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Background: Breast cancer (BC) has become the most common malignancy worldwide, accounting for 11.7% of newly diagnosed cancer cases last year. Invasive ductal carcinoma (IDC) is the most common pathological type of BC. However, there were few studies to predict distant metastatic sites and overall survival (OS) of IDC patients.

Methods: Post-operative IDC patients from 2010 to 2016 in the Surveillance, Epidemiology, and End Results (SEER) database were reviewed. Nomograms were developed to predict the specific distant metastatic sites and OS of IDC patients. The performance of nomograms was evaluated with the calibration curves, area under the curve (AUC), and decision curve analysis (DCA). Kaplan-Meier analysis and log-rank tests were used to estimate the survival times of IDC patients with distant metastases.

Results: A total of 171,967 post-operative IDC patients were enrolled in our study. Univariate and multivariate analyses were used to establish the nomograms of significant variables. The AUC of the nomograms for the prediction of liver, lung, bone, and brain metastases was 0.903, 0.877, 0.863, and 0.811, respectively. In addition, the AUC of the nomogram for the prediction of 1-, 3-, and 5-year OS was 0.809, 0.813, 0.787, respectively. Calibration curves and DCA showed good consistency and clinical benefits, respectively.

Conclusions: We constructed new predictive models for liver, lung, brain, bone metastases and 1-, 3-, and 5-year OS in IDC patients. These can help clinicians to individualize the treatment of IDC patients, so that patients can get the more appropriate treatment options.
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INTRODUCTION

Breast cancer (BC) is one of the common malignancies, and its incidence is increasing at a rate of 0.5% per year (1). According to the latest global cancer statistics, BC has surpassed lung cancer to become the most commonly diagnosed cancer, with an estimated 2.3 million new cases in 2020 (2). Although the incidence of BC has increased year by year, its death rate has declined, owe to the improvement of diagnostic techniques and the standardization of treatment. Since 1989 to 2018, the death rate in women has dropped by 41% (3). However, for patients with advanced or metastatic BC at the time of diagnosis, the 5-year survival rate was only 23% (4). The management of metastatic BC remains a major challenge.

The TNM staging system is an internationally recognized tool for evaluating tumor prognosis. However, it involves only three prognostic factors, so its accuracy remains to be determined. Similarly, it does not assess the risk of distant metastases from malignancies. Invasive ductal carcinoma (IDC) is the most common pathological type of BC. Therefore, it is very necessary to develop new forecasting tools for it. Huang et al. (5) previously constructed a predictive model for IDC. However, their model only involved bone metastases and did not discuss its differences from the current standard TNM staging system. In addition, we found few other predictive models for IDC prognosis and metastasis.

In this study, nomograms for predicting liver, lung, bone, and brain metastases as well as prognostic nomogram for IDC were constructed and compared with the TNM staging system. An accurate predictive model is needed in order for clinicians to make more accurate judgments and provide personalized treatment strategies for patients.



METHODS


Patients

We collected BC patients diagnosed between 2010 and 2016 from the Surveillance, Epidemiology, and End Results (SEER) database. The flow chart of inclusion and exclusion of patients was shown in Figure 1. We included female patients with IDC after surgery and excluded patients with unknown variables, such as race, grade, tumor size, TNM stage, and BC subtype. In addition, patients with unknown distant metastatic sites, survival status and time for outcome indicators were excluded. Finally, a total of 17,976 female IDC patients were enrolled in our study.


[image: Figure 1]
FIGURE 1. Flowchart of inclusion and exclusion of patients with invasive ductal carcinoma.




Data Collection

Patient demographic variables, including age at diagnosis, marital status, and race, were extracted from the database. Tumor factors, including tumor site, tumor size, grade, T stage, N stage, molecular type and metastatic sites (bone, brain, liver, and lung). Treatment modalities, such as radiotherapy and chemotherapy, as well as survival status and survival time were obtained from the database.



Development of Prediction and Prognostic Nomograms

All statistical analyses in our research were performed in R software (version 4.1.0). Univariate and multivariate logistic and COX regressions identified independent predictive and prognostic factors for specific distant metastatic site and OS. Odds ratio (OR) and hazard ratio (HR) were used to measure the impact of each independent predictive and prognostic factor on specific distant metastatic sites and OS, respectively. Variables with a P-value <0.05 in the multivariate analysis were considered statistically significant. These variables were identified as risk factors and the nomograms were plotted.



Verification of the Nomograms

The differentiation and calibration abilities of the nomograms were evaluated by receiver operating characteristic (ROC) curves and calibration curves. The area under the ROC curve is represented by the value of the area under curve (AUC), and the closer the AUC value is to 1, the higher the differentiation degree of the model is. The closer the calibration curve is to the reference line in the middle, it represents a higher degree of consistency between the probability of the outcome predicted by the model and the actual observation probability. The clinical benefit of the nomograms was evaluated using decision curve analysis (DCA). The prediction error curve of the model was used to compare the TNM staging system error rate with that of the prognostic nomogram over time. In addition, Kaplan–Meier analysis and log-rank tests were used to estimate the survival times of IDC patients with distant metastases.




RESULTS


Patient Characteristics

According to our criteria, a total of 171,967 IDCs were included. Among this group, we found that 93.6% were over 40 years old. Caucasians accounted for 78.5%, which should be related to the selection of patients from the US database. One-third of IDCs occurred in the Upper outer, followed by the Upper inner. More than half of IDCs' tumor size were 1–3 cm, and only 5.9% were larger than 5 cm. Luminal A was the molecular type of more than 70% of the patients, and 12.1% of the patients were triple-negative BC. About half of the patients received chemotherapy or radiation therapy. More than 60% of IDC patients were found to be grade I/ II, T1 or N0. Moreover, most patients do not have lung, liver, brain, or bone metastases at the time of diagnosis. The basic information of the included patients was shown in Table 1.


Table 1. Demographics and clinical characteristics of female patients with breast cancer.
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Risk Factors for IDC Patients

Univariate logistic regression indicated that the 11 variables included were all associated with lung, liver, and bone metastases, including age at diagnosis, race, marital status, tumor site, size, grade, T stage, N stage, molecular type, chemotherapy, and radiation. However, marital status did not play a role in the risk factors for brain metastases (Table 2).


Table 2. Univariate logistic regression for the presence of different metastatic sites at diagnosis of breast cancer.

[image: Table 2]

The statistically significant variables of univariate logistic regression were included in multivariate logistic regression for further analysis. We found that age affected liver, lung, and bone metastasis in IDC patients, but had no effect on brain metastasis. Ethnic differences had little effect on distant migration. Marital status was not a risk factor for distant metastasis. The site of tumor was not associated with liver metastasis, but IDC in nipple-central was less prone to lung metastasis, in upper-outer was less prone to bone metastasis, and IDC patients who developed in the nipple-central and upper-outer region were less likely to develop brain metastasis. The size of the tumor was one of the risk factors for distant metastasis. The larger the tumor, the higher the risk of distant metastasis. Similarly, grade III /IV, site of lymph node metastasis were risk factors for distant metastasis. Luminal B, HER2 Enriched, and Triple Negative were more prone to distant metastasis than Luminal A (Table 3).


Table 3. Multivariate logistic regression for the presence of different metastatic sites at diagnosis of breast cancer.
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In Table 4, we found that IDC patients aged 40–59 years had a lower risk of death (HR: 0.927, 95%CI: 0.862–0.997). The risk of death for blacks was 1.281 times that for whites. Other patients (including divorced, widowed, single, etc.) had a higher risk of death than married patients (HR: 1.358, 95%CI: 1.307–1.411). IDC in the Upper-inner and Lower-outer regions had a relatively low risk of death. Triple negative IDC patients had the highest risk of death among all molecular subtypes (HR: 2.392, 95%CI: 2.276–2.515). Of course, patients with distant metastases also had a higher risk of death than those without metastases.


Table 4. Univariate and multivariate Cox regression for overall survival based on different metastatic sites of breast cancer.
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Nomograms Development and Validation

Based on multivariate logistic regression, we constructed the nomograms for predicting liver, lung, bone, and brain metastasis, respectively, as shown in Figure 2. It could be seen that T and N stage have great influence on distant metastasis in different parts. Different sites of metastasis have their own influencing factors. Tumor size and subtype had a great influence on liver metastasis, and radiotherapy had a certain effect on liver, lung and brain metastasis. The AUC of the nomograms for the prediction of liver, lung, bone, and brain metastases were 0.903, 0.877, 0.863, and 0.811, respectively (Figures 3A–D), exhibiting good discrimination. In addition, the solid lines of the calibration curves approach at a 45°, suggesting accurate prediction by these four models (Figures 3E–H). In addition, the DCA also proved the value of the four models. The net benefit of our predictive models were larger than that in other scenarios (all screening or none-screening) in a wide range of threshold probabilities (Figures 3I–L).


[image: Figure 2]
FIGURE 2. Four nomograms to predict the probability of liver (A), lung (B), bone (C), and brain (D) metastases in patients with invasive ductal carcinoma.
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FIGURE 3. AUC values of ROC predicted liver (A), lung (B), bone (C), and brain (D) metastasis rates of Nomogram. The calibration curve of predictive nomograms for predicting invasive ductal carcinoma patients' liver (E), lung (F), bone (G), and brain (H) metastasis rates. Decision curve analysis of the predictive nomogram for predicting liver (I), lung (J), bone (K), and brain (L) metastasis.


Similarly, based on multivariate Cox regression, we established 1-, 3-, 5-year prognosis nomograms for IDC patients (Figure 4). It could be seen that race, tumor size, T stage, N stage and subtype had great influence on the survival of BC patients, and N stage was the most obvious one. Among the different distant sites of metastasis, brain metastasis had the greatest impact on the prognosis of patients, followed by liver metastasis and bone metastasis. The calibration curves of 1-, 3-, and 5-year all fit well with the reference line (Figures 5A–C). The AUC of the nomograms for the prediction of 1-, 3-, and 5-year was 0.809, 0.813, 0.787, respectively (Figures 5D–F). DCA also showed the good clinical implementation significance in predictive survival rate (Figures 5G–I). We also compared the nomogram with the recognized TNM staging system, and both the ROC curves and DCA showed that the nomogram was superior to TNM staging system. The P-values of ROC curves for 1-, 3-, and 5-year nomogram compared with TNM staging system are calculated and they are all <0.001. For 1-, 3-, and 5-year nomogram, Δnet benefit (ΔNB) of the nomogram vs. the baseline model is 0.000471, 0.00399, and 0.00718, and the test tradeoff is 212.5 (=1/0.00471), 25.1 (=1/0.0399), and 13.9 (=1/0.0718), respectively. If we consider it acceptable to subject 213, 25, or 14 patients to our nomogram to detect one patient's 1-, 3-, or 5-year survival compared with the model with TNM stage, the utility of the extended model is worth the cost of our nomogram. Meanwhile, we also included the prediction error model, and compared the nomogram with the TNM staging system, it was found that the error rate of the nomogram was lower (Figure 6).


[image: Figure 4]
FIGURE 4. Nomogram to predict the survival probability of 1-, 3-, 5-year in patients with invasive ductal carcinoma.



[image: Figure 5]
FIGURE 5. The calibration curve of prognostic nomogram for predicting invasive ductal carcinoma patients' 1-year (A), 3-year (B), 5-year (C) survival probability. AUC values of ROC predicted 1-year (D), 3-year (E), 5-year (F) survival probability of Nomogram and TNM staging systerm. Decision curve analysis of the prognostic nomogram and TNM staging system for predicting 1-year (G), 3-year (H), 5-year (I) survival probability.
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FIGURE 6. Prediction error curves for prognostic nomogram and TNM stage to predict patients' overall survival.




Survival Analysis in IDC Patients With Distant Metastasis

We used Kaplan-Meier analysis and log-rank tests to analyze the survival rates of different metastatic sites and single or multiple organ metastases. In Figure 7A, we found that patients with bone metastases had the lowest survival rate, with the median survival time of <20 months. While patients with brain metastases had the highest survival rate, with the median survival time of nearly 60 months. Median survival time was longer than 50 months for patients with single organ metastases and only 30 months for patients with multiple organ metastases (Figure 7B).


[image: Figure 7]
FIGURE 7. Kaplan-Meier survival curves for distant metastatic site (A), Number of metastatic organs (B) in invasive ductal carcinoma patients.





DISCUSSION

The incidence of BC has been increasing year by year. In 2020, BC has become the most common cancer in the world. Currently, the 5-year OS rate for BC is >90%. There was a significant improvement in survival rate compared to earlier times, a trend that can be explained by early diagnosis and more appropriate treatment regimens (6, 7). Even so, the 5-year survival rate for women with advanced or metastatic BC is only 26% (4). IDC is the most common pathological type of BC. Surgical excision is the main method for ocular treatment of IDC. Therefore, it is particularly important to understand the risk factors of IDC metastasis after operation.

The nomogram is established by incorporating a variety of factors that have an impact on the prognosis and survival. These factors can be quantified and the results can be objectively displayed, so as to accurately predict the prognosis and survival of patients. Compared with TNM staging, the nomogram can be more specific and detailed to estimate the individual risk according to the characteristics of patients and diseases. In oncology, the nomogram has potential to impact all aspects of cancer care. Preoperative nomograms can predict patients' positive surgical margins and lymph node metastasis, thus facilitating clinicians to choose a more appropriate surgical approach. Postoperative nomograms can predict postoperative recurrence, adjuvant therapy effect and survival, so that clinicians can choose a more appropriate treatment plan for patients (8).

In this study, we used the nomograms to construct the prediction model of IDC patients' liver, lung, bone and brain metastases and the OS rates of IDC patients at 1-, 3-, and 5-year, respectively. In addition, we have verified the nomograms with calibration curves, ROC curves and DCAs, which have a good ability of discrimination and clinical benefits. At the same time, we compare the prognostic nomograms with the existing TNM staging system to obtain more objective results.

BC mainly occurs in the age range of 50 to 69 years. This may be linked to rising rates of obesity and menopausal hormone use among older women. A previous study found that women who took hormones had a 26% increased risk of BC (9). And women with a higher waist-to-hip ratio had a 68% increased risk of dying from BC (10). Young age is associated with the risk of distant metastasis of BC, but its effect on survival remains controversial. Previous studies have shown a significant reduction in the risk of distant metastases in patients over 40 or 45 years of age (11, 12). The protective effect of old age on tumor progression may be related to the changes of host immune system or tumor microenvironment caused by age (13). However, poor baseline conditions, postoperative complications, or inability to tolerate treatment can all affect OS in older patients.

Overall, 71.4% of IDC cases were HR+/HER2– (luminal A), 12.1% were HR–/HER2– (triple negative), 11.7% were HR+/HER2+ (luminal B), and 4.8% were HR–/HER2+ (HER2-enriched). In our study, the influence of molecular subtypes on metastatic sites did not show a significant pattern, but in terms of prognosis, OS was significantly reduced in triple negative and HER2-enriched BC patients. It has been reported that tumor-infiltrating lymphocytes (TILs) densities in HER2-enriched and triple negative BCs is significantly higher than those in luminal A BCs, which is associated with patient prognosis (14, 15). According to reports, patients with TILs > 10% in early triple negative BC had an increased rate of local recurrence compared to patients with low TILs (16). Molecular subtypes were associated with the distribution of ethnicity, with black women having the lowest rate of luminal A and the highest rate of triple negative (6). A study found that among patients diagnosed with small breast tumors ( ≤ 2.0 cm) between 2004 and 2011, black women were more likely to develop lymph node metastases (24% vs. 18%, respectively) than white women (17). Of course, poverty, low education, and a lack of advanced medical equipment and methods all contribute to the higher mortality rate among black women (18, 19).

A previous study from Germany demonstrated that patients with advanced BC (T1/2N+, T3/4N0, T3/4N+) who underwent R0 resection had ~30% higher rates of local recurrence and distant metastasis, and 23% higher rates in high-grade patients, which were 3–4 times higher than those in early and low-grade BC patients, respectively (20). Patients with BC who were treated do have a better prognosis than those who were not. However, for distant metastases, the advantage of chemotherapy is less than that of radiotherapy, which may be related to the fact that BC patients are more likely to receive endocrine therapy. However, our study did not cover this aspect.

Bone metastasis is the main metastatic site of BC, accounting for 50% of all metastatic sites (21). Most BC patients with bone metastases receive palliative treatment, with a median survival of only 2–3 years (22, 23). Another study has shown that HR+/HER2- BC patients had a higher risk of bone metastasis (24). This is similar to our findings. Similarly, the number of organs transferred has a significant effect on survival time. The patients with higher number of metastatic sites always have worse prognosis. Patients with four sites of metastasis have a 2.2 times greater risk of dying than those with only one site of metastasis (25).

There are some shortcomings we cannot avoid in the present study. First, some key information (such as endocrine therapy, biomarker expression states) were not found in the database, which would affect the accuracy of our study. Second, the small number of patients with brain metastasis may affect the accuracy of prediction model. Third, our study is a retrospective study, using internal verification methods, and has not been verified in real world. Fourth, the data was only collected from the US database, so the nomograms we constructed may not be suitable for global patients.



CONCLUSIONS

In conclusion, we constructed new nomograms to predict metastatic sites and OS in IDC patients. This can be used to help clinicians individualize treatment for IDC patients and select more appropriate treatment options. However, the nomograms still requires a large amount of clinical data to validate.
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