end of the follow-up period, 158 (86.8%) patients died. Meanwhile, 13 (22.4%), 7 (8.6%), and 4 (9.3%) patients were alive in groups A, B, and C, respectively. The 3-, 5-, and 8-year cumulative M-OS rates of patients in groups A, B, and C, respectively, were 79.3%, 61.7%, and 48.8%; 53.4%, 23.5%, and 30.2%; and 20.7%, 12.3%, and 4.6%. The prognosis of patients with only PM (group A) was significantly better than that of patients with only LM (group B) or LM with PM (group C) in terms of M-OS (median M-OS: 65.9 vs. 40.5 vs. 32.4 months, P = 0.0067; Figure 2A); however, the difference in their OS was not significant (median OS: 119.8 vs. 111.2 vs. 108.2 months, P = 0.3638; Figure 2B). The M-OS was significantly prolonged in group A compared with that in groups B (median M-OS: 65.9 vs 40.5 months, P = 0.0060; Supplemental Figure 1A) or C (median M-OS: 65.9 vs 32.4 months, P = 0.0077; Supplemental Figure 1B). There was no significant difference in M-OS between groups B and C (median M-OS: 40.5 vs 32.4 months, P = 0.3789; Supplemental Figure 1C). Additionally, there was no significant difference in OS between groups A and B, groups A and C, and groups B and C (median OS: 119.8 vs. 111.2 months, P = 0.1223; 119.8 vs. 108.2 months, P = 0.5760; 111.2 vs. 108.2 months, P = 0.6102, respectively; Supplemental Figures 1D–F).




Figure 2 | The Kaplan–Meier curve analysis of study cohorts. M-OS (A) and OS (B) curves according to different metastatic sites at the time of diagnosed of metastatic breast cancer. M-OS, survival after distant metastasis; OS, overall survival.



Given the high incidence of MPE in patients with PM (81.0% in group A and 76.7% in group C), we compared the M-OS between patients with and without MPE within the two groups. We observed a significant difference in M-OS (median M-OS: 55.4 vs. 89.3 months in group A, P = 0.0035; 24.8 vs. 64.0 months in group C, P = 0.0241) between patients with and without MPE (Figures 3A, B).




Figure 3 | The Kaplan–Meier curve analysis of M-OS in PM with or without MPE. Patients with only PM (A); patients with PM and LM (B). PM, Pleural metastasis; MPE, Malignant pleural effusion; LM, Lung metastasis.






3.3 Characteristics of PM patients without other distant metastasis

Then, we analyzed the clinicopathological features of PM patients without other distant metastasis. Overall, 35 of the 58 patients (60.3%) were < 45 years at initial BC diagnosis. A total of 48.3% and 51.7% of the cancers were lateralized to the left and right, respectively, and most were located in the inner quadrant of the breast (46.6%). As for local treatment, mastectomy was performed in 82.8% of patients. At initial BC diagnosis, these patients with a high proportion of AJCC stage III, T2 stage, and pathohistological grade II, corresponding to 48.3%, 65.5%, and 60.3%, respectively. The majority of cancers were HR-positive and HER2-negative (HR+HER2-) (67.2%), with the highest frequency in the luminal B subtype (39.7%). Overall, 55.2%, 77.6%, and 15.5% of patients received radiotherapy, endocrine therapy, and anti-HER2 therapy, respectively. In total, 40 (69.0%) patients were diagnosed with distant metastasis within 5 years of radical surgery. Overall, medical attention due to symptoms was recorded in 17 (29.3%) patients, and 14 (24.1%) patients had a chest wall recurrence. Most PM (79.3%) were located ipsilateral to the primary BC, and 47 (81.0%) patients presented with MPE. Supraclavicular lymph node metastasis was observed in 20 (34.5%) patients (6 patients were identified at the time of surgery for the primary BC, and 14 were diagnosed concomitantly with the PM). Detailed patient characteristics are given in Table 2.


Table 2 | Characteristics of patients with PM as the only site of distant metastasis at first MBC diagnosis.






3.4 Screening of prognostic variables

The prognostic factors of patients with only PM at first MBC diagnosis assessed using Cox regression analyses are presented in Table 3. It is worth mentioning that the AJCC stage, to some extent, corresponds to the T and N stage categorization. Thus, to avoid repetition, only T and N stage classifications were included in our univariate analysis. Six variables (primary cancer site, T stage, N stage, molecular subtype, location of PM, and MPE) that were significantly associated with M-OS (P < 0.05) in univariate analysis were further included in the multi-factor Cox regression model. Based on the multivariate analysis, we ultimately ascertained that primary cancer in inner quadrant (vs. outer quadrant; HR: 3.65; 95% CI: 1.52–8.79; P = 0.004), T2/3 stage (vs. T1 stage; HR: 2.68; 95% CI: 1.11–6.43; P = 0.028), N3 stage (vs. N0 stage; HR: 5.30; 95% CI: 1.40–19.99; P = 0.014), PM located contralateral/bilateral to the primary BC (vs. ipsilateral; HR: 3.41; 95% CI: 1.42–8.19; P = 0.006), and MPE (vs. without MPE; HR: 4.42; 95% CI = 1.39–14.05; P = 0.012) were significantly correlated with poor M-OS of patients with PM (Table 3). Additionally, the KM curves confirmed the above statistical findings. Patients whose primary cancer was located in the inner quadrant were more likely to survive for a shorter time than those whose primary cancer was located in the outer quadrant (P = 0.0160; Figure 4A). Survival rates declined with high T stage (T2/3 vs. T1 stage, P = 0.0031; Figure 4B) and N stage (N3 vs. N0 stage, P = 0.0024; Figure 4C). Patients whose PM was located ipsilateral to the primary BC and without MPE tended to have a high survival probability (location of PM: P = 0.0287, Figure 4D; MPE: P = 0.0035, Figure 3A). In summary, primary cancer site, T stage, N stage, location of PM, and MPE were significant factors that were associated with M-OS.


Table 3 | Cox analysis of prognostic factors in patients with PM as the only site of distant metastasis at first diagnosis of MBC.






Figure 4 | The Kaplan–Meier curve analysis of M-OS in subgroups based on multivariate analysis. Subgroup of primary site (A); T stage (B); N stage (C); location of PM (D). PM, Pleural metastasis.






3.5 Construction and validation of a 3-, 5-, and 8-year M-OS predicting nomogram

The screened five factors were used to develop a nomogram for patients with only PM at first MBC diagnosis (Figure 5A), and all the predictors were integrated to predict the 3-, 5-, and 8-year M-OS of patients. The nomogram exhibited favorable accuracy in predicting the M-OS with a C-index of 0.776 (95% CI = 0.740–0.812). The above outcomes corresponded with the ROC curves and AUC values (Figure 5B). The AUC values of 3-, 5-, and 8-year M-OS were 0.86, 0.86, and 0.90, respectively, which were > 0.70, indicating that the constructed nomogram has good predictive efficiency for M-OS. The calibration curves revealed that the predictive outcomes were in good accordance with the actual 3-, 5-, and 8-year M-OS (Figures 5C–E).




Figure 5 | Prognostic nomograms of 3-, 5-, and 8-year M-OS in patients with only PM at first MBC diagnosis. Points are defined based on the prognostic contribution of the factors. Points summing the contribution of Primary tumor site, T Stage, N Stage, Location of PM, and MPE are translated to the survival probability at 3, 5 and 8 years (A); ROC curve with AUC for 3-, 5-, and 8-year M-OS rate in patients with solitary PM at first MBC diagnosis (B); Calibration curves of the nomogram for 3-, 5-, and 8-year M-OS prediction (C–E).







4 Discussion

Tumor metastasis contributes to high cancer mortality (30), BC has variable aggressiveness and a high propensity to develop distant metastases (31). Extensive studies have proven that BC exhibits metastatic heterogeneity with distinct metastatic precedence to various organs, leading to differences in responses to therapy and prognoses (1). Recent studies have revealed that BC subtypes differ not only in primary tumor characteristics but also in their metastatic behavior (32). In our study, although there was no significant difference in the molecular subtype of primary cancer among the three groups, PM, LM, and PM combined with LM mainly originated from luminal B (39.7%), triple negative (30.9%), and luminal B (34.9%) types, respectively.

The first site of distant metastasis is associated with the prognosis of BC patients (6). Although pleura is a common metastatic site of BC (7), PM has rarely been reported as the first metastatic site in patients with BC. The proportion of such patients may be underestimated because of the time lag in follow-up examinations or the lack of accurate and effective means of examination. In our research, 29.3% of patients did not visit the hospital until presenting with symptoms related to PM. The prognosis of BC patients with single-site metastasis was significantly better than that of patients with multiple metastatic sites (33). In addition, the presence of visceral metastases has a significant negative prognostic impact on patients (28). Schröder J et al. revealed that patients with bone-only metastasis showed better survival than visceral with or without bone metastases (34). Our results indicated that the prognosis of patients with PM not complicated by other distant sites is indeed better than that of patients combined with LM or whose lung serve as the single distant metastatic site. Despite no significant advantage was observed in M-OS for patients with only LM compared with patients with combined PM, the survival rates at 3-, 5- years were all superior. Despite improvements in treatment, MBC has a poor prognosis and an overall 5-year survival rate of only 27% for patients in the United States (35). However, LM has a relatively good prognosis in visceral metastasis as the first distant metastasis of BC (6, 13). Redig AJ et al. tested the relationship between site of metastasis and outcome, and the best prognosis was observed among patients with lung as first anatomic site of distant metastasis, followed by those with first metastatic involvement of bone, liver and central nervous system (6). Combined the existing data, it might be inferred that PM has a better prognosis than visceral metastasis. However, further validation with clinical data is required and the underlying mechanism should be elucidated.

PM most commonly originates from metastatic lung carcinomas and breast carcinomas (36); the mechanisms include hematogenous spread, direct invasion from a neighboring cancer, and retrograde lymphatic spread from the mediastinum (37). Breast carcinoma is the most common metastatic malignancy identified in pleural effusion specimens from women (38). PM is often accompanied by MPE (39), but not all tumors metastasizing to the pleura cause MPE (40). In our results, the incidence of MPE in patients with PM (81.0% in group A and 76.7% in group C) was high. On the one hand, MPE is consider an unfavorable complication that restricts life quality (41) and related to poor prognosis (42). Consistently, our study reported that in BC, MPE was an independent risk factor for patients with PM. On the other hand, Poe RH et al. reported that the median survival of BC patients in whom MPE was the initial and only recurrent site was 48 months, compared with 12 months for patients associated with other metastatic diseases (43). The MPE is more commonly unilateral and ipsilateral to the primary BC (18), Poe RH et al. suggested that this indicated that MPE was a regional rather than systemic disease, probably accounting for the better outlook in patients with effusion alone (43). Similarly, our data showed that the majority of initial PM was located ipsilateral and had a better prognosis. PM located contralateral/bilateral to the primary BC is a factor that worsens the prognosis. Differently, the patients with MPE without other distant metastases at the initial diagnosis of MBC exhibited a better prognosis compared with LM patients with or without PM, but without significant difference (Supplemental Figure 2). Whereas the M-OS of PM patients without MPE was substantially longer (median M-OS:89.3 months in group A; 64.0 months in group C). Thomas et al. (44) speculated that in BC, the laterality of PM is because of lymphatic dissemination. Similarly, Agalioti T et al. (39) stated that BC may invade the pleura because of local proximity rather than through the bloodstream. This may be one of the reasons for its better prognosis than other distant metastases. Moreover, pleura is of itself innocuous and once thought to be biologically inert (45). Oncogene signals and/or transcription factor activation in tumor cells determine paracrine gene expression. The balance between vasoactive mediators and possible protective molecules in the pleural space dictates the occurrence of vasoactive signaling with subsequent MPE development. In turn, this signal cocktail exert a multitude of effects on tumor cells (46). To some extent, tumor colonization of the pleura but not causing MPE may be a manifestation of its poor malignant biological behavior. This is also reflected by other clinical features of these patients. Patients with ipsilateral PM without MPE as their only evidence of distant metastasis may could to be staged as limited disease. However, our data are limited and potentially biased. More clinical data and the specific mechanism investigation are needed in the future for further elucidation.

Our study classified patients into three groups according to primary cancer location: outer quadrant, inner quadrant, and areolar area/central axis. Pokieser W et al. (47) reported that invasive ductal carcinomas located in the inner quadrants were significantly associated with increased pleural effusion as the first site of metastasis, which may be associated with a higher rate of internal mammary lymph node metastasis. Similarly, our study reported that 46.6% of patients had primary cancers located in the inner quadrant. Furthermore, our results indicated that primary cancer location in the inner quadrant is a poor prognostic factor for patients. Some studies demonstrated that BC situated in inner quadrants have a worse prognosis (48–51), which may cause by the anatomical accessibility of the tumor to the internal mammary lymph node (49, 52). Additionally, growing evidence suggests differences in metastatic spread among BC biologic subtypes (6). Smid M et al. suggested that the majority of pleural relapse occurred in both luminal subtypes (53), which is consistent with our findings. Prognosis of metastatic breast is confirmed to be affected by a combination of factors such as molecular features (54). The prognostic role exerted by pathological factors varies in different disease contexts. Although we observed significant differences in M-OS among the four molecular subtypes of BC (Supplemental Figures 3A, B), multivariate Cox results revealed that it was not an independent prognostic factor for patients with only PM. Similarly, Yang Y et al. suggested that the prognosis of patients with cancer with MPE was independent of histology (41). This may be caused by the particularities of the studied patients or by data bias. In addition, BC is highly heterogeneous, and patients with the same molecular subtype also have distinct molecular features, responses to treatment, and prognosis (55, 56). Global burden of molecular mutations into primary tumor and metastatic samples seemed to be independent of the molecular subtype of primary tumor and metastatic sites in the study of Callens C et al. (54). By contrast, one study by Schrijver et al. showed different molecular mutational signatures for different metastatic sites (57). This may be one of the reasons why molecular subtypes did not appear as a predictor of survival in PM patients without other distant metastases, and the mechanisms remain to be further investigated and elucidated. Furthermore, the lymph node status and tumor size were independent predictors of death due to BC (58). Several studies have reported that the higher the T/N stage, the worse the prognosis of patients with BC (59), which was consistent with our results.

Evidence-based guidelines suggest the use of conservative treatments for patients with limited life expectancy, whereas they suggest offering more aggressive treatment modalities for patients with better prognoses. In this study, we focused on analyzing the survival of patients with PM without other distant metastasis at the time of first MBC diagnosis and identifying the prognostic factors. Identifying these characteristics and understanding their prognostic value in diseases could enable customized treatments for this patient group. The nomogram model constructed in this study included all the independent risk factors that we screened, and it provided a visual and user-friendly tool for risk evaluation and prognostic prediction of patients with BC with only PM, facilitating tailored management strategy for these patients.

However, inevitable the study has some limitations. (1) Our study was a single-center retrospective analysis with a limited number of cases, which may have caused some restrictions and biases in the results. (2) Although the nomogram achieved ideal prediction efficacy; it lacked external validation to further enforce the reliability.




5 Conclusion

BC with PM without additional distant metastasis at the time of first MBC diagnosis exhibited a better prognosis than those with combined LM or LM alone. For patients with PM, the prognosis of patients with MPE was worse. Primary cancer site, T stage, N stage, location of PM, and MPE were identified as independent prognostic factors for predicting M-OS in patients with PM as the only distant metastatic site. The nomogram provided a quantitative method for predicting individual survival in this subset of patients.
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Background

Male breast cancer (MBC) is a rare disease, accounting for <1% of all male carcinomas. Lack of prospective data, the current therapy for MBC is based on retrospective analysis or information that is extrapolated from studies of female patients. We constructed a nomogram model for predicting the overall survival (OS) of MBC patients and verify its feasibility using data from China.





Methods

Constructed a predictive model using 1224 MBC patients from the Surveillance, Epidemiology and End Results (SEER) registry between 2010 and 2015. The performance of the model was externally validated between 2002 to 2021 using 44 MBC patients from the Fujian Medical University Union Hospital. The independent prognostic factors were selected by univariate and multivariate Cox regression analyses. The nomogram was constructed to predict individual survival outcomes for MBC patients. The discriminative power, calibration, and clinical effectiveness of the nomogram were evaluated by the receiver operating characteristic (ROC) curve, and the decision curve analysis (DCA).





Results

A total of 1224 male breast cancer patients were in the training cohort and 44 in the validation cohort. T status (p<0.001), age at diagnosis (p<0.001), histologic grade (p=0.008), M status (p<0.001), ER status (p=0.001), Her2 status (p=0.019), chemotherapy (p=0.015) were independently associated with OS. The diagnostic performance of this model was evaluated and validated using ROC curves on the training and validation datasets. In the training cohort, the nomogram-predicted AUC value was 0.786 for 3-year OS and 0.767 for 5-year OS. In the validation cohort, the nomogram-predicted AUC value was 0.893 for 3-year OS and 0.895 for 5-year OS. Decision curve analysis demonstrated that the nomogram was more benefit than the AJCC stage.





Conclusions

We developed a nomogram that predicts 3-year and 5-year survival in MBC patients. Validation using bootstrap sampling revealed optimal discrimination and calibration, suggesting that the nomogram may have clinical utility. The results remain reproducible in the validation cohort which included Chinese data. The model was superior to the AJCC stage system as shown in the decision curve analysis (DCA).
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Introduction

Breast cancer is one of the most common malignancies worldwide for women. However, male breast cancer (MBC) is a rare disease, accounting for <1% of all male carcinomas (1). Due to the lack of data on risk factors, prognostic value, and treatment options related to MBC, the therapeutic patterns for male breast cancer that clinicians recommended are based on female breast cancer (2, 3).

However, whether the management of female breast cancer (FBC) can be used as a reference for MBC is still controversial. Some studies have concluded that MBC and FBC are two completely different types with different biological behaviors and should be treated differently (4, 5).

Therefore, a personalized prediction model is required for patients with male breast cancer. A nomogram is a simplified numerical model for statistical predictions that combines different independent factors (6–8). However, can the model built using the Surveillance, Epidemiology, and End Results (SEER) database be applicable to the Chinese? Few articles have been published on this subject.

In our study, a nomogram model was constructed by the SEER database for predicting the overall survival (OS) of MBC patients. Further, it was investigated whether the model was also applicable to the Chinese population.





Materials and methods




Patient selection and data collection

Data were acquired from the open-access, authoritative database of the SEER Program. Launched in 1973 by the United States Centers for Disease Control and Prevention and National Cancer Institute, the SEER database includes information on patients with endocrine, respiratory, digestive system, and other tumors, and covers approximately 34.6% of the population in the United States. The training cohort data used in this study came from a public, anonymous database and did not require ethics committee approval or informed consent. The validation cohort data were approved, and informed consent was obtained from the ethics committee of Fujian Medical University Union Hospital.

Training cohort data of MBC patients from 2010 to 2015 in the SEER database were extracted and screened by SEER Stat version 8.3.5 software. Validation cohort data from 2002 to 2021 in Fujian Medical University Union Hospital were extracted. Inclusion criteria were 1) pathologically diagnosed patients with breast cancer, based on the malignant behavior of International Classification of Diseases (ICD)-O-3 SEER site/histology validation code 8500/3, 2) male, and 3) complete clinicopathological and follow-up data. Exclusion criteria were 1) unknown important date, 2) with history of other types of cancer, 3) with less than 1 month of survival, and 4) diagnosis depends on biopsy/autopsy. According to the inclusion and exclusion criteria, cases meeting the criteria were gradually screened out, and 1,224 MBC patients were finally included in the training cohort. A total of 44 patients were included in the validation cohort. The study was not subject to review by the Institutional Review Board because we used unidentified, previously collected, and publicly available data. The flowchart of the male breast cancer selection is shown in Figure 1.




Figure 1 | The flowchart of the selection for male breast patients in SEER database. SEER, Surveillance, Epidemiology, and End Results.



The clinicopathological information of patients in Fujian Medical University Union Hospital and the SEER database, including age, marital status, radiotherapy, chemotherapy, surgery, stage, grade, estrogen receptor (ER) status, progesterone receptor (PR) status, human epidermal growth factor receptor 2 (HER2) status, and subtype, was compared. Also, variables such as survival state and time were compared. Data from 1,224 patients extracted from the SEER database were used as the training cohort to analyze the independent influencing factors of MBC prognosis and establish a prediction model. The validation of the model was further demonstrated using the data of 44 patients from Fujian Medical University Union Hospital as the validation cohort.





Statistical analysis

Demographic and clinical characteristics were summarized using descriptive statistics. Categorical variables were reported as whole numbers and proportions, and continuous variables were reported as medians with standard deviation (SD). Pearson’s χ2 test and Fisher’s exact test were used for categorical variables, and the Mann–Whitney U test was used for rank variables to compare the baseline characteristics of the training cohort and the validation cohort. The Kaplan–Meier method was used to describe the OS curve, and the log-rank test was used to evaluate the survival differences of distinct subgroups of each variable. The cutoff age for male breast cancer was determined by the X-tile procedure at 64 to 80 years (Figure 2). Patients were divided into three groups for further analysis (age ≤ 64, 65–80, and >80 years). Significant variables were screened by Cox univariate analysis, and variables with p < 0.1 in univariate analysis were included in the multivariate Cox proportional hazards model. The above statistical analyses were performed with IBM SPSS Statistics 26.




Figure 2 | X-tile analysis of optimal cutoffs for age. (A) X-tile plot of the age training cohort. (B) Cutoffs are highlighted with histograms of the entire cohort. (C) Different prognoses determined by cutoffs are shown with Kaplan–Meier plots (age ≤ 64 years = blue, age 65–80 years = gray, and age >80 years = magenta).



The prediction performance of the nomogram was internally verified by 1,000 resampling using the bootstrap method. The discrimination degree of the model was evaluated by the consistency index (concordance index (C-index)), receiver operating characteristic (ROC) curve, and area under the curve (AUC), and the model was detected by drawing the calibration curve. Degree of calibration was performed to ensure that the model is accurate and reliable. Decision curve analysis (DCA) was used to evaluate the overall survival of the nomogram compared with American Joint Committee on Cancer (AJCC) staging. Test level α = 0.05 (two-tailed). The above statistical analyses were performed with R 4.1.0 software.






Results




Patient characteristics

Table 1 depicts the baseline characteristics of patients including training cohort (n = 1224) and validation cohort (n = 44). Pearson’s χ2 test, Fisher’s exact test, and Mann–Whitney U test were used to compare the baseline characteristics of the training cohort and validation cohort. Marital status (p = 0.010), T status (p = 0.003), M status (p = 0.016), grade (p = 0.001), ER status (p < 0.001), subtype (p < 0.001), and radiotherapy (p < 0.001) were significantly different between the training and validation cohorts, which might be attributed to the difference of race. The average age of patients in the training cohort and validation cohort was 65.35 ± 12.24 and 58.57 ± 11.38 years, respectively, and the difference was statistically significant.


Table 1 | Demographics and clinical characteristics of male breast cancer in training cohort and validation cohort.







Univariable analysis and multivariable analysis

On the univariable analysis (Table 2), age (p < 0.001), histologic grade (p < 0.001), T status (p < 0.001), N status (p < 0.001), M status (p < 0.001), AJCC staging (p < 0.001), ER status (p < 0.001), PR status (p = 0.019), HER2 status (p = 0.002), tumor subtype (p < 0.001), receipt of chemotherapy (p = 0.036), and surgery type (p < 0.001) were significantly associated with survival outcomes (all p < 0.05). On the multivariable analysis (Table 2) that included age (p < 0.001), histologic grade (p = 0.008), T status (p < 0.001), M status (p < 0.001), ER status (p = 0.001), HER2 status (p = 0.019), receipt of chemotherapy (p = 0.015), and surgery type (p = 0.001) were independently associated with survival outcomes (all p < 0.05). According to multivariable analysis, the Kaplan–Meier plot was used to show the differences in OS among these clinical benefits (Figure 3).


Table 2 | Univariable and multivariable Cox regression analyses for OS in patients with MBC.






Figure 3 | Overall survival rates are stratified by patient characteristics. Kaplan–Meier overall survival curves of the training cohort (p < 0.05) according to (A) age, (B) T status, (C) M status, (D) grade, (E) ER status, (F) HER2 status, (G) surgery type, and (H) chemotherapy. ER, estrogen receptor; HER2, human epidermal growth factor receptor 2.







Nomogram construction and validation

Multivariate-derived coefficients were used to develop a novel nomogram to predict male breast cancer 3-year overall survival and 5-year overall survival (Figure 4).




Figure 4 | Nomogram predicting the 3-year and 5-year overall survival of MBC patients. Survival rates were determined by summing all scores and drawing a vertical line between the total score and the probability of survival scale. MBC, male breast cancer.



According to the results, the nomogram contains age, histologic grade, T status, M status, ER status, HER2 status, receipt of chemotherapy, and surgery type. The nomogram illustrates that the ER status accounted for a vast majority of the proportion compared with other clinical features. The calibration curve of the nomogram showed high consistencies between the predicted and observed survival probability in both the training and validation cohorts (Figure 5). Perfectly calibrated models are indicated by dashed lines, and the results all show a good fit to the actual probabilities of the predicted probabilities. The ROC curves of the 3-year OS nomogram and 5-year OS nomogram for both the training and validation cohorts are shown in Figure 6. In Figure 6A, the 3-year OS AUC value was 0.786 in the training cohort and 0.893 in the validation cohort. In Figure 6B, the 5-year OS AUC value was 0.767 in the training cohort and 0.895 in the validation cohort.




Figure 5 | Calibration plots of the relationship between predicted probabilities and actual values based on nomograms. (A, B) Calibration curves for 3-year and 5-year overall survival in the training cohort. (C, D) Calibration curves for 3-year and 5-year overall survival in the validation cohort.






Figure 6 | (A) 3-year ROC of OS nomogram using training and validation cohorts. (B) 5-year ROC of OS nomogram using training and validation cohorts. ROC, receiver operating characteristic; OS, overall survival.



DCA curves showed that the nomogram could better predict the 3-and 5-year OS, as it added more clinical benefits compared with AJCC staging for all threshold probabilities in the training cohorts (Figure 7).




Figure 7 | (A) The DCA of the nomogram and the AJCC stage system for 3-year OS in the training cohort. (B) The DCA of the nomogram and the AJCC TNM staging system for 5-year OS in the training cohort. DCA, decision curve analysis; AJCC, American Joint Committee on Cancer; OS, overall survival.








Discussion

Breast cancer has become the most common malignancy in women worldwide, but breast cancer in men is still very rare. Due to its rarity, many clinical decisions have been informed and developed by the practice of female patients (9). However, MBC is considered to be a disease with distinct characteristics from FBC (5, 10). Meanwhile, an analysis from the National Cancer Database showed that overall survival rates for MBC remained lower than for FBC after adjusting for age, race, clinical, and treatment issues (11). Therefore, clinical characteristics and overall survival of MBC need to be further investigated.

From the baseline characteristics of MBC, the median age at the time of diagnosis of MBC is 65.35 ± 12.24 years, similar to a previous study (12). The majority of patients present with grade I or grade II disease (62.4%), ER-positive (97.3%), and less distant metastases (93.5%), compared with previous female studies (13, 14).

Traditionally, AJCC staging is the most general tool used to assess prognosis. It indicates the objective tumor load and metastasis status. However, the prognosis of tumors is composed of multiple biological and clinical factors. Current National Comprehensive Cancer Network (NCCN) and American Society of Clinical Oncology (ASCO) guidelines recommend the use of ER, PR, HER2, and Ki-67 status also as important prognostic factors in medical decision making. In addition to T, N, M, ER, PR, and HER2 status, in our Cox analysis, age, histologic grade, and whether or not to perform surgery and chemotherapy were also associated with OS. Therefore, it is necessary to establish a more comprehensive model to predict OS in MBC.

Previous research attempted to use predictive models for FBC on male breast cancer patients (15), but it was found that the predictive factors were not the same, possibly due to differences in the biological determinants of male and female breast cancer. Therefore, it is necessary for us to establish an independent predictive model based on data from male breast cancer.

In our study, in addition to surgery type, age, T status, M status, and histological grade, the expression status of ER and HER2, as well as the use of chemotherapy, also play important roles in the prognosis of MBC. It is noteworthy that N status was found to be significant in our univariate analysis but lost its significance in the multivariate analysis when considering multiple factors. This finding deviates from previous research results (16, 17). It is possible that the lack of significance of the N stage in the multivariate analysis could be due to a small sample size of male breast cancer cases included in our study.

It is worth noting that radiotherapy does not improve OS in MBC (p = 0.476). In previous studies of FBC, radiotherapy did improve local relapse in breast cancer patients, but whether radiotherapy improves OS remains controversial (18, 19). There are still few relevant studies of MBC. According to Kaplan–Meier survival analysis, our research findings indicate that there was no statistically significant difference in survival rates between male breast cancer patients who underwent total mastectomy and those who underwent partial mastectomy. This is consistent with previous research (20), suggesting that surgical procedures may not significantly impact survival outcomes in male breast cancer. However, adjuvant radiotherapy after partial breast resection may have mitigated potential survival differences. Further research with larger sample sizes and controlled confounding factors are needed for confirmation.

China has the highest number of breast cancer cases, accounting for approximately 18.4% of global breast cancer cases (21). In our study, the median age of diagnosis in China showed different patterns from the United States: the median age of diagnosis in China was almost 7 years earlier than that in the United States. This gap is smaller than in previous studies of FBC (22). Additionally, other different MBC features were demonstrated in our results, such as a higher proportion of T1 status patients, a higher proportion of grade I and II patients, a lower ER positive proportion, and a lower proportion of radiotherapy. There are differences in follow-up duration and basic patient characteristics between the training and validation cohorts. However, based on the ROC curves, it can be observed that the model achieved good validation performance across different baselines. Nevertheless, it cannot be denied that the bias in validation results may be influenced by different baselines. Therefore, further validation on multiple datasets is necessary.

In this model, the DCA curve indicates that this nomogram model has better predictions when compared to the AJCC staging. A higher C-index and a relatively high uniformity of the calibration plots were also shown in the model. In addition, we validated it with single-center data in China. Although there are more differences between the validation cohort and the training cohort, it also shows better validation results when external validation is performed. As far as we know, this is the first study to build and verify a nomogram in MBC with the SEER database and China single-center data.

Inevitably, our study has some limitations. First, this is a retrospective study, in which selection bias is inevitable. Second, some important confounding prognostic factors were not available in the SEER database, which include the Ki-67 index (23) and BRCA1- and BRCA2-related mutations (24, 25). Third, due to the data being derived from a single center, there is a need for additional validation using data from multiple centers to further assess the model's reliability and generalizability.





Conclusion

Male breast cancer has been neglected due to its rarity, resulting in fewer studies related to treatment and prognosis. In this study, we developed a clinical prognostic model that combines the prognostic characteristics of male breast cancer and validated it with Chinese male breast cancer data. The results showed that the prediction model is applicable to different ethnic groups.
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Characteristics Training cohort (n=5769) Validation cohort (n=191) xz value

Number of patients (%) Number of patients (%)

Age
<60 3376 (58.5) 168 (86.6)

6137 <0.001
260 2393 (41.5) 26 (13.4)
Laterality
Left 2998 (52) 103 (53.1)

0.095 0758
Right 2771 (48) 91 (46.9)
Pathological type
Infiltrative ductal carcinoma 4909 (85.1) 191 (98.5)

27.068 <0.001
Other types 860 (14.9) 3(L5)
Histological grading
Grade I 386 (6.7) 7(3.6)
Grade IT 2575 (44.6) 146 (75.3) <0.001°
Grade III+IV 2808 (48.7) 41 (211)
T
T<2 3170 (54.9) 140 (72.2)
2<T<5 2050 (35.5) 46 (23.7) <0.001*
5<T 549 (9.6) 8(4.1)
N
0 3822 (66.3) 115 (59.4)
1 1495 (25.9) 42 (21.6)

<0.003*

2 300 (52) 22(133)
3 152 (2.6) 15 (7.7)
M
0 5655 (98) 175 (90.2)

52.603 <0.001
1 114 (2) 19 (9.8)
Type of surgery
Total mastectomy 1692 (29.3) 35 (18)
Breast-conserving surgery 3287 (57) 43 (22.2) 311515 <0.001
Modified radical surgery 790 (13.7) 116 (59.8)
Chemotherapy
None 1232 (214) 26 (13.4)

7.132 0.008
Yes 4537 (78.6) 168 (86.6)
Radiotherapy
None 2403 (41.7) 119 (61.3)

29.804 <0.001
Yes 3366 (58.3) 75 (38.7)

“Mann-Whitney U test.
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P
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2<T<5 3.35(2.33-4.81) 2.63(1.77-3.89)
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A. Bardia 2021 (25) ASCENT NCT02574455 3 Germline 068 metastatic breast cancer Sacituzumab govitecan chemotherapy ORR
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©6) BRAVO NCT01905592 206 Germline 054 advanced breast cancer PARP inhibitor chemotherapy 0s
Germline o Non-platinum-based
Leisha A. Emens 2021 (27)  IMpassion130  NCT02425891 8 somatic 1 advanced breast cancer PD-LI inhibitor chemotherapy PES; 08
metastatic or locally advanced Platinum-based ORR; PFS;
Véronique Diéras 2020 (26)  BROCADE3  NCT02163694 509 Germline 057 breast cancer PARP inhibitor + Platinum chemotherapy 0s
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M.ERobson 2019 (31); Non-platinum-based  ORR; PES;
Mark Robson 2017 (32) OlympiAD NCT02000622 302 Germline 05 metastatic breast cancer PARP inhibitor chemotherapy 08
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H.S. Han 2018 (34) BROCADE NCTO01506609 281 Germline 041 breast cancer Platinum; arm2: PARP inhibitor chemotherapy os

Non-platinum-based
J.Zhang 2018 (35) (CBCSG006 NCT01287624 14 Germline 1 metastatic breast cancer Platinum-based chemotherapy chemotherapy ORR; PFS
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(B) 3-month PFS(lower triangle); 12-month PFS(upper triangle)

PARP inhibitor + Platinum-based

113 (0.88, 1.4 2.02 (1.31, 3.10) 222 (0.83, 5.94) 3.05 (179, 5.19)
chemotherapy ( ) ( )$ ( ) ( )

Platinum-based

1.01 (0.98, 1.05 1.79 (1.16, 2.76) 1.97 (0.73, 5.28)t 2.70 (1.58, 4.62)+
(¢ N chemotherapy ( N ( ) (1.58, 4.62)
1.20 (1.08, 1.33)§ 1.18 (1.07, 1.32)§ PARP inhibitor 1.10 (0.45, 2.68)t 1.51 (1.09, 2.08)%
1.33 (1.03, 1L.71)} 1.32 (1.02, 1.69)t 1.11 (0.88, 1.40)t PD-L1 inhibitor 1.37 (0.60, 3.14)t
Non-platinum-

1.53 (1.34, 1.76)% 1.52 (1.33, 1.74)% 1.28 (1.16, 1.41)% 1.15 (0.93, 1.43) based
chemotherapy

th PFS(lower triangle); 3-month OS(upper triangle)

PARP inhibitor + Platinum-based

1.05 (0.95, 1.16)t 1.01 (099, 1.02 1.00 (0.98, 1.02 1.04 (100, 1.07)%
chemotherapy ( ) ( )$ (¢ )$ ( )
1.52 (0.19, 12.41)* PD-L1 inhibitor 0.96 (0.87, 1.06) 0.95 (0.86, 1.05)t 0.99 (0.90, 1.08)
1.75 (0.84, 3.63)§ 115 (0.14, 9.46)t et 0.99 (0.97, 1.01)§ 1.03 (1.00, 1.06)+

chemotherapy
3.4 (1.10, 10.72)% 226 (0.39, 13.17)* 197 (0.62, 6.27)$ PARP nhibitor 1.04 (101, 1.07)%
Non-platinum-
5.80 (1.42, 23.77)1 3.81 (081, 18.04)* 332 (0.80, 13.84)* 1.69 (0.73, 3.88)% based
chemotherapy

(D) 12-month OS(lower triangle); 24 month OS(upper triangle)

PARP inhibitor + Platinum-based

1.06 (0.94, 1.20 116 (0.66, 2.05) 1.76 (1.25, 2.49)+ 1.66 (1.24, 2.23
chemotherapy ( ) ( ) ( ) ( )s

Platinum-based

1.06 (0.96, 1.16)§ 1.09 (0.62, 1.94) 1.66 (1.18, 2.36)+ 157 (1.17, 2.11)§

chemotherapy

1.09 (0.81, 1.48)t 1.03 (0.76, 1.40)t PD-L1 inhibitor 1.52 (0.97, 2.39)t 1.43 (0.88, 2.33)t
Non-platinum-

1.16 (0.98, 1.39)% 1.10 (0.93, 131)% 1.07 (0.83, 137)t based 0.94 (0.79, 113}
chemotherapy

1.22 (1.04, 1.42)§ 115 (0.99, 1.35)$ 1.12 (0.85, 1.46)t 1.05 (0.94, 1.16)+ ‘ PARP inhibitor

(E) 36-month OS
PARP inhibitor + Platinum-based chemotherapy
1.77 (1.19, 2.63)$ 146 (0.97, 2.19)§ PARP inhibitor
2.31 (141, 3.77)§ 1.91 (1.16, 3.13)§ 131 (0.98, 1.74)§ Non-platinum-based chemotherapy

The relative effects are measured as OR and 95% CI. All tables list the treatments in the order of p-scores of the treatments for the outcome in the lower triangle. According to GRADE, the certainty of
evidence was classified as *very low, How, +moderate, and Shigh.
The bold values are the values with statistical significance.
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Treatments 3-month 12-month 24-month 12-month ~ 24-month  36-mo

PFS PFS PFS 0os 0S

PARP inhibitor + Platinum-based

chemotherapy 0.84 093 0.94 0.89 0.80 0.89 0.88 0.99
Platinum-based chemotherapy 0.65 0.81 0.77 0.59 0.50 0.63 0.70 0.66
Sacituzumab govitecan 0.66 NA NA NA NA NA NA NA
PARP inhibitor 0.32 045 0.40 0.30 0.80 0.11 0.20 033
Non-platinum-based chemotherapy 0.03 0.02 0.06 0.05 0.17 0.32 0.07 0.01
PD-L1 inhibitor NA 0.28 0.33 0.67 0.23 0.54 0.64 NA

P-score values are represented by the numbers. NA indicates no available treatment included for the analysis of the specific outcomes.
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Homozygote heterogeneity i heterogeneity = Recessive  heterogeneity Allelic heterogeneity

model model genetic
Analysis models
model
OR(95%Cl) P OR(95% OR(95%
ap (@)13
0.97 0.47 L15 93.2%
1.84 (1.06,3.21
Total ; 031 ) 0.000 82% (0.80,1.20) 0123 37% (0.22,1.00) 0.000 | 95.1% (0.79,1.68) 0.000
: 0.77 0.05 0459
Ethnicity
0.92 0.60 097 93.7%
1.44 (0.75,2.7
Caucasian (32: ®) 0.000  81.4% (0.72,1.16) 0.196 32% (0.24,1.49) 0.000 | 95.9% (0.61,1.53) 0.000
: 0.46 0.27 0885
352 (113.11.00) 1.35 0.21 224 94.1%
Arab . 0.042 75.% (0.94,1.95) 0425 0% (0.04,1.09) 0.001 | 90.7% (0.87,5.79) 0.001
: 0.11 0.06 0.095
Source of control
5716957 71) 1.00 0.25 1.80 91.2%
PB " oo 0.000  86.5% (0.74,1.36) 0228 30.8% (0.07,0.85) 0.000 | 92.7% (0.95,3.41) 0.000
: 0.98 0.027* 0.07
0.95 0.72 0.85 94.8%
1.39 (0.57,3.3
HB » ;045679 %) 0.000 | 81.9% (0.68,1.32) 0076 | 52.7% (021,2.46) 0.000 | 96.3% (0.46,1.56) 0.000
: 0.76 0599 0598

PB: population-based; HB: hospital-based; HWE: Hardy-Weinberg equilibrium (significant at the 0.05 level);

“p-values for ORs; Ph values of the Q-test for heterogeneity test; I* refers to the proportion of total variation due to between-study heterogeneity;
" mark means the positive results.

“Random-effects model was used when the Ph value for the heterogeneity test was <0.05; otherwise, the fixed effects model was used.
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Analysis models
model
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(95% Cl) P (95% Cl) P (95%CI)P
1.05 0.92 1.06 632%
1.08 (0.98,1.20)
Total E) 28 ) 0.000 | 54.3% (0.99,1.12) 0000 50.1% (0.84,1.01) 0.000 | 553% (1.00,1.12) 0.000
. 0.09 0.09 0.04*
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Caucasian Sk 0.037 | 36.9% i 0577 0.0% (0.88,1.05) 0.04 36.3% (0.97,1.05) 0.145
0.36 078
1.36 0.69 132 73.8%
1.45 (0.83.2.55
Asian ° f) 193 %) 0013 58.8% (1.11,1.66) 0013 58.6% (043,1.10) 0.044 | 49.7% (1.07,1.64) 0.000
. 0.003* 0.12 0.01%
1.09 0.88 1.07 68.8%
1.20 (0.91,1.60)
Mixed E) 203 ) 0.000 | 72.7% (0.94,1.27) 0044 48.0% (0.65,1.17) 0.000 | 782% (0.95,1.21) 0.001
: 0.30 0.37 026
Source of control
107G 56120) 104 0.94 1.04 59.8%
PB T 0002 55.9% (0.97,1.11) 0021 | 447% (0.85,1.04) 0.008 | 50.3% (0.99,1.10) 0.001
: 024 0.22 0.15
1.09 0.93 1.07 67.7%
1.0¢ .86,1..
HB 8 ;048; %) 0.000 | 57.5% (0.96,1.23) 0001  53.4% (0.75,1.15) 0.000 | 61.6% (0.96,1.19) 0.000
. 0.19 0.50 025
1.07 (0.82,1.40) 01 o8 N
NA e 0212 359% (0.79,1.04) 0497 0.0% (0.68,1.10) 0222 | 33.0% 0370 N
’ 0.17 0.24

PB: population-based; HB: hospital-based; HWE: Hardy-Weinberg equilibrium (significant at the 0.05 level); NA: not available
“P-values for ORs; Ph values of the Q-test for heterogeneity test; I refers to the proportion of total variation due to between-study heterogeneity
* refers to P<0.05 and had a statistical significance.
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PB: population-based; HB: hospital-based; HWE: Hardy-Weinberg equilibrium (significant at the 0.05 level) ; NOS: The Newcastle-Ottawa Scale, Quality of studies based on NOS star scoring
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system: 1-2 stars: poor, 3-5 stars: fair and 6-10 stars: good)
For overlapping studies, only the one with the largest sample numbers was included for meta-analysis.
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Author Source of

IREEE control Ethnicity Method

Millikan-1 2002 PB African Americans | Taqman 744 21 | 0 |63 25 | 0 063 9
Millikan-2 2002 PB Caucasian Tagman wse 176 | 8 | o2 145 | 7 | os2 9
Han 2004 NA Caucasian (99%) g;‘gﬁ"/ a5 811 134 7 1066 165 6 089 8
BCAC HBCCS 2006  HB (CS:::;:'; PCR-RFLP 22 31 | 1 16l 32 | 1 066 5
BCAC LSHTM 2006 PB Caucasian PCR-RFLP 490 91 | 3 |57 84 | 7 ol 6
BCAC Madrid 2006 HB Cancaslan Taqman 695 152 | 16 | 698 136 | 11 0.14 7

(Spanish)

BCAC US3-state 2006 PB Caucasian Tagman 62 | 198 | 5 w7 124 11 o7 |7
BCAC SEARCH 2006 PB Caucasian (98%)  Tagman 3698 638 | 32 | 4385 824 37 080 6
BCAC Sheffield 2006 PB Caucasian Tagman 818 145 | 10 | 807 155 6 062 7
BCAC PBSC 2006 PB Caucasian (Polish)  Tagman 1305 | 234 | 10 1983 281 | 16 = 008 4
BCAC USRTS 2006 HB Mixed Taqman s7 122 | 3 | 82 161 | 3 012 7
Brooks 2008 NA Mixed PCR-RELP s15 | 83 | 4 | 519 | 78 | 5 | 028 8
Webb-1 2008 PB Mixed ABI PRISM 1251 187 | 9 | 675 101 | 7 | 015 8
Webb-2 2008 | PB Caucasian ABI PRISM ms 177 8 | s 9% | 6 026 8
;‘:k“:‘“v:k‘:“" 2012 NA Caucasian PCR-RFLP 182 344 | 174 | 172 376 160 009 7
Qureshi 2014 PB Asian PCR 13120 5 137 2 1 o021 6
Ding 2015 HB Asian PCR-LDR 166 280 160 | 184 | 305 144 041 7
Smolarz 2015 HB Caucasian PCR-RFLP 2 |8 |50 |18 | © | 12|on | s
Shadrina 2016 | PB Caucasian Tagman se 6 o sy | e | 2 05 | 6
Rajagopal 2022 PB Asian PCR-RFLP ws w06 o | w4 | 95 | 4 st | 7

PB: populaion-based: hospital based; NA: not available; HWE: Hardy-Weinberg equilibrium (significant at the 0.05 level); NOS: The Newcastle-Ottawa Scale, Quality of studies based on NOS star
scoring system: 1-2 stars: poor, 3-5 stars: fair and 6-10 stars: good)
For overlapping studies, only the one with the largest sample number was included in the meta-analysis.
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Author Source of

[REEE control Ethnicity Method
Millikan 2002 PB Afnican Tagman 505 | 578 | 101 | 435 555 | 142 009 9
Americans
Rafii § 2002 HB Caucasian Tagman 200 | 248 72 | 341 416 | 169 | 087 8
Smith a 2003 HB Caucasian PCR-RFLP 9% | 105 51 | 104 129 35 06l 7
Smith b 2003 PB Caucasian PCR-RFLP 62 | 74 | 26 | 112 141 | 49 068 7
Jacobsen 2003 PB Caucasian Tag-Man/PCR-RFLP | 163 | 203 59 | 160 198 65 077 4
Forsti 2004  PB Caucasian PCR-RFLP 72| 8 15 | 8 88 | 25 | 065 4
Han 2004 | NA Caucasian (99%) | TaqMan/ABI PRISM 388 | 429 135 | 468 607 | 170 | 023 3
Figueiredo 2004  HB Caucasian (99%) | MALDI-TOF MS 139 18 77 | 146 200 56 | 034 8
Zhang 2005 HB Asian PCR-RFLP 38 107 | 29 115 166 017 3
Thyagarajan 2006 PB Caucasian PCR-RFLP 160 192 27 126 157 40 0.41 8
BCAC HBCCS 2006  HB Cancasian Taq-Man & ARMS 95 | 119 42 | 77 88 | 29 | o64 5
(German)
BCAC SEARCH 2006 PB Caucasian (98%) | Tagman 1177 1462 405 | 1607 1898 @ 549 | 076 6
BCAC Sheffield 2006 PB Caucasian Tagman 458 | 555 168 | 437 | 53 | 195 | 014 7
BCAC USRTS 2006 HB Mixed Tagman 281 | 336 98 | 402 480 | 155 | 055 7
Garcia-Closas-1 2006 PB Caucasian Tagman 102 | 1419 457 | 973 1213 | 368 | 075 7
Garcia-Closas-2 2006 PB Caucasian Tagman 785 907 282 | 980 1039 | 266 071 7
Sangrajrang 2007 | HB Asian Melting curve analysis | 437 | 69 138 3 | 2 032 6
Lee 2007 PB Asian Single base extension 37 | 51 1 39 29 0 074 6
assay
Brooks 2008 NA Mixed PCR-RFLP 254 | 259 98 | 249 286 | 76 031 8
Webb-1 2008 PB Mixed ABI PRISM 591 656 198 | 307 375 | 106 061 8
Webb-2 2008 PB Caucasian ABI PRISM 500 612 1s4 | 248 321 91 043 8
Loizidou 2008 PB Mixed PCR-RFLP 312 560 220 | 351 600 | 226 | 029 8
Sobczuk 2009  HB Caucasian PCR-RFLP 9 71 50 | 24 | 50 | 32 | 057 5
Sterpone 2010 HB Caucasian PCR-RFLP 18 | 21 4 15 15 | 4 | 085 6
Santos 2010 HB Mixed PCR-RFLP 28 | 31 6 49 29 7 | 037 6
Jara 2010 PB Mixed CSGE 49 91 27 26 182 22 052 7
silva 2010 HB Caucasian PCR-RFLP 109 138 42 | 178 276 94 046 6
PCR-RELP or
Vral 2011 HB Caucasian SnapShot 60 87 23 54 84 30 0.96 2
technique
gz:'::::;ml 2012 HB Mixed Tagman 187 103 32 | 335 200 23 018 7
;‘:’;‘:::k:' < 2012 PB Caucasian PCR-RFLP 190 | 348 162 | 158 354 | 960 | 094 7
Ramadan 2014 | HB Mixed PCR-RFLP 8 57 15 | 30 | 37 | 38 | 049 7
Qureshi 2014 PB Asian PCR 74 67 15 | 101 | 44 | 5 >005 6
Ding 2015  HB Asian PCR-LDR 510 91 s | ss7 74 | 2 025 7
Su 2015  HB Asian PCR-RFLP 1052 141 39 131 87 14 089 7
Smolarz 2015  HB Caucasian PCR-RFLP 19 | 3% | 16 | 15 35 | 20 | 072 6
Lavanya 2015 HB Asian PCR-RFLP 2 | 7 1 w0 | s 2 005 | 6
Al Zoubi 2015 HB Arab Sequencing 6 | 2 4 s 18 | 5 | 033 5
Shadrina 2016 PB Caucasian Tagman 285 284 95 | 204 278 | 72 059 5
Al Zoubi 2017 HB Caucasian Sequencing s 13 2 4 9 2 om 5
Kipen 2017 HB Caucasian PCR-RFLP 86 | 68 | 15 | 84 | 94 | 7 | >005 5
Devi 2017 PB Asian PCR-RFLP 35 100 14 426 9% | 9 025 9
0Ozgoz 2017 HB Mixed b“:f‘]};;i%;& 2 46 14 | 3 40 23 023 6
Howlader 2020 HB Asian PCR-RFLP 70 46 5 | 9% | 3 3 099 6
Rajagopal 202  PB Asian PCR-RFLP 30 158 23 342 134 | 17 039 7

PB: population-based; HB: hospital-based; NA: not available; HWE: Hardy-Weinberg equilibrium (significant at the 0.05 level); NOS: The Newcastle-Ottawa Scale, Quality of studies based on NOS
star scoring system: 1-2 stars: poor, 3-5 stars: fair and 6-10 stars: good)
For overlapping studies, only the one with the largest sample numbers was included in meta-analysis.
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Stuay Y

ID OR (95% Cl) Weight
Kuschel B (2002) +| 0.94 (0.74,1.20)  16.60
Lee (2005) 1.66 (0.51,5.43)  9.65
Silva (2009) - 0.94 (0.62,1.41)  15.66
VRAL (2011) f 1.81(0.91,3.62) 13.54
Sassi (2013) ~—+———— 0.02 (0.00,0.34)  3.15
Michalska (2015) _._ 4.94 (1.92,12.72) 11.46
Al Zoubi (2015) — 6.76 (2.57,17.79) 11.28
Al Zoubi (2017) : 16.80 (1.60, 176.23) 4.21

Al Zoubi (2021) —+— 2.10 (1.18,3.75)  14.45
Overall (I-squared = 82.0%, p = 0.000) <> 1.84 (1.06,3.21)  100.00

NOTE: Weights are from random effects analysis

00117 1 855
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Stuay %

ID OR (95% ClI) Weight
Caucasian |

Kuschel B (2002) . 0.94 (0.74,1.20) 16.60
Silva (2009) - 0.94 (0.62,1.41) 15.66
VRAL (2011) . 1.81(0.91,3.62) 13.54
Sassi (2013) . JEE— ! 0.02 (0.00,0.34) 3.15
Michalska (2015) —— 4,94 (1.92,12.72) 11.46
Al Zoubi (2017) — 16.80 (1.60, 176.23)4.21
Subtotal (l-squared = 81.4%, p = 0.000) 1.44 (0.75,2.78) 64.62
Asian E

Lee (2005) ‘ 1.66 (0.51,5.43) 9.65
Subtotal (l-squared =.%, p=".) 1.66 (0.51,5.43) 9.65
Arab |

Al Zoubi (2015) ' — 6.76 (2.57,17.79) 11.28
Al Zoubi (2021) —— 2.10(1.18,3.75) 14.45
Subtotal (l-squared = 75.8%, p = 0.042) O 3.52 (1.13,11.00) 25.73
Overall (I-squared = 82.0%, p = 0.000) <> 1.84 (1.06, 3.21)  100.00

NOTE: Weights are from random effects analysis

00117 L | 855
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%

OR (95% Cl) Weight
Millikan (2002) —— 0.98 (0.87, 1.11) 3.76
Rafii S (2003) —_— 0.98(0.84,1.15)  3.23
Smith a 52003 —— 1.18(0.92,1.51)  2.19
Smith b (2003 —_— 0.97(0.74,1.28)  1.95
Jacobsen (2003) —_—— 0.96(0.79,1.17)  2.76
Forsti (2004) —_— 097 (071,1.31) 174
Han (2004) —— 0.95(0.84,1.07)  3.68
Figueiredo (2004) 1.16(0.95,1.41) 272
Zhang (2005) - 0.78 (0.60,1.02)  2.05
Thyagarajan (2006) 1.10(0.89,1.36) 258
BCAC HBBCS (2006) —— 1.09(0.83,1.43)  2.00

BCAC SEARCH (20086)
BCAC Sheffield (2006)
BCAC USRTS (2006) 0.96 (0.84, 1.11) 348
Garcia-Closas-1 é2006) 1.04(0.97,1.13) 426
Garcia-Closas-2 (2006) 113(1.04,1.24) 412

- 1.02 (0.95, 1.09) 4.35
——
—_—
-
——
Sangrajrang (2007) _t_—: 144 (0.98,2.14) 122
Lee (2007) 1.4 (0.90, 2.28) 0.95
——
—_——
——
———
— I
_————

0.92(0.82,1.04) 376

Webb-1 (2008) 0.96 (0.85,1.10)  3.63

Webb-2 (2008) 0.99 (0.86,1.13)  3.51
Loizidou (2008) 105(0.93,1.18) 377
Brooks (2008) 1.06(0.90,1.25)  3.14
Sobczuk (2009) 1.14(0.80,1.62) 142
gtertpon(e2 (()21%1) 0) 1.00(0.51,1.95) 050

antos 146 (0.88,2.41)  0.83
Jara (2010) 1.28(1.00,1.63) 227
Silva (2010) 0.85(0.69,1.04) 264
Vral (2011) 0.86 (0.63,1.16)  1.72

Gonzalez-Hormazabal (2012)
Romanowicz-Makowska (2012)
Ramadan (2014)

1.21(0.96, 1.51) 244
0.83 (0.72, 0.96) 3.36
0.66 (0.45, 0.98) 1.24

Qureshi (2014) —_— 206 (1.41,3.00)  1.28
Ding (2015) 138(1.02,1.88)  1.72
Su (2015) —_—— 1.99(1.58,2.52) 235

0.80(0.50,1.27)  0.93
073(0.29,1.81)  0.29
0.71(0.37, 1.37) 0.53
ilh%drig'a((z%qyi) 1.14(0.97,1.34)  3.18

oubi 0.77(0.30,1.96)  0.27
Kipen (2017) —_—— 0.99(0.72,1.37)  1.60

Smolarz (2015)
Lavanya (2015)
Al Zoubi (2015)

Devi (2017) 1.30(1.00,1.70)  2.02
0zgoz (2017) 0.75(051,1.13)  1.19
Howlader (2020) f—— 1.70(1.08,2.67)  0.99
Rajagopal (2022) — 1.28(1.02,1.60) 242

Overall (I-squared = 63.2%, p = 0.000)

NOTE: Weights are from random effects analysis

1.05 (1.00, 1.11) 100.00





OPS/images/fonc.2023.1047336/fonc-13-1047336-g005.jpg
Variable HR

Univariate Cox analysis
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Adult females with breast cancer confirmed by
histological diagnosis from 2013 to 2017
(N = 248756)

Inclusion criteria
a. Molecular subtype is ER + /PR + /HER 2+
b. Malignant behavior

c. Complete survival information

Patients with triple — positive breas tcancer

(N=17063)

Exclusion criteria

a. Missing surgical data(N =619)

b. Death from other causes(N = 312)
. Missing data on histological grading (N = 290)
. Survival time is 0 month(N = 33)
. Other missing data(IN = 40)

Training cohort

(N =5769)
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COUNTRY ~ ACCRUAL NO. OF HER2- HR- RANDOMIZATION = SURGERY = BCS RT BONE-  PRIMARY RESULTS

PERIOD PATIENTS  POSITIVE =~ POSITIVE TIMING RATE ONLY = ENDPOINT
PATIENTS = PATIENTS MTS
ECOG- NCT01242800 | United 2011-2025 256 LRTarm-  LRTarm-  After ST After ST 25% | Asper  Permitted = LRT os No significant
ACRIN States 33% 58% standard arm - benefit
2108 (12) STarm - ST arm - of carly 44%
32% 61% BC STarm
-39%
Tata NCT0019377  India 2005-2012 350 LRTarm- | LRTarm-  After ST* After ST 2% | Asper  Not LRT os No significant
Memorial 26% 59% standard | specified | arm - benefit
a3) STarm - ST arm - of carly 29%
35% 60% BC STarm
- 28%
ABCSG- | NCTOI015625  Austria 20102019 95 IRTarm- | LRTarm-  Before ST Before ST 29% | Asper  Permitted = LRT os No significant
28 27% 62% standard am - benefit
POSYTIVE STarm - STarm - of carly 49%
a 18% 67% BC STarm
- 36%
MF07-01 NCT00557986 | Turkey 2008-2012 278 LRTarm-  LRTarm-  Before ST Before ST 26%  Asper LRT os mos 46
as) 30% 85% standard amm - months vs 35
STarm - ST arm — of early 51% months (HR
31% 72% BC STarm 0.7, p=
- 40%

HR, hormone receptor; BC, breast cancer; BCS, breast conserving surgery; RT, radiotherapy; MDT, metastases-directed treatment;
“In presence of resectable primary tumor ligible for endocrine therapy the assignment was conducted upfront.

S, metastases; ST, systemic therapy; LRT, locoregional treatment; OS, overall survival; mOS, median overall survival.
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STUDY NAME ACCRUAL NO. OF LRT Vs No BONE- PRIMARY RESULTS

PERIOD PATIENTS LRT ONLY ENDPOINT
M

SEER (2010-2016) 20102016 3956 Surgery All os mOS 50 months in Surgery group VS 31
(33) Group arm - months in Non-Surgery Group (p <0.001)

82%

Not Surgery

Group- 18%
Geneva Cancer Registry (32) 1977-1996 300 NA 145 oS HR=0.6, P= 0.046

(Surgery of Primary Tumor and negative
margins)

French Epidemiological Strategy and 2008-2014 4276 LRT arm - 2556 (40%) oS HR 0.65 (0.55-0.76)
Medical Economics MBC database 77.2% p 0.0001
BOMET MF 14-01 NA 505 LRT 52.5% All oS HR 0.40 (0.30-0.54)
(29) No LRT p <0.0001

47.5%
SEER database 1988-2011 29916 Surgery NA oS mOS 34 months vs 18 months (HR 0.7,
(10) Group- 51% p=0.0003)

Not Surgery

Group - 49%
SEER database 1988-2003 9734 Surgery NA [eN mOS 36 months vs 21 months (p <0.001)
®) Group 47%

Not Surgery

Group 53%
Blanchard KD et al NA 395 LRT 61.3% NA [eN 08 27.1 vs 16.8 (p <0.0001)
(42) No LRT

38.7%

LRT, locoregional treatment; MTS, metastases; OS, overall survival; mOS, median overall survival; NA, not applicable; HR, hazard ratio.
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Clinicopathologic

parameters Univariate Cox analysis Multivariate Cox analysis

95% CI P value 95% Cl P value
Age 1.03 1.02-1.05 <0.0001** 1.04 1.02-1.05 <0.0001%%
M 132 10217 0.036* 0.88 062-1.26 0.495
N 1.68 1.39-2.04 <0.0001%%% 1.09 0.81-1.46 0577
RADS1 265 0.37-19.01 0334
Stage 1.69 1.43-2.01 <0.0001%%%* 215 1.42-3.26 <0.0001%**
T 123 1.07-141 0.004** 0.97 0.82-1.15 0.747
XRCC2 0 0-Inf 0994

08: overall survival, HR: Hazard ratio.
Only one mutated sample in XRCC3, but there was no survival information, it was rounded off in the analysis.
P value < 0.05 was considered significant. The asterisk ( * ) indicates p < 0.05 ; two asterisks ( * * ) represent p < 0.01, and four asterisks (* * * * ) represent p < 0.0001.
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Age

<70 years 583 160 (97.56%) 423 (98.60%) 0.775 0.379
270 years 10 4 (244%) 6 (1.40%)

Menopausal status

Pre/peri- 401 115 (70.12%) 286 (66.67%) 0.647 0421
Post- 192 49 (29.88%) 143 (33.33%)

Histology

Invasive ductal 524 145 (88.41%) 379 (88.34%) 3414 0.181
Mucinous adenocarcinoma 7 4 (2.44%) 3 (0.70%)

Other 62 5 (9.15%) 47 (10.96%)

Maximum diameter after treatment

<2 268 77 (46.95%) 191 (44.52%) 0.283 0.595
=2 325 87 (53.05%) 238 (55.48%)

Ki-67

<20% 414 107 (65.24%) 307 (71.56%) 2247 0.134
>20% 179 57 (34.76%) 122 (28.44%)

Miller-Payne (MP)

1 10 1(0.61%) 10 (2.33%) 12277 0.015*
2 71 19 (11.59%) 52 (12.12%)

3 445 116 (70.73%) 328 (76.46%)

4 54 0 (12.19%) 34 (7.92%)

5 13 8 (4.87%) 5 (1.16%)

Residual cancer burden

1 63 25 (15.24%) 38 (8.86%) 6.589 0.037*
it 172 51 (31.10%) 121 (28.20%)

i} 358 88 (53.66%) 270 (62.94%)

Number of metastatic sites

<3 316 92 (56.09%) 194 (45.22%) 5.621 0.018*
>3 277 72 (43.91%) 235 (54.78%)

*, P<0.05.
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HER2 expression n (%)

Residual breast cancer n (%)

AR-positive 80 (15.27) 261 (49.81) 0.002*
AR-negative 67 (12.78) 116 (22.14)
Total 147 (28.05) 377 (71.95)

*, P<0.01.
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Primary cancer HER2 expression on residual breast cancer n (%)

HR-Pos HER2-zero HER2-low HER2-pos

HER2-zero 62 (11.76) 41 (7.78) 1(0.19) 104 (19.73)
HER2-low 67 (12.71) 342 (64.90) 14 (2.66) 423 (80.27)
Total ‘ 129 (24.48) 383 (72.68) 15 (2.85) 527 (100)
HR-Neg

HER2-zero 17 (26.15) 9 (13.85) 0 (0) 26 (40.00)
HER2-low 12 (18.46) 24 (36.92) 3 (4.62) 39 (60.00)

Total 29 (44.62) 33 (50.77) 3 (462) 65 (100)
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HER2 expression n (%)

PHr

Primary breast cancer n (%)
HR-positive/HER2-negative
Triple-negative
Total

‘ Residual breast cancer n (%)
HR-positive/HER2-negative
Triple-negative

Total

141 (30.52)
14 (3.03)

155

136 (32.69)
17 (4.09)

153

282 (61.04) 0435
25 (5.41)

307

247 (59.38) 0.067
16 (3.85)

263
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HER2 expression n (%)

0

Primary breast cancer n (%)
HR-positive/HER2-negative
Triple-negative

Total

Residual breast cancer n (%)
HR-positive/HER2-negative
Triple-negative

Total

*, P<0.01.

104 (17.57)
26 (4.39)

130

129 (2247)
29 (5.05)

158

423 (71.45) 0.000*
39 (6.59)

462

383 (66.72) 0.000*
33 (5.75)

416
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HER2 expression on residual breast cancer n (%)

HER2-zero HER2-low HER2-pos

HER2 expression on primary breast cancer n(%)

HER2-zero 79 (10.19) 50 (6.46) 1(0.13) 130 (16.78)
HER2-low 79 (10.19) 366 (47.23) 17 (2.19) 462 (59.61)
HER2-pos 6(0.77) 13 (1.68) 164 (21.16) 183 (23.61)

Total 164 (21.16) 429 (55.36) 182 (23.48) 775
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Demographics Total (n=574) Differential (n=129) Consistent (n=445) P Value*
HER2 0-low HER2 low-0 HER2 0 HER2 low
N=50 N=79 N=79 N=366
Age
<70 years 548 49 (98%) 78 (98.73%) 76 (96.20%) 361 (98.63%) 2.376 0.498
>70 years 26 1(2%) 1(127%) 3 (3.80%) 5 (1.37%)
Menopausal status
Pre/peri- 393 32 (64%) 51 (64.56%) 59 (74.68%) 251 (68.58%) 2438 0.487
Post- 181 18 (36%) 28 (35.44%) 20 (25.32%) 115 (31.42%)
Histology
Invasive ductal 505 46 (92%) 74 (93.67%) 65 (82.28%) 320 (87.43%) 14.693 0.023*
Mucinous adenocarcinoma 7 0 (0%) 0 (0%) 4 (5.06%) 3 (0.82%)
Other 62 4.(8%) 5 (6.33%) 10 (12.66%) 43 (11.75%)
Maximum diameter after treatment
<2 265 18 (36%) 35 (44.30%) 40 (50.63%) 172 (46.99%) 2.925 0.403
22 309 32 (64%) 44 (55.70%) 39 (49.37%) 194 (53.01%)
Ki-67
<20% 401 30 (60%) 45 (56.96%) 56 (70.89%) 270 (73.77%) 11248 0.010*
>20% 173 20 (40%) 34 (43.04%) 23 (29.11%) 96 (26.23%)
Miller-Payne (MP)
1 9 1(2%) 0 (0%) 0 (0%) 8 (2.19%) 23.137 0.027*
2 71 3 (6%) 6 (7.59%) 12 (15.19%) 54 (14.75%)
3 425 41 (82%) 59 (74.68%) 52 (65.82%) 273 (74.59%)
4 53 5 (10%) 10 (12.67%) 11 (13.93%) 27 (7.38%)
5 12 0(0%) 4 (5.06%) 4 (5.06%) 4 (1.09%)
Residual cancer burden
1 59 9 (18%) 10 (12.66%) 11 (13.92%) 29 (7.92%) 13.684 0.033*
it 159 10 (20%) 21 (26.58%) 30 (37.97%) 98 (26.78%)
1 356 31 (62%) 48 (60.76%) 38 (48.11%) 239 (65.30%)
Number of metastatic sites
<3 276 21 (42%) 56 (70.89%) 35 (44.30%) 164 (44.81%) 19.221 0.000*
>3 298 29 (58%) 23 (29.11%) 44 (55.70%) 202 (55.19%)

*, P<0.05.
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Youden

Comparison

Parameter Sensitivit) Neld)ild] 95% Cl -Value
Group 4 R y Index & P
a 0771 1215 1.000 0.488 0488 0.672~0870 <0.0001
ADCmean |
G b 0.879 1625 0.692 0.949 0.641 0.816~0.943 <0.0001
(107 mm?/s) I
< 0.982 1665 0.976 0.885 0.860 0.964~0.999 <0.0001
a 0702 1520 0923 0463 0.386 0.595~0.809 0.0009
ADCmax b 0772 1750 0577 0.962 0.538 0.684~0861 <0.0001
(x107° mm?/s)
¢ 0.940 1785 0.854 0.897 0.751 0.896~0.984 <0.0001
a 0.749 1.080 1.000 0.561 0.561 0.641~0.857 <0.0001
ADCmin
A b 0.905 1465 0.942 0833 0.776 0.848~0.961 <0.0001
(x107 mm®/s)
c 0951 1460 0.951 0833 0.785 0.916~0.985 <0.0001

a, benign PTs vs. borderline PTs; b, benign PTs vs. malignant PTs; ¢, borderline PTs vs. malignant PTs.
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Parameter i Sensitivity Specificity 95% Cl p-Value

a 0823 1435 0813 0819 0.632 0764-0.881 | <0.0001
ADCmean
R b 0987 1100 0.947 0.942 0.89 0977-0.99  <0.0001
(x107 mm?s)
¢ 0906 0925 0.947 0729 0.676 0867-0.946  <0.0001
a 0.802 1.575 0.836 0.681 0.517 0.743-0.862 <0.0001
ADCmax
_3 2 b 0.952 1.545 0.848 0.962 0.809 0.929-0.976 <0.0001
(x10 mm?/s)
{53 0.777 1.390 0.585 0.860 0.445 0.714-0.840 <0.0001
a 0.810 1.245 0.784 0.787 0.571 0.753-0.868 <0.0001
ADCmi
e b 098  0.965 0.906 0971 0.878 0977-0.99  <0.0001
(x107 mm?s) |
¢ 0894 0760 0915 0776 0.691 0850-0.938  <0.0001

a, PT vs. FA; b, PT vs. BG; ¢, FA vs. BC (AUC of ROI-c and SD was small and were not included in further analyses).
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Variables Cancer-specific survival (CSS) Overall survival (OS)

HR 95%Cl P value 95%Cl P value

Age at diagnosis

<60 Ref Ref

>60 1.195 1.132-1.262 <0.001 1.247 1.184-1.314 <0.001
Sex 7

Female Ref Ref

Male 1.229 0.982-1.539 0.072 1.230 0.995-1.520 0.055
Race

White Ref Ref

Black 1.198 1.119-1.282 <0.001 1221 1.144-1.302 <0.001

Others 0.902 0.815-0.998 0.045 0.923 0.839-1.016 0.102

Marital status
Married Ref Ref
Unmarried 1.221 1.158-1.289 <0.001 1.254 1.192-1.320 <0.001

Histological type

IDC Ref Ref
ILC 1.155 1.056-1.263 0.002 1.134 1.042-1.234 0.004
IDC and ILC 1.151 1.013-1.309 0.031 1.144 1.013-1.292 0.03
Others 1.073 0.990-1.162 0.085 1.087 1.008-1.172 0.031
Grade
I-1I Ref Ref
I-1v 1.477 1.386-1.575 <0.001 1.428 1.343-1.517 <0.001
Unknown 1.174 1.082-1.273 <0.001 1135 1.051-1.227 0.001
HoR status
[ ER-/PR+ Ref | i Ref
ER+/PR+ 0.366 0.293-0.458 <0.001 0.382 0.309-0.474 <0.001
ER+/PR- 0.624 0.497-0.784 <0.001 0.625 0.501-0.778 <0.001
ER-/PR- 1.135 0.909-1.417 0.263 1.141 0.921-1.413 0.229

Tumor stage

TO0-2 Ref Ref
T3-4 1.243 1.177-1.312 <0.001 1.240 1.178-1.306 <0.001

Lymph node stage

NO Ref Ref
N1-2 0.996 0.940-1.056 0.906 0.989 0.935-1.045 0.69
N3 1.061 0.983-1.144 0.13 1.047 0.973-1.126 0.219

Bone metastasis

No Ref Ref

Yes 1.274 1.200-1.354 <0.001 1.241 1.172-1.315 <0.001

Lung metastasis

No Ref Ref

Yes 1.245 1.175-1.319 <0.001 1.227 1.161-1.296 <0.001
Liver metastasis

No Ref Ref

Yes 1.754 1.649-1.866 <0.001 1.710 1.611-1.815 <0.001

Brain metastasis

No Ref Ref

Yes 1.811 1.639-2.001 <0.001 1.788 1.624-1.968 <0.001
Surgery

Yes Ref Ref

No 1.698 1.596-1.808 <0.001 1.693 1.595-1.796 <0.001
Radiation

Yes Ref Ref

No 1.021 0.964-1.082 0.484 1.037 0.982-1.096 0.194
Chemotherapy

Yes Ref Ref

No 1412 1.332-1.497 <0.001 1.467 1.388-1.550 <0.001

S8, cancer-specific survival, OS, overall survival; HR, hazard ratios; CI, confidence intervals; MBC, metastatic breast cancer; HoR, hormone receptor; ER, estrogen receptor; PR, progesterone
receptor; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma.





OPS/images/fonc.2023.1029648/table2.jpg
Variables Number (%) Cancer-specific survival (CSS) Over survival (OS)

Median CSS (months) P value Median OS (months) P value

Total 10877 (100)

Age at diagnosis

<60 5271 (48.5) 36 <0.001 34 <0.001
>60 5606 (51.5) 31 27 [

Sex
Female 10726 (98.6) 33 0.968 30 0.787
Male 151 (1.4) 36 29

Race
White 8111 (74.6) 35 <0.001 32 <0.001
Black 1866 (17.1) 23 29
Others 900 (8.3) 38 35

Marital status
Married 5000 (46) 38 <0.001 36 <0.001
Unmarried 5877 (54) 29 26

Histological type

IDC 7714 (70.9) 33 <0.001 30 <0.001
ILC 1275 (11.7) 40 36

IDC and ILC 494 (4.6) 41 37
Others 1394 (12.8) 26 23

Grade
I-IT 4987 (45.8) 46 <0.001 41 <0.001
-1V 4263 (39.2) 23 21

Unknown 1627 (15) 29 27

HoR status
ER+/PR+ 7060 (64.9) 44 <0.001 40 <0.001
ER+/PR- 1533 (14.1) 26 24
ER-/PR+ 126 (1.2) 12 11
ER-/PR- 2158 (19.8) 14 13

Tumor stage
To-2 5134 (47.2) 40 <0.001 37 <0.001
g 5743 (52.8) 28 26

Lymph node stage

No 3858 (35.5) 35 0.009 31 0.056
Ni, 5137 (47.2) 34 30
N, 1882 (17.3) 30 27

Bone metastasis

No 3497 (32.2) 28 0.002 25 0.001

‘ Yes 7380 (67.8) 35 32

Lung metastasis

No 7660 (70.4) 37 | <0.001 | 34 <0.001
Yes 3217 (29.6) 24 21

Liver metastasis
No 8713 (80.1) 38 <0.001 34 <0.001
Yes 2164 (19.9) 19 18

Brain metastasis

Yes 10236 (94.1) 35 <0.001 32 <0.001
No 641 (5.9) 12 12

Radiation
Yes 3909 (35.9) 36 <0.001 33 <0.001
No 6968 (64.1) 32 29

Surgery
Yes 3525 (32.4) 46 <0.001 42 <0.001
No 7352 (67.6) 29 26

Chemotherapy
Yes 6450 (59.3) 34 <0.001 32 <0.001
No 4427 (40.7) 33 28

CSS, cancer-specific survival; OS, overall survival; MBC, metastatic breast cancer; HoR, hormone receptor; ER, estrogen receptor; PR, progesterone receptor; IDC, invasive ductal carcinoma; ILC,
invasive lobular carcinoma.
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ER+/PR+, N (%) N (%) ER-/PR+, N (%)

Total 10877 (100) 7060 (64.9) 1533 (14.1) 126 (1.2) 2158 (19.8)

Age at diagnosis 0.001
<60 5271 (48.5) 3395 (48.1) 674 (44) 68 (54) 1134 (52.5)
>60 5606 (51.5) 3665 (51.9) 859 (56) 58 (46) 1024 (47.5)

Sex 0.001
Female 10726 (98.6) 6939 (98.3) 1518 (99) 125 (99.2) 2144 (99.4)
Male 151 (1.4) 121 (1.7) 15 (1) 1(0.8) 14 (0.6)

Race <0.001
White 8111 (74.6) 5442 (77.1) 1136 (74.1) 77 (61.1) 1456 (67.4)
Black 1866 (17.1) 989 (14) 283 (18.5) 36 (28.6) 558 (25.9)
Others 900 (8.3) 629 (8.9) 114 (7.4) 13 (10.3) 144 (6.7)

Marital status 0.474
Married 5000 (46) 3281 (46.5) 699 (45.6) 55 (43.7) 965 (44.7)
Unmarried 5877 (54) 3779 (53.5) 834 (54.4) 71 (56.3) 1193 (55.3)

Histological type <0.001
DC 7714 (70.9) 4904 (69.5) 1018 (66.4) 96 (76.2) 1696 (78.6)
1LC 1275 (11.7) 992 (14.1) 229 (14.9) 6 (4.8) 48 (2.2)
IDC and ILC 494 (4.6) 378 (5.3) 66 (4.3) 2(L6) 48 (2.2)
Others 1394 (12.8) 786 (11.1) 220 (14.4) 22 (17.4) 366 (17)

Grade <0.001
i8Il 4987 (45.8) 3964 (56.1) 653 (42.6) 15 (11.9) 355 (16.5)
-1V 4263 (39.2) 2025 (28.7) 604 (39.4) 95 (75.4) 1539 (71.3)
Unknown 1627 (15) 1071 (15.2) 276 (18) 16 (12.7) 264 (12.2)

Tumor stage <0.001
T 5134 (47.2) 3504 (49.6) 716 (46.7) 50 (39.7) 864 (40)
Tz 5743 (52.8) 3556 (50.4) 817 (53.3) 76 (60.3) 1294 (60)

Lymph node stage <0.001
No 3858 (35.5) 2585 (36.6) 562 (36.7) 42 (33.3) 669 (31)
Ny 5137 (47.2) 3427 (48.5) 686 (44.7) 56 (44.5) 968 (44.9)
N, 1882 (17.3) 1048 (14.9) 285 (18.6) 28 (22.2) 521 (24.1)

Bone metastasis <0.001
No 3497 (32.2) 1697 (24) 490 (32) 75 (59.5) 1235 (57.2)
Yes 7380 (67.8) 5363 (76) 1043 (68) 51 (40.5) 923 (42.8)

Lung metastasis <0.001
No 7660 (70.4) 5155 (73) 1136 (74.1) 75 (59.5) 1294 (60)
Yes 3217 (29.6) 1905 (27) 397 (25.9) 51 (40.5) 864 (40)

Liver metastasis <0.001

No 8713 (80.1) 5846 (82.8) 1194 (77.9) 92 (73) 1581 (73.3)

Yes 2164 (19.9) 1214 (17.2) 339 (22.1) 34 (27) 577 (26.7)

Brain metastasis <0.001
No 10236 (94.1) 6753 (95.7) 1423 (92.8) 113 (89.7) 1947 (90.2)

Yes 641 (5.9) 307 (4.3) 110 (7.2) 13 (10.3) 211 (9.8)

Chemotherapy <0.001
Yes 6450 (59.3) 3730 (52.8) 891 (58.1) 90 (71.4) 1739 (80.6)
No 4427 (40.7) 3330 (47.2) 642 (41.9) 36 (28.6) 419 (19.4)

Radiation 0.079
Yes 3909 (35.9) 2548 (36.1) 583 (38) 40 (31.7) 738 (34.2)
No 6968 (64.1) 4512 (63.9) 950 (62) 86 (68.3) 1420 (65.8)

Surgery <0.001
Yes 3525 (32.4) 2123 (30.1) 473 (30.9) 54 (42.9) 875 (40.5)
No 7352 (67.6) 4937 (69.6) 1060 (69.1) 72 (57.1) 1283 (59.5)

MBC, metastatic breast cancer; ER, estrogen receptor; PR, progesterone receptor; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma.
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Inclusion criteria(N=15470):

1.Breast cancer

2.Distant metastasis
3.HER-2 negative
4.Diagnosed in 2010-2018
5.0ne primary cancer only

Exclusion criteria:

1. Less than 1 month of follow-up(N=918)

2. ER status is borderline/unknown/not available(N=104)
3. PR status is borderline/unknown/not available(N=82)
4.Unknown information about race, marital status,
distant metastasis, T stage, N stage and method of breast
surgery(N=3489)

Final MBC with HER-2 negative(N=10877):
ER+/PR+ phenotype (N=7060)

ER+/PR- phenotype(N=1533)

ER-/PR+ phenotype(N=126)

ER-/PR- phenotype(N=2158)
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Unmatched PSM

Variables Non-BCS (%) BCS (%) SMD Non-BCS (%) BCS (%) SMD
N=9579 (62.5) N=5738 (37.5) N=3625 (50.0) N=3625 (50.0)

Age (Mean (SD)) 31.72 (3.12) 31.84 (3.01) 0.041 31.75 (3.11) 31.75 (3.03) <0.001
Race (%) 0.080 0.050
Black 1397 (14.6) 955 (16.6) 607 (16.7) 547 (15.1)

Other 1108 (11.6) 751 (13.1) 443 (12.2) 477 (13.2)

White 7074 (73.8) 4032 (70.3) 2575 (71) 2601 (71.8)

Marital (%) 0.095 0.017
No 3720 (38.8) 2496 (43.5) 1450 (40) 1480 (40.8)

Yes 5859 (61.2) 3242 (56.5) 2175 (60) 2145 (59.2)

Laterality (%) 0.020 0.005
Left 4805 (50.2) 2821 (49.2) 1781 (49.1) 1790 (49.4)

Right 4774 (49.8) 2917 (50.8) 1844 (50.9) 1835 (50.6)

Grade (%) 0.126 0.035
I 528 (5.5) 480 (8.4) 220 (6.1) 213 (5.9)

1T 3029 (31.6) 1646 (28.7) 1027 (28.3) 1084 (29.9)

I 5860 (61.2) 3487 (60.8) 2308 (63.7) 2259 (62.3)

v 162 (1.7) 125 (2.2) 70 (1.9) 69 (1.9)

Histology (%) 0.092 0.034
IDC 8550 (89.3) 5139 (89.6) 3267 (90.1) 3267 (90.1)

ILC 181 (1.9) 49 (0.9) 54 (1.5) 41 (1.1)

Other 848 (8.9) 550 (9.6) 304 (8.4) 317 (8.7)

T stage (%) 0.433 0.061
T1 3739 (39.0) 2996 (52.2) 1605 (44.3) 1590 (43.9)

T2 4373 (45.7) 2527 (44.0) 1754 (48.4) 1820 (50.2)

T3 1467 (15.3) 215 (3.7) 266 (7.3) 215 (5.9)

N stage (%) 0.386 0.018
NO 4260 (44.5) 3533 (61.6) 1649 (45.5) 1678 (46.3)

N1 3506 (36.6) 1692 (29.5) 1461 (40.3) 1434 (39.6)

N2 1160 (12.1) 358 (6.2) 356 (9.8) 358 (9.9)

N3 653 (6.8) 155 (2.7) 159 (4.4) 155 (4.3)

Chemotherapy (%) 0.081 0.030
No 1628 (17.0) 1156 (20.1) 628 (17.3) 670 (18.5)

Yes 7951 (83.0) 4582 (79.9) 2997 (82.7) 2955 (81.5)

Radiation (%) 0.726 0.026
No 5946 (62.1) 1613 (28.1) 1567 (43.2) 1613 (44.5)

Yes 3633 (37.9) 4125 (71.9) 2058 (56.8) 2012 (55.5)

Subtype (%) 0.341 0.032
HR-/HER2- 879 (9.2) 352 (6.1) 281 (7.8) 288 (7.9)

HR-/HER2+ 283 (3.0) 90 (1.6) 90 (2.5) 78 (2.2)

HR+HER2- 2222 (23.2) 861 (15.0) 664 (18.3) 635 (17.5)

HR+/HER2+ 803 (8.4) 286 (5.0) 241 (6.6) 239 (6.6)

Not 2010+ 5392 (56.3) 4149 (72.3) 2349 (64.8) 2385 (65.8)

BCS, Breast conserving surgery; HR, Hormone receptor; IDC, Invasive ductal carcinoma; ILC, Invasive lobular carcinoma; HER2, Human epidermal growth factor receptor 2; PSM,
propensity score matched; SMD, Standardized mean differences.
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3-year OS rate
5-year OS rate
10-year OS rate
3-year BCSS rate
5-year BCSS rate
10-year BCSS rate

BCS, Breast conserving surgery; PSM, propensity score matched; OS, overall survival; BCSS, breast cancer specific survival.

Betore PSM

BCS vs. Mastectomy (95% CI)

0.944 (0.938-0.950) vs.0.921 (0.916-0.927)
0.899 (0.891-0.908) vs. 0.857 (0.849-0.865
0.821 (0.810-0.833) vs. 0.745 (0.734-0.757,
0.950 (0.944-0.956) vs. 0.929 (0.924-0.935
0.911 (0.903-0.919) vs. 0.871 (0.864-0.879
0.844 (0.833-0.855) vs. 0.769 (0.758-0.780)

)
)
)
)

After PSM

BCS vs. Mastectomy (95% CI)
0.929 (0.920-0.938) vs. 0.928 (0.919-0.937)
0.873 (0.861-0.885) vs. 0.867 (0.855-0.879)
0.788 (0.772-0.804) vs. 0.762 (0.745-0.779)
0.935 (0.927-0.944) vs. 0.936 (0.928-0.944)
0.885 (0.874-0.897) vs. 0.879 (0.868-0.891)
(

0.813 (0.798-0.829) vs. 0.784 (0.768-0.801)
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Univariate analysis Multivariate analysis

Variables HR* 95%CI P-value HR* 95%CI P-value
Age 0.984 (0.967, 1.001) 0.058 0.986 (0.969, 1.003) 0.111
Race

Black Reference Reference

Other 0.593 (0.486, 0.723) 0.000 0.720 (0.589, 0.881) 0.001

White 0.624 (0548, 0.711) 0.000 0.693 (0.605, 0.792) 0.000
Laterality

Left Reference

Right 1.031 (0.927, 1.146) 0.575
Marital

No Reference Reference

Yes 0.876 (0.787, 0.976) 0.016 0.931 (0.832, 1.042) 0.215
Grade

I Reference Reference

8§ 2.351 (1.617, 3.417) 0.000 1958 (1.345, 2.851) 0.000

it 3.373 (2.346, 4.851) 0.000 2472 (1.711, 3.570) 0.000

v 3.110 (1.903, 5.082) 0.000 2.546 (1554, 4.171) 0.000
Histology

IDC Reference

ILC 1.036 (0.659, 1.63) 0.879

Other 0.775 (0.633, 0.95) 0.014
T stage

T1 Reference Reference

T2 1.635 (1.458, 1.834) 0.000 1294 (1.149, 1.458) 0.000

T3 2.339 (1.925, 2.843) 0.000 1761 (1.441, 2.154) 0.000
N stage

No Reference Reference

N1 1.727 (1519, 1.962) 0.000 1.701 (1.485, 1.948) 0.000

N2 2.750 (2339, 3.233) 0.000 2.564 (2.157, 3.049) 0.000

N3 4.905 (4.073, 5.908) 0.000 4.342 (3.566, 5.287) 0.000
Chemotherapy

No Reference Reference

Yes 1.392 (1.197, 1.619) 0.000 0.955 (0.809, 1.127) 0.584
Radiation

No Reference Reference

Yes 1.380 (1.236, 1.54) 0.000 0.978 (0.862, 1.110) 0.728
Surgery

BCS Reference Reference

Mastectomy 1.138 (1.023, 1.265) 0.018 1127 (1.013, 1.254) 0.028
Subtype

HR-/HER2- Reference Reference

HR-/HER2+ 0.524 (0.285, 0.964) 0.038 0.545 (0.296, 1.003) 0.051

HR+/HER2- 0.418 (0.305, 0.574) 0.000 0.475 (0.345, 0.654) 0.000

HR+/HER2+ 0.279 (0.169, 0.461) 0.000 0.301 (0.182, 0.498) 0.000

Not 2010+ 0.69 (0.544, 0.874) 0.002 0.704 (0553, 0.897) 0.004

BCS, Breast conserving surgery; IDC, Invasive ductal carcinoma; ILC, Invasive lobular carcinoma; HR, Hormone receptor; HER2, Human epidermal growth factor receptor 2; HR*, hazard
ratio: CI, confidence interval.
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Variables

Occurrence of SPM

Yes
N 1,843 1,783 60
Survival months 101.87 + 68.17 118.63 + 75.76 0.027*
Age 66.84 £ 12.63 67.53 £ 10.02 0.817
Age group 0.160
<45 80 80 (4.49%) 0(0.00%)
45-55 226 218 (12.23%) 8(13.33%)
55-65 458 444 (24.90%) 14 (23.33%)
65-75 527 502 (28.15%) 25 (41.67%)
75-85 425 415 (23.28%) 10 (16.67%)
85+ 127 124 (6.95%) 3 (5.00%)
Race 0.637
‘ ‘White 1,573 1,524 (85.47%) 49 (81.67%)
‘ Black 164 158 (8.86%) 6 (10.00%)
‘ Other 106 101 (5.66%) 5 (8.33%)
Marital status 0.172
Married 1,331 1,294 (72.57%) 37 (61.67%)
Single 389 372 (20.86%) 17 (28.33%)
Divorced 123 117 (6.56%) 6 (10.00%)
Tumor grade 0.202
| Grade I 242 229 (12.84%) 13 (21.67%)
Grade IT 944 915 (51.32%) 29 (48.33%)
Grade ITT 636 618 (34.66%) 18 (30.00%)
Grade IV 21 21 (1.18%) 0 (0.00%)
Histological type
Infiltrating duct 1,634 1,583 (88.78%) 51 (85.00%) 0.538
Adenocarcinoma 112 108 (6.06%) 4 (6.67%)
Other 97 92 (5.16%) 5(8.33%)
TMN stage 0.952
0 2 2 (0.11%) 0 (0.00%)
I 645 624 (35.00%) 21 (35.00%)
1A 596 577 (32.36%) 19 (31.67%)
1B 270 261 (14.64%) 9 (15.00%)
A 153 146 (8.19%) 7 (11.67%)
mc 92 91 (5.10%) 1 (1.67%)
B 85 82 (4.60%) 3 (5.00%)
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T3 97
T4 100
N stage
No 0
N1 19
N2 21
N3 54
M stage
Mo 0
M1 70
Surgery
no surgery 64
breast-conserving 0
mastectomy 22
Radiotherapy
| No 23

Yes 0
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Univariate analysis

Multivariate analysis

Characteristics
HR (95%Cl) P-value HR (95%Cl) P-value
Age (years) <0.001 <0.001
<50 Reference Reference
50-64 1.37 (1.00-1.91) 0.069 1.44 (1.02-2.02) 0.036
65-79 1.70 (1.21-2.38) 0.002 1.94 (1.38-2.74) <0.001
80+ 4.06 (2.87-5.74) <0.001 4.26 (2.96-6.15) <0.001
Sex 0.700
Female Reference
Male 0.68 (0.10-4.85) 0.700
Race 0.131
White Reference
Black 1.23 (0.95-1.60) 0.120
Others 0.78 (0.50-1.22) 0.279
Marital <0.001
Married Reference
Single 1.57 (1.19-2.06) 0.001
Divorced 1.71 (1.35-2.16) <0.001
Laterality 0.054
Right Reference
Left 1.23 (1.00-1.51) 0.054
Site 0.002
others Reference
502 0.59 (0.41-0.86) 0.006
503 0.51 (0.30-0.87) 0.013
504 0.69 (0.54-0.88) 0.002
505 0.87 (0.61-1.27) 0.480
AJCC stage <0.001
1 Reference
i 3.29 (2.13-5.07) <0.001
it 8.94 (5.67-14.10) <0.001
v 29.35 (18.00-47.92) <0.001
T stage <0.001 <0.001
T1 Reference Reference
T2 2.28 (1.55-3.35) <0.001 1.98 (1.34-2.92) 0.001
T3 6.54 (4.40-9.72) <0.001 4.97 (3.29-7.52) <0.001
T4 11.16 (7.41-16.81) <0.001 5.19 (3.29-8.17) <0.001
N stage <0.001 0.003
NO Reference Reference
N1 2.09 (1.64-2.67) <0.001 1.37 (1.05-1.79) 0.8
N2 273 (1.83-4.07) <0.001 1.41 (0.92-2.16) 0.110
N3 3.58 (2.19-5.87) <0.001 242 (1.42-4.09) 0.001
M stage <0.001 <0.001
Mo Reference Reference
M1 8.46 (6.32-11.32) <0.001 3.12 (2.21-4.40) <0.001
ER status 0.296
Negative Reference
Positive 1.14 (0.89-1.45) 0.296
PR status 0.312
Negative Reference
Positive 0.85 (0.62-1.16) 0.312
HER-2 status 0.518
Negative Reference
Positive 0.87 (0.56-1.34) 0.518
Subtype 0913
HR+/HER2- Reference
HR+/HER2+ 0.89 (0.45-1.77) 0.742
HR-/HER2+ 0.81 (0.45-1.48) 0.499
HR-/HER2- 097 (0.76-1.23) 0.792
Surgery <0.001 <0.001
no surgery Reference Reference
breast-conserving 0.16 (0.11-0.23) <0.001 0.35 (0.23-0.54) <0.001
mastectomy 0.34 (0.25-0.51) <0.001 0.50 (0.35-0.72) <0.001
Chemotherapy <0.001
No Reference
Yes 0.58 (0.47-0.71) <0.001
Radiotherapy <0.001 0.002
No Reference Reference
Yes 0.57 (0.46-0.71) <0.001 0.69 (0.54-0.87) 0.002

MBC Metaplastic breast carcinoma, 502 Upper-inner quadrant of breast, 503 Lower-inner quadrant of breast, 504 Upper-outer quadrant of breast, 505 Lower-outer quadrant of breast, ER,
Estrogen receptor; PR, Progesterone receptor; HER-2, Human epidermal growth factor receptor 2. For all of the analyses, variables with p<0.1 were deemed statistically significant in univariate
Cox regression, and variables with p < 0.05 were deemed statistically significant in multivariate Cox.
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cteri MBC, N (%) IDC, N (%) N (%) P-value
1605(0.7%) 223943(99.3%) 225548(100%)
Age(years) <0001
<50 349(21.7%) 54559(24.4%) 54908(24.3%)
50-64 586(36.5%) 88196(39.3%) 88782(39.4%)
65-79 471(29.4%) 64271(28.7%) 64742(28.7%)
80+ 199(12.4%) 16917(7.6%) 17116(7.6%)
Sex 0.137
Female 1598(99.6%) 222244(99.2%) 223842(99.2%)
Male 7(0.4%) 1699(0.8%) 1706(0.8%)
Race < 0.001
White 1218(75.9%) 175687(78.5%) 176905(78.4%)
Black 265(16.5%) 24573(10.9%) 24838(11.0%)
Others 122(7.6%) 23683(10.6%) 23805(10.6%)
Marital < 0.001
Married 843(52.5%) 132731(59.3%) 133574(59.2%)
Single 305(19.0%) 36779(16.4%) 37084(16.5%)
Divorced 457(28.5%) 54433(24.3%) 54890(24.3%)
Laterality 0.745
Right 799(49.8%) 110570(49.4%) 111369(49.4%)
Left 806(50.2%) 113373(50.6%) 114179(50.6%)
Site 0.461
others 625(38.9%) 85240(38.1%) 85865(38.1%)
502 210(13.1%) 29356(13.1%) 29566(13.1%)
503 95(5.9%) 12800(5.7%) 12895(5.7%)
504 538(33.5%) 79353(35.4%) 79891(35.4%)
505 137(8.5%) 17194(7.7%) 17331(7.7%)
AJCC stage <0001
1 359(22.4%) 115640(51.6%) 115999(51.4%)
1T 922(57.4%) 76361(34.1%) 77283(34.3%)
il 246(15.3%) 23071(10.3%) 23317(10.3%)
v 78(4.9%) 8871(4.0%) 8949(4.0%)
T stage <0001
Tl 399(24.9%) 134484(60.1%) 134883(59.8%)
T2 770(47.9%) 69194(30.9%) 69964(31.0%)
T3 271(16.9%) 11600(5.1%) 11871(5.3%)
T4 165(10.3%) 8665(3.9%) 8830(3.9%)
N stage <0001
NO 1223(76.2%) 151690(67.7%) 152913(67.8%)
N1 276(17.2%) 54122(24.2%) 54398(24.1%)
N2 71(4.4%) 11592(5.2%) 11663(5.2%)
N3 35(2.2%) 6539(2.9%) 6574(2.9%)
M stage 0.066
Mo 1527(95.1%) 215072(96.0%) 216599(96.0%)
M1 78(4.9%) 8871(4.0%) 8949(4.0%)
ER status < 0.001
Negative 1248(77.8%) 42078(18.8%) 43326(19.2%)
Positive 357(22.2%) 181865(81.2%) 182222(80.8%)
PR status < 0.001
Negative 1387(86.4%) 64097(28.6%) 65484(29.0%)
Positive 218(13.6%) 159846(71.4%) 160064(71.0%)
HER-2 status < 0.001
Negative 1497(93.3%) 184336(82.3%) 185833(82.4%)
Positive 108(6.7%) 39607(17.7%) 39715(17.6%)
Subtype <0001
HR+/HER2- 401(25.0%) 156663(70.0%) 157064(69.6%)
HR+/HER2+ 37(2.3%) 27758(12.4%) 27795(12.3%)
HR-/HER2+ 71(4.4%) 11849(5.3%) 11920(5.3%)
HR-/HER2- 1096(68.3%) 27673(12.4%) 28769(12.8%)
Surgery <0001
no surgery 78(4.9%) 12886(5.8%) 12964(5.8%)
breast-conserving 673(41.9%) 128573(57.4%) 129246(57.3%)
‘mastectomy 854(53.2%) 82484(36.8%) 83338(36.9%)
Chemotherapy < 0.001
No 521(32.5%) 123815(55.3%) 124336(55.1%)
Yes 1084(67.5%) 100128(44.7%) 101212(44.9%)
Radiotherapy <0.001
No 777(48.4%) 93995(42.0%) 94772(42.0%)
Yes 828(51.6%) 129948(58.0%) 130776(58.0%)

MBC Metaplastic breast carcinoma, IDC Infiltrating ductal carcinoma, 502 Upper-inner quadrant of breast, 503 Lower-inner quadrant of breast, 504 Upper-outer quadrant of breast, 505 Lower-
outer quadrant of breast, ER, Estrogen receptor; PR, Progesterone receptor; HER-2, Human epidermal growth factor receptor 2.
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Male breast cancer
(n=1949)

Marital status at diagnosis was unknown (n=126)
Grade was unknown (n=81)

AJCC stage was was unknown (n=336)

T stage was unknown (n=11)

N stage was unknown(n=2)

Distant metastasis was unknown(n=2)

Breast Subtype was unknown(n=97)

PR Status was unknown(n=7)

Less than 1 month of survival (n=5)

Surgery was unknown(n=12)

Radiation was unknown (n=39)

Race was unknown (n=7)

Exclusion

Male Breast cancer
(n=1224)
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Univariable analysis Multivariable analysis
Variable

HR* (95% Cl) p value HR *(95% Cl) p value

Age at initial BC diagnosis (yrs.) (245 vs. <45) 1.47 (0.79-2.74) 0.223 - -

Primary tumor site (vs. Outer quadrant) 0.014
Inner quadrant 2.59 (1.18-5.65) 0.017 3.65 (1.52-8.79) 0.004
The areolar region/central axis 3.35 (1.35-8.29) 0.009 2.07 (0.70-6.13) 0.189
Surgery (Breast-conserving surgery vs. Mastectomy) 0.76 (0.35-1.66) 0489 - -

Two diameter ratio (>1.4 vs. <1.4) 1.42 (0.78-2.61) 0.254 - -

T Stage of primary BC (T2/3 vs. T1) 2.94 (1.40-6.20) 0.005 2,68 (1.11-6.43) 0.028
N Stage of primary BC (vs. N0) 0078
N1 249 (1.06-5.88) 0.037 1.82 (0.58-5.76) 0.307
N2 4.35 (1.67-11.36) 0.003 3.14 (0.86-11.49) 0.084
N3 4.02 (1.65-9.82) 0.002 5.30 (1.40-19.99) 0014

Histopathological Grade of primary BC (vs. I)

1 1.60 (0.61-4.22) 0.342 = =
it 2.24 (0.78-6.43) 0.134 - -
Molecular Subtype of metastases (vs. Luminal A) 0.644
Luminal B 3.86 (1.74-8.58) 0.001 1.50 (0.52-4.32) 0.449
HER?2 enriched (HR +/HR -) 1.68 (0.63-4.45) 0.300 1.05 (0.30-3.68) 0938
Triple negative 2.25 (0.78-6.50) 0.134 0.75 (0.24-2.38) 0.625
ER (P vs. N) 1.51 (0.67-3.40) 0323 = =
PR (P vs.N) 0.99 (0.51-1.95) 0.990 = =
HER-2 (P vs. N) 1.17 (0.48-2.81) 0.732 - -
Radiotherapy (Not done vs. Done) 1.24 (0.68-2.28) 0.484 - -
Distant metastasis free interval (> 5 yrs. vs. <5 yrs.) 0.56 (0.28-1.11) 0.098 - -
Chest wall recurrence (Yes vs. < No) 091 (0.45-1.84) 0.784 - -
Age at diagnosis of MBC (yrs.) (250 vs. <50) 1.10 (0.60-2.02) 0.749 - -
Female hormone levels (Menopausal status vs. Premenopausal status) 1.21 (0.66-2.21) 0.537 - -
‘Whether the patient came to medical attention because of symptoms (Yes vs. No) 1.61 (0.82-3.14) 0.166 - -
Location of PM (Contralateral/Bilateral vs. Ipsilateral) 2.15 (1.07-4.33) 0.033 341 (142-8.19) 0.006
MPE (Yes vs. No) 3.01 (1.24-7.28) 0.015 4.42 (1.39-14.05) 0.012
Supraclavicular lymph node metastasis (Yes vs. No) 155 (0.80-2.99) 0.192 - =

-, negative; HR*, hazard ratio; BC, breast cancer; MBC, metastatic breast cancer; HR+, hormone receptor-positive; HR-, hormone receptor-negative; PM, pleural metastasis; MPE, malignant
pleural effusion.
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Age at initial BC diagnosis (years)

<45 35 60.3%

>45 23 39.7%
Laterality

Left 28 48.3%

Right 30 51.7%

Primary tumor site

Outer quadrant 18 31.0%

Inner quadrant 27 46.6%

The areolar region/central axis 13 224%
Surgery type

Mastectomy 48 82.8%

Lumpectomy 10 17.2%

Two diameter ratio
<14 28 48.3%
214 30 51.7%

AJCC stage at initial BC diagnosis

1 7 12.1%
11 23 39.6%
1 28 48.3%

T category of primary BC

T1 15 25.9%
T2 38 65.5%
T3 5 8.6%

N category of primary BC

NO 14 24.1%
N1 19 32.8%
N2 13 22.4%
N3 12 20.7%

Histopathological Grade of primary BC

1 7 12.1%
11 35 60.3%
11T 16 27.6%

Molecular Subtype of metastases

Luminal A 16 27.6%

Luminal B 23 39.7%

Triple negative 9 15.5%

HER?2 enriched (HR +/HR -) 10 17.2%
Subtype

HR+Her2+ 6 10.3%

HR+Her2- 39 67.2%

HR-Her2+ 4 6.9%

HR-Her2- 9 15.5%
ER

Negative 13 22.4%

Positive 45 77.6%
PR

Negative 19 32.8%

Positive 39 67.2%
Ki-67

<20% 36 62.1%

>20% 22 37.9%
Radiotherapy

Received 32 55.2%

Not received 26 44.8%

Endocrine therapy

Received 45 77.6%

Not received 13 22.4%
Anti-HER2 therapy

Received 9 15.5%

Not received 49 84.5%

Distant metastasis free interval

<5 yrs. 40 69.0%

> 5yrs. 18 31.0%
Chest wall recurrence

Yes 14 24.1%

No 14 75.9%
Age at diagnosis of MBC (years)

<50 29 50.0%

250 29 50.0%
Female hormone levels

Premenopausal status 27 46.6%

Menopausal status 31 53.4%
hether the patient came to medical attention because of symptoms

Yes 17 29.3%

No 41 70.7%

Location of PM

Ipsilateral 46 79.3%

Contralateral/Bilateral 12 20.7%
MPE

Yes 47 81.0%

No 11 19.0%

Supraclavicular lymph node metastasis
Yes 20 34.5%

No 38 65.5%

BC, breast cancer; PM, pleural metastasis; MPE, malignant pleural effusion; MBC, metastatic
breast cancer; HR+, hormone receptor-positive; HR-, hormone receptor-negative.
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p B (N=81) Group C (N=43) P Valu

Age at BC diagnosis (years) 0.154
Median (range) 42 (23-71) 43 (26-71) 41 (28-65) 44 (23-70)
Mean (SD) 44 (9.4) 46 (10.3) 43 (8.2) 42 (10.0)

Menstrual status 0.820
premenopause 133 (73.1) 42 (72.4) 58 (71.6) 33 (76.7)
menopause 49 (26.9) 16 (27.6) 23 (28.4) 10 (23.3)

Neoadjuvant Chemotherapy 0.862
Received 16 (8.8) 5(8.6) 8(9.9) 3(7.0)
Not received 166 (91.2) 53 (91.4) 73 (90.1) 40 (93.0)

Surgery type 0.812
Mastectomy 151 (83.0) 48 (82.8) 66 (81.5) 37 (86.0)
Lumpectomy 31 (17.0) 10 (17.2) 15 (18.5) 6 (14.0)

Molecular Subtype 0.539
Luminal A 49 (26.9) 16 (27.6) 21 (25.9) 12 (27.9)
Luminal B 61 (33.5) 23 (39.7) 23 (28.4) 15 (34.9)
Triple negative 43 (23.6) 9 (15.5) 25 (30.9) 9 (20.9)
HER2 enriched 29 (16.0) 10 (17.2) 12 (14.8) 7 (16.3)

Histopathological grading 0.863
I 24 (132) 7 (12.1) 11 (13.6) 6 (14.0)
)t 106 (58.2) 35 (60.3) 44 (54.3) 27 (62.8)
it 52 (28.6) 16 (27.6) 26 (32.1) 10 (23.3)

T category 0.549
Tl 61 (33.5) 15 (25.9) 29 (35.8) 17 (39.5)
T2 103 (56.6) 38 (65.5) 43 (53.1) 22 (51.2)
T3 18 (9.9) 5(8.6) 9 (11.1) 4(9.3)

N category 0.821
NoO 42 (23.1) 14 (24.1) 15 (18.5) 13 (30.2)
N1 67 (36.8) 19 (32.8) 33 (40.7) 15 (34.9)
N2 37 (20.3) 13 (22.4) 16 (19.8) 8 (18.6)
N3 36 (19.8) 12 (20.7) 17 (21.0) 7 (16.3)

Adjuvant Chemotherapy 0238
Done 180 (98.9) 58 (100) 79 (97.5) 43 (100)
Not done 2(L1) 0 (0) 2(25) 0 (0)

Radiotherapy 0.956
Done 79 (434) 26 (44.8) 35 (43.2) 18 (41.9)
Not done 103 (56.6) 32 (55.2) 46 (56.8) 25 (58.1)

Group A, PM without other distant metastases; Group B, LM without other distant metastases; Group C, LM and PM without other distant metastases. Data are presented as No. (%) or median
(range), unless otherwise indicated. SD, standard deviation.
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Cancer-specific death Occurrence of SPM

Variables

p-value p-value
Age group
65-75 ref ref
55-65 1.0137 <0.0001* 0.7516 <0.0001*
75-85 23679 <0.0001* 0.7861 <0.0001*
45-55 1.8132 <0.0001* 0.8458 <0.0001%
85+ 0.547 <0.0001* 0.8998 <0.0001*
<d5 6.5540 <0.0001* 0.9159 <0.0001*
Race
White ref ref
Black 1.7756 <0.0001* 1.0583 <0.0001*
Other 0.5697 <0.0001* 0.9682 <0.0001%

Marital status

Married ref ref
Single 0.5560 <0.0001* 0.8393 <0.0001*
Divorced 0.5677 <0.0001* 1.0487 <0.0001*

Tumor grade

Grade IT ref ref

Grade IIT 1.5597 <0.0001* 1.0574 <0.0001*
Grade 1 0.1559 <0.0001* 0.8183 <0.0001*
Grade IV 0.0153 <0.0001* 0.6641 <0.0001*

Histological type

Infiltrating duct ref ref

Adenocarcinoma 0.0486 <0.0001* 1.5327 <0.0001*
Other 0.3203 <0.0001* 1.0089 <0.0001*
TMN stage

Stage 0+1 ref ref

Stage 11 0.0912 <0.0001* 0.6253 <0.0001*
Stage 111 4.0035 <0.0001* 0.6135 <0.0001*
Surgery performed

Yes ref ref

No 2.9478 <0.0001* 1.1238 <0.0001*
Radiotherapy performed

No ref ref

Yes 0.6601 <0.0001* 1.1854 <0.0001*

Chemotherapy performed
No ref ref
Yes 1.9436 <0.0001* 0.9004 <0.0001*

Duration to begin treatment

Less than 1 month ref ref

More than 1 month 0.7742 <0.0001* 0.9765 <0.0001*
HR status

Positive ref ref

Negative 0.0939 <0.0001* 0.9360 <0.0001*
HER2 status

Negative ref ref

Positive 1.5371 <0.0001* 11042 <0.0001*

*Statistically significant (p < 0.05).
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Univariate analysis Multivariate analysis

Variables
HR (95% Cl) p-value HR (95% Cl)

Age group

65-75 1.0 1.0

55-65 0.62 (0.15, 2.54) 0.5103 0.1 (0.0, 0.6) 0.009*

75-85 020 (0.02, 1.71) 0.1429 17,323.8 (1570.8, 191059.2) <0.001*

45-55 047 (0.05, 3.94) 0.4831 0.0 (0.0, 0.0) <0.001%

85+ 0.00 (0.00, Inf) 0.9921 0.7 (0.0, Inf) 1.000

<45 0.00 (0.00, Inf) 0.9939 0.6 (0.0, Inf) 1.000
7 Race

White 1.0 1.0

Black 1.64 (035, 7.77) 0.5310 Inf (Inf, Inf) <0.001%

Other 0.00 (0.00, Inf) 0.9928 3493 (0.0, Inf) 1.000

Marital status ‘

Married 1.0 1.0
Single 3.10 (0.77, 12.57) 0.1127 45.9 (10.8, 195.3) <0.001*
Divorced 9.04 (1.95, 42.02) 0.0050* 0.0 (0.0, 0.0) <0.001*

Tumor grade ‘

Grade IT 1.0 1.0

Grade IIT 0.40 (0.08, 1.95) 0.2575 Inf (Inf, Inf) <0.001*
Grade I 1.07 (0.22, 5.24) 0.9355 Inf (Inf, Inf) <0.001*
Grade IV 0.00 (0.00, Inf) 0.9935 1.4 (0.0, Inf) 1.000

Histological type ‘

Infiltrating duct 1.0 1.0

Adenocarcinoma 2555 (031, 21.18) 0.3853 0.0 (0.0, 0.0) <0.001*
Other 3.69 (0.76, 18.01) 0.1068 Inf (4,969,507.8, Inf) <0.001*
TMN stage ‘
I 1.0 1.0

1A 0.51 (0.05, 5.64) 0.5811 Inf (Inf, Inf) <0.001*
1B 4.95 (0.94, 25.96) 0.0585 1957392.5 (318,862.9, Inf) <0.001*
A 5.56 (0.76, 40.72) 0.0915 1.5 (0.1, 16.9) 0.727
1IC 0.00 (0.00, Inf) 0.9906 1.4 (0.0, Inf) 1.000
1B 3.57 (031, 40.68) 0.3051 0.3 (0.0, 4.9) 0.404
0 0.00 (0.00, Inf) 0.9983 0.8 (0.0, Inf) 1.000

Surgery performed

Yes 1.0 1.0

No 0.00 (0.00, Inf) 0.9931 0.7 (0.0, Inf) 1.000
‘ Radiotherapy performed
‘ No 1.0 1.0
Yes 1.14 (0.33, 3.94) 0.8360 0.0 (0.0, 0.0) <0.001*
Chemotherapy performed
No 1.0 1.0
Yes 1.92 (058, 6.37) 0.2856 2.8 (0.5, 15.1) 0.239

Duration to begin treatment

Less than 1 month 1.0 1.0

More than 1 month 3.30 (071, 15.42) 0.1286 6,062,810.1 (987,643.0, Inf) <0.001*
HR status

Positive 1.0 1.0

Negative 0.00 (0.00, Inf) 0.9909 0.5 (0.0, Inf) 1.000

HER2 status

Negative 1.0 1.0

Positive 0.00 (0.00, Inf) 0.9903 1.0 (0.0, Inf) 1.000

*Statistically significant (p < 0.05).
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Univariate analysis Multivariate analysis

Variables

HR (95% Cl) HR (95% Cl) p-value
Age group
65-75 1 1
55-65 0.78 (0.37, 1.66) 05205 05 (0.2, 1.4) 0.182
75-85 0.84 (0.40, 1.77) 0.6561 1.8 (06, 5.6) 0.288
45-55 0.73 (0.26, 2.03) 0.5438 02 (0.0, 1.6) 0.135
85+ 0.88 (0.28, 2.73) 0.8249 2.06 (0.68, 6.26) 0.2024
<45 1.56 (0.49, 5.01) 0.4551 04551 0.4 (0.0, 6.3) 0.481
Race ‘
White 1 1
Black 1.53 (0.71, 3.29) 02745 15(07,33) 0.355
Other 0.84 (0.25, 2.83) 0.7745 0.6 (0.2, 1.9) 0.360

Marital status ‘

Married 1 1
Single 0.80 (0.40, 1.60) 05307 038 (04, 1.6) 0523
Divorced 142 (053, 3.85) 04870 1.0 (0.3, 2.7) 0.928

Tumor grade

Grade I 1 1

Grade IIT 217 (1.22, 3.87) 0.0083* 1.9 (1.1, 3.4) 0.029*
Grade I 0.66 (0.22, 1.98) 0.4601 1.0 (03, 3.1) 0.954
Grade IV 0.00 (0.00, Inf) 0.9891 0.0 (0.0, Inf) 0.998

Histological type ‘

Infiltrating duct 1 1
Adenocarcinoma 0.73 (0.17, 3.18) 0.6791 1.2 (03, 5.2) 0.814
Other 0.51 (0.12, 2.18) 0.3625 0.5 (0.1, 2.0) 0.316
TMN stage ‘
Stage 0+ 1 1 1
Stage 1T 257 (1.15, 5.74) 0.0213* 22 (1.0, 5.0) 0.061*

‘ Stage 11T 6.33 (2.68, 14.98) <0.0001* 5.6 (2.2, 14.6) <0.001*

‘ Surgery performed

‘ Yes 1 1

No 5.16 (1.70, 15.68) 0.0038* 3.8 (1.4, 10.6) 0.009%
Radiotherapy performed

No | 2\ 1

Yes 1.51 (0.87, 2.63) 0.1474 0.9 (0.5, 1.8) 0.870
Chemotherapy performed

No 1 1

Yes 2.56 (147, 4.48) 0.0009% 1.3 (0.6, 2.6) 0.520

Duration to begin treatment

Less than 1 month 1 1

More than 1 month 0.85 (0.49, 1.46) 0.5494 1.1 (0.6, 1.9) 0.765
HR status

Positive 1 1

Negative 0.96 (0.12, 7.63) 0.9684 0.7 (0.1, 5.8) 0.764

HER2 status

Negative 1 1

Positive 1152 (0.71, 3.26) 02793 12 (0.6, 2.7) 0.603

“Statistically significant (p < 0.05).
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: : Total
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Total 21 68 16 28 133






OPS/images/fonc.2023.1047336/crossmark.jpg
©

2

i

|





OPS/images/fonc.2023.1047336/fonc-13-1047336-g001.jpg
0 of additional
records identified
through other

sources

272 of records
identified through
database
searching

7 of records after duplicates
removed

Literatures
excluded based on
evaluation of title
and abstract
(n=187),

review (n=2),
Meta-analysis

265 of records (n=16)

assessed for meeting
eligibility abstract(n=2)

Full-text articles
excluded (n=14)
(1) Did not
provide specific
data (n=4)

(2) Not in HWE

58 of full-text (n=8)

articles assessed (3)Overlapping
for eligibility data(n=2)

44 of studies
included in
quantitative
synthesis
(meta-analysis)





OPS/images/fonc.2022.977664/utable1.jpg
PBS
PD-1
PD-LI
Pl
RP2D
RPMI
sce

smls

T™ME
TNBC
TNF
IcB
HER
BC

American type culture collection
breast cancer

Bristol Myers Squibb

cytotoxic T-lymphocyte-associated protein
disease-free survival

fetal bovine serum

growth inhibition

human-epidermal growth factor receptor
immune checkpoint blockade

interferon

immune-related adverse events
‘monoclonal antibodies

‘major histocompatibility complex
‘maximum tolerated dose

severely immunodeficient mouse
‘nanoparticle

objective response

phosphate buffered saline

programmed death receptor
programmed death receptor ligand
propidium odide

recommended phase-1I dose

Roswell Park Memorial Institute
squamous cell carcinoma

small molecule inhibitors
tumor-infitrating leukocytes

tumor microenvironment

triple-negative breast cancer

tumor necrosis factor

Immune checkpoint blockade

human epidermal growth factor receptor
breast cancer

trastuzamab





OPS/images/fonc.2022.1050481/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.1050481/table1.jpg
o Tibetan- Han-

Clinical character P
group group value

Age(years) 47.96 + 10.56 47.96 + 10.56 0.104

Altitude of residence(m) 3650 + 488.55 492 + 151.35 [0.000]

Menstrual status [n (%)]

post-menopausal 43(41.3%) 16(47.1%) 0.588

pre-menopausal 61(58.7%) 18(52.9%)

Average age at menopause 48.40 + 3.47 50.56 + 4.68 0.058

(years)

Patient delay(months) 7.47 + 11.53 7.22 £ 22.96 0.023

Body Mass Index (BMI) 26.17 + 4.80 23.98 + 3.17 0.015

Tumor diameter(cm) 4.13 +2.98 2.51 £ 0.82 0.000

Lymph nodes metastasis [n 58(58.62%) 13(38.26%) 0.035

(%)] 8(7.69%) 2(5.88%) [1.000]

Distant metastasis [n (%)]

The bold values were less than 0.05, showing significant difference.
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Clinicopathological char-

acter

Pathological type

Tibetan-
group

Han-
group

p
value

Invasive carcinoma of no special 94(90.38%) 31(91.18%) 0.747
type 69(66.35%) 24(70.59%)

Invasive ductal carcinoma 10(9.62%) 3(8.82%)

Others

ER

Positive 66(65.35%) 25(73.53%) 0.379
Negative 35(34.65%) 9(26.47%)

PR

Positive 54(53.47%) 20(60.61%) 0.474
Negative 47(46.53%) 13(39.39%)

Her-2

Positive 23(24.21%) 12(36.36%) 0.177
Negative 72(75.79%) 21(63.64%)

Ki67

High 75(79.79%) 31(91.18%) 0.186
Low 19(20.21%) 3(8.82%)






OPS/images/fonc.2022.977664/table1.jpg
Set

Control

P20
H5P10
HI10P5
H10P10
H25P5
H25P10
H25P20
H50P20

No. of data set

B AR UL R W G N NN N o

k (mean (std. dev)) pmz

5.8e4 (4.8e4)
8.49¢8 (2.24¢9)
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2.6¢9 (3.1e9)
8.4e8 (1.0e7)
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1.4¢8 (1.1e8)
3.5¢8 (5.8e8)

3.9¢8 (7.8e8)

Ap (mean (std. dev)) pm2

32033 (183.85)
202.247 (247.39)
37523 (162.41)
127.04 (200.9)
22081 (170.80)
227.83 (211.70)
189.05 (152.64)
182.25 (63.98)
33628 (241.84)
325.56 (45.62)
22488 (125.49)
213.85 (122.73)

4144 (101.21)

r (mean (std. dev)) days"l

0.0911 (0.0880)
0.1675 (0.0981)
00443 (0.0515)
0.288 (0.20)
0.1562 (0.15)
0.0651 (0.10)
0.1586 (0.275)
-0.259 (0.3)
-0.038 (0.037)
-0.2191 (0.29)
-0.367 (0.4)
-0.06 (0.12)

-0.03 (0.02)"
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Set No. of data set Drug effect (a) days™, (mean (std. dev.)) Growth inhibition (%)

Control 6 0 0

H5 7 0.0081 (0.0026) 33.75 (5.4)
H10 7 0.0109 (0.0054) 4542 (112)
H25 7 0.0055 (0.0032) 22.92 (6.6)
H50 7 0.0053 (0.0071) 22,09 (14.7)
P1 6 0.0120 (0.0058) 50 (12.0)
P5 6 0.0129 (0.0062) 53.75 (12.9)
P10 5 0.0236 (0.0019) 98.34 (3.9)
P20 3 0.0535 (0.0214) 100*
H5P10 4 0.0200 (0.0023) 83.34 (4.7)
HI10P5 6 0.0224 (0.0030) 93.34 (6.2)
HI10P10 6 0.0224 (0.0055) 93.34 (11.4)
H25P5 5 0.0225 (0.0046) 93.75 (9.5)
H25P10 5 0.0225 (0.0056) 93.75 (11.6)
H25P20 4 0.0315 (0.0073) 100*
H50P20 4 0.0482 (0.0183) 100*

The drug effect parameter a is estimated using model (4) by fixing k=1e6 um2, A0 = 200 um2, and the growth rate of the control is set as r=0.0240 (0.0042). The overall growth rate of treated
colonies is rtreat =r-a and growth inhibition is calculated as % GI=(1-(rtreat/r)) x100. * Note that while calculating GI value for P20, H25P20, H50P20, as value of r<a, r-a becomes negative
resulting in %GI>100, which is rounded off to 100%.





OPS/images/fonc.2022.977664/table3.jpg
% Growth inhibition P alone Conc.
100* P20 - -
98.34* P10 83.34 93.34
53.75* P5 - 93.34
50* P1 - -
Conc. H5 H10
% Growth inhibition H alone 33.75* 45.42*

Values given in bold indicate % Growth inhibitions for combination therapy and those with * are for monotherapy.

100
93.75
93.75

H25
22.92*

% Growth inhibition with combination treatment

100

H50
22.09*
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Variables

Age

Race
Black
Other
White

Laterality
Left
Right

Marital
No
Yes

Grade

Histology
IDC
ILC
Other
T stage
Tl
T2
T3
N stage
NO
N1
N2
N3
Chemotherapy
No
Yes
Radiation
No
Yes
Subtype
HR-/HER2-
HR-/HER2+
HR+/HER2-
HR+/HER2+
Not 2010+

HR*

1.004

Reference
1.006
0.964

Reference

1.011

Reference

0.959

Reference
0.868
0.889
0.951

Reference
0.871
1.023

Reference
0.926
0.730

Reference
0.872
0.808
0.770

Reference

0.946

Reference

1.382

Reference
0.92
0.992
0.969
1152

Univariate analysis

95%CI

(1.001, 1.007)

(0.972, 1.042)
(0.939, 0.989)

(0.993, 1.03)

(0.941, 0.977)

(0.835, 0.902)
(0.857, 0.923)
(0.882, 1.026)

(0.806, 0.941)
(0.991, 1.056)

(0.909, 0.944)
(0.708, 0.753)

(0.854, 0.889)
(0.783, 0.834)
(0.739, 0.803)

(0.924, 0.969)

(1.358, 1.406)

(0.861, 0.983)
(0.956, 1.030)
(0.925, 1.015)
(1.114, 1.191)

P-value

0.009

0.724
0.005

0.229

0.000

0.000
0.000
0.196

0.001
0.166

0.000
0.000

0.000
0.000
0.000

0.000

0.000

0.014
0.680
0.185
0.000

HR*

1.004

Reference

0.946

Reference
0.968
1.002
1.018

Reference
0.945
0.743

Reference
0.884
0.785
0.775

Reference

0.928

Reference

1.459

Reference
0.972
0.973
0.966
1.127

Multivariate analysis

95%CI

(1.002, 1.007)

(0.93, 0.962)

(0935, 1.002)
(0.968, 1.037)
(0952, 1.089)

(0.928,0.962)
(0.722,0.765)

(0.868, 0.900)
(0.762, 0.808)
(0.746, 0.805)

(0.907, 0.950)
(1.435, 1.484)

0917, 1.031)
0.940, 1.008)
0.927, 1.008)

(
(
(
(1.093, 1.162)

P-value

0.002

0.000

0.067
0.900
0.595

0.000
0.000

0.000
0.000
0.000

0.000

0.000

0.350
0.126
0.109
0.000

BCS, Breast conserving surgery; IDC, Invasive ductal carcinoma; ILC, Invasive lobular carcinoma; HR, Hormone receptor; HER2, Human epidermal growth factor receptor 2; HR, hazard

ratio: CI, confidence interval.
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Univariable Multivariable
Variable
HR (95%Cl) p-Value HR (95%Cl)

Age <0.001 <0.001
<64 years Ref Ref
65-80 years 1.53 (1.13-2.08) 0.006 1.93 (1.40-2.68) <0.001
>80 years 3.32 (2.32-4.75) <0.001 3.70 (2.45-5.60) <0.001

Grade 0.001 0.008
1 Ref Ref
i 1.08 (0.64-1.81) 0.773 0.90 (0.53-1.52) 0.683
il 1.80 (1.08-3.00) 0.024 1.42 (0.84-2.40) 0.197

T status <0.001 <0.001
T1 Ref Ref
T2 1.99 (1.44-2.76) <0.001 1.70 (1.21-2.39) 0.002
T3 4.69 (2.69-8.17) <0.001 3.03 (1.67-5.51) <0.001
T4 5.02 (3.42-7.38) <0.001 291 (1.87-4.55) <0.001

N status <0.001 0.107
No Ref
N1 1.60 (1.18-2.16) 0.002
N2 2.34 (1.57-3.51) <0.001
N3 1.99 (1.18-3.34) 0.009

M status <0.001 <0.001
Mo Ref Ref
M1 6.16 (4.47-8.47) 3.00 (1.86-4.84)

Stage <0.001 =
1 Ref -

I 1.47 (0.10-2.17) 0.052 - -
it 271 (1.78-4.14) <0.001 = -
v 9.42 (6.14-14.46) <0.001 - -

ER status <0.001 0.001
Negative Ref Ref
Positive 0.32 (0.17-0.59) 0.32 (0.17-0.62)

PR status 0.019 0.556
Negative Ref
Positive 0.60 (0.39-0.92)

HER2 status 0.002 0.019
Negative Ref Ref
Positive 1.70 (1.22-2.36) 1.53 (1.07-219)

Subtype <0.001 = =
HR+/HER2 — Ref - o
HR+/HER2+ 1.75 (1.25-2.46) 0.001 - -
HR-/HER2+ 2.31 (0.57-9.31) 0.24 < =
HR-/HER2- 5.84 (2.97-11.47) <0.001 - -

Surgery type <0.001 0.001
No surgery Ref Ref
PM 0.19 (0.11-0.31) <0.001 0.51 (0.28-0.93) 0.028
™ 0.14 (0.10-0.20) <0.001 0.40 (0.25-0.63) <0.001

Radiotherapy 0.90 (0.67-1.21) 0.476

Chemotherapy 0.74 (0.56-0.98) 0.036 0.67(0.49-0.93) 0.015

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; TM, total mastectomy; PM, partial mastectomy; O, overall survival; MBC, male

breast cancer.
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Cohort, N (%)

age 65.35+12.24 58.57+11.38 0.001
T status 0.003
T1 544 (44.4%) 30 (68.2%)
i) 533 (43.5%) 11 (25.0%)
T3 40 (3.3%) 2 (4.5%)
T4 107 (8.7%) 1(2.3%)
N status ‘ 0.271
No 667 (54.5%) 28 (63.6%)
N1 384 (31.4%) 11 (25.0%)
N2 109 (8.9%) 2 (4.5%)
N3 64 (5.2%) 3(6.8%)
M status ‘ 0.016
Mo 1144 (93.5%) 37 (84.1%)
M1 80 (6.5%) 7 (15.9%)
Stage 1 0.495
1 361 (29.5%) ‘ 19 (43.2%)
1 578 (47.2%) 14 (31.8%)
it 205 (16.7%) } 1(2.3%)
v 80 (6.5%) 10 (22.7%)
Grade 0.001
Grade I, 11 764 (62.4%) 33 (79.5%) |
Grade ITT 460 (37.6%) 9 (20.5%)
ER status 24252 <0.001
Positive 1191 (97.3%) ‘ 37 (84.1%)
Negative 33 (2.7%) 7 (15.9%)
PR status 3.386 0.066
Positive 1120 (91.5%) 35 (79.5%)
Negative 104 (8.5%) 9 (20.5%)
HER2 status 0.004 0.951
Positive 163 (13.3%) 6 (13.6%)
Negative 1061 (86.7%) 38 (86.4%)
Subtype 17.504 <0.001
HR+/HER2- 1040 (85.0%) 32 (72.7%)
HR+/HER2+ 154 (12.6%) 5 (11.4%)
HR-/HER2+ 9 (0.7%) ‘ 2 (4.5%)
HR-/HER2- 21 (1.7%) 5 (11.4%)
Surgery 2.143 0.143
Yes 1151 (94%) 39 (88.6%)
No 73 (6.0%) 5 (11.4%)
Chemotherapy 0.045 ' 0.833
Yes 509 (41.6%) ‘ 19 (43.2%)
No 715 (58.4%) ‘ 25 (56.8%)
Radiotherapy 15.901 <0.001
Yes 368 (30.1%) 1(2.3%)
No 856 (69.9%) 43 (97.8%)

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; HR, hormone receptor.
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Model CTV

Constant
AA cup
A cup

C cup

G cup

Constant: B cup. ]

Unstandardized coetficients

Beta

511.408
-283.381
-60.683
134.293
1404.896

The dependent variable is the C

Std. error

46.09
120.189
104.523
71.119
252.446

Standardized coetficients

Beta

-0.243
-0.060
0.201
0.557

. The independent variable were cup sizes (including AA, B, 291 C, and G cup).

11.096
-2.358
-0.581
1.888
5.565

Sig.

0.000
0.022
0.564
0.064
0.000
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Characteristic NO. (%)

Age (year)

BMI (kg/m?)

BSA (m?)

Bust size (cm)

Chest size (cm)

CTV (cm®)
Supine position

Prone position

Side
Left 33(52.38%)
Right 30(47.62%)
Quartant
medial-upper 14(22.22%)
medial-lower 2(3.17%)
lateral-upper 37(58.73%)
lateral-lower 10(15.87%)
Breast shape
Disc-type 31(49.21%)
Cone-type 6(9.52%)
Drop-type 25(39.68%)
Hemisphere-type 1(1.58%)
Cup size
AA 5(7.94%)
A 7(11.11%)
B 29(46.03%)
Cc 19(30.16%)
D 2(3.17%)
E 0
F 0
G 1(1.58%)

Mean

48
23.85
1.69
91.33
82.84

549.24
595.67

Median

48
23.15
1.73
90.50
79.75

553.38
661.10

Range

23-70
18.73-32.45
1.49-2.05
73.50-120.00
68.00-98.50

129.49-1916.30
130.04-1823.37

BMI, body mass index; BSA, body surface area. Bust size is measured as the circumference around the chest at the plane of the nipple. Chest size is measured as the circumference around the

chest under the fold of the breasts .Breast volume measured by CTV (clinical target volume),in unit of cm?®,
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Variable

Volume (cm3)

CTV

Ipsilateral lung

Heart

Contralateral lung

Contralateral breast
Target dose

Dmean (cGy)

CI

HI
Dose in OARs
Ipsilateral lung

Dmean (cGy)

V5(%)

V10(%)

V20(%)

Heart

Dmean (cGy)

V5(%)

V10(%)

V20(%)

V30(%)

V40(%)
LADCA

Dmin (cGy)

Dmax (cGy)

Dmean (cGy)
Contralateral lung
Dmean (cGy)

V5 (%)

V10 (%)

V20 (%)
Contralateral breast
Dmean (cGy)

V5 (%)

Liver

Dmean (cGy)

Supine

585.44+343.52
1084.34+210.98

540.24+95.30
1338.88+220.13

593.66+366.86

5188.08+37.96
0.02+0.02
0.12+0.04

1103.66+835.45
51.67+13.44
25.64+6.01
13.60+4.10

309.46+42.67
9.07+2.74
1.24+0.50
0.40+0.33
0.15+0.16
0.03+0.04

262.51+67.26
2237.98+1303.01
656.36+434.15

349.38+114.41
21.74£13.95
2.57+2.76
0.05+0.14

401.04+112.35
20.87+13.88

158.68+62.20

Left-side

Prone

631.93+337.47
1217.28+218.37
543.63+103.88
1443.73+244.77
661.04+335.47

5081.25+805.53
0.02+0.02
0.26+0.12

552.84+119.24
26.27+6.56
10.59+4.43
5.82+3.19

631.57+126.56
26.31+10.88
13.10£5.62
4.73+2.50
2.25+1.69
0.43+0.67

298.32+100.30
3314.06+1116.54
1459.67+1940.99

184.69+57.98
4.23+6.49
0.86+2.82
0.30+1.66

578.70+202.30
50.80+15.79

132.13+78.81

P-value

0.009
0.000
0.794
0.001
0.004

0.004
0.201
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.001

0.098
0.001
0.000

0.000
0.000
0.001
0.306

0.000
0.000

0.085

Supine

509.42+287.42
1391.08+229.38

593.52+93.27
1125.61+221.58

470.63+349.55

5184.48+31.48
0.02+0.01
0.10+0.03

932.30+159.20
47.75+10.08
25.43+5.38
13.71£391

222.05+60.46
3.90+6.66
0.28+1.26
0.000.00
0.000.00
0.000.00

182.23+143.69
414.54+159.77
249.72+85.10

272.26£97.93

13.51£11.56
1.18+1.31
0.00+0.01

361.78+107.37
19.56+14.76

341.73+136.47

Right-side

Prone

555.78+280.68
1501.19+248.41

585.02+£93.82
1251.81+218.3

588.76+334.77

5200.95+39.86
0.02+0.01
0.10£0.02

643.52+153.67
25.09+5.59
13.61+4.20
8.80+3.30

209.34+35.7
4.02+3.24
0.73+0.61
0.06+0.08

0.01+0.02

137.88+19.53
267.4+120.76
169.06+37.23

115.4+14.49
0.09+0.16
0.00+0.00
0.00+0.00

526.69+142.31
28.64+10.35

368.23+173.58

P-value

0.014
0.000
0.568
0.000
0.000

0.098
0.688
0.393

0.000
0.000
0.000
0.000

0.428
0472
0.000
0.000
0.018
0317

0.092
0.000
0.000

0.000
0.000
0.000
0.157

0.000
0.012

0.428

Values are presented as meanzstandard deviation. CTV, clinical target volume; LADCA, left anterior descending coronary artery; Dmin, minimum dose; Dmax, maximum dose; Dmean,

mean dose; CI, conformity index; HI, homogeneity index; OARs, organs at risk; Vy, percentage of the volume that receives more than X Gy.
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NO. Side Prone fEUD Supine fEUD fEUD (prone-supine) Supine-CTV (cm’)

1 right 0.112893084 0.110414396 0.002478688 415.983
2 right 0.096232005 0.094488975 0.001743031 521.241
3 right 0.120423487 0.091917231 0.028506255 1916.304
4 right 0.091174089 0.089517571 0.001656518 396.978
5 right 0.085721694 0.067475742 0.018245952 524.844
6 left 0.079840625 0.072586274 0.00725435 1512.249
7 left 0.073865475 0.057064462 0.016801013 801.381
8 left 0.105543209 0.089540692 0.016002517 498.615
9 right 0.085468039 0.081230088 0.004237951 496.971
10 right 0.129498717 0.004597929 0.124900788 516.255
11 right 0.091305729 0.001192998 0.090112731 529.179
12 right 0.083498608 0.079928729 0.003569879 623.703
13 right 0.081862464 0.03907797 0.042784494 595.074
14 right 0.089141925 0.085371361 0.003770564 429.055
15 left 0.073702277 0.069422302 0.004279975 1132.620
16 right 0.080514008 0.075874783 0.004639224 515.070
17 left 0.074863464 0.067153439 0.0077100243 578.550
18 right 0.1293878265 0.123577148 0.0058106785 518.390
19 right 0.0924156387 0.083213006 0.0092026320 520.080

19/63 cases were determined as prone-position benefited according to fEUD scores’ comparison. The higher the fEUD value, the better the overall quality of plans.Supine-CTVclinical
target volume in supine computed tomography.
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Model BS

Constant
Hemisphere-type
Cone-type
Disc-type

Constant: Drop-type. The dependent variable is the BS. The independent variable were breast shapes (including drop-type, hemisphere-type, cone-type and disc-type).

Unstandardized coetficients

Beta

21.926
-2.936
-1.901
-2.400

Std. error

0.397
2.023
0.902
0.533

Standardized coefficients

Beta

-0.164
-0.249
-0.536

55.275
-1.452
-2.108
-4.501

Sig.

0.000
0.152
0.039
0.000
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