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Purpose

This study aimed to identify independent prognosis-associated factors of bone-metastatic prostate cancer. The nomograms were further developed to obtain indicators for the prognostic evaluation.



Methods

A total of 7315 bone-metastatic prostate cancer (PCa) patients from 2010 to 2016 were retrospectively collected from the Surveillance, Epidemiology, and End Results (SEER) database. Patients were randomly divided into the training cohort (n=5,120) and test cohort (n=2,195) in a ratio of 7:3. Univariate and multivariate Cox regression models were applied to evaluate potential risk factors. A 1:1 propensity score matching (PSM) was further performed to decrease the confounding effect and re-evaluate the influence of radical prostatectomy and chemotherapy on prognosis. Combining these potential prognosis factors, the nomograms of cancer-specific survival (CSS) and overall survival (OS) at different times were established. C-indexes, calibration curves, and decision curves were developed to evaluate the discrimination, calibration, and clinical benefit of the nomograms.



Results

Eleven independent prognosis factors for CSS and twelve for OS were utilized to conduct the nomograms respectively. The C-indexes of nomograms for CSS and OS were 0.712 and 0.702, respectively. A favorable consistency between the predicted and actual survival probabilities was demonstrated by adopting calibration curves. Decision curves also exhibited a positive clinical benefit of the nomograms.



Conclusions

Nomograms were formulated successfully to predict 3-year and 5-year CSS and OS for bone-metastatic PCa patients. Radical prostatectomy and chemotherapy were strongly associated with the bone-metastatic PCa prognosis.
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Introduction

Prostate cancer (PCa) is an epithelial malignant tumor that occurs in the prostate. It remains the most common lethal malignancy diagnosed among men in the United States and the second leading cause of male cancer mortality (1). There were 248,530 newly diagnosed cases in 2021 in the United States, and 34,130 men died of prostate cancer.

Due to the deficiency of typical clinical symptoms in the early stages, prostate cancer is usually detected in the middle and late stages when it spreads to multiple organs in the body (2). Bone is the most frequent site of metastases (3). Approximately 10% of new PCa patients are diagnosed with bone metastasis, increasing to 80% at advanced stages (4). Suffering from bone pain, spinal cord compression, and pathological fractures, most PCa patients diagnosed with bone metastasis undergo severe economic burdens and increasing mortality risks (5).

The systematic treatments for bone-metastatic PCa patients need to be individualized based on patient-specific factors, including endocrine therapy, chemotherapy, radiotherapy, and surgery for primary or metastatic sites (6). Despite the advancement in understanding the bone-metastatic mechanism, it is still clinically controversial as to which therapy should be applied among patients for a better survival rate (7, 8). Therefore, our aim of this study is to excavate characteristics and possible prognostic factors of patients with bone-metastatic PCa as comprehensively as possible, and specially to analyze prognosis differences among different clinical treatments from the perspective of overall survival and cancer-specific survival using Surveillance, Epidemiology, and End Results (SEER) data.



Material and source


Data source

All patients’ information was obtained from the Surveillance, Epidemiology, and End Results (SEER) database, which covers approximately 26.5% of the U.S. population. This data is based on cancer incidence in 17 registries across the United States between 2000 and 2019, submitted in Nov 2021, and released in April 2022. SEER*Stat 8.4.0 was used to filter and collect subjects’ information.



Cohort selection

This study population included all patients diagnosed with bone metastasis in prostate cancer (International Classification of Disease for Oncology (ICD-O-3) code C61.9) from 2010-2016 with at least 3-year active follow-up data. Pathologic tumor stage was recorded according to the American Joint Committee on Cancer (AJCC) 7th TNM staging system of prostate cancer. The inclusion and exclusion criteria were displayed in Figure 1. The inclusion criteria were as follows: (1) Diagnosis of prostate cancer (primary sites: C61.9 and ICD-O-3); (2) diagnosed between 2010 and 2016 with at least 3-year follow-up data; (3) known survival months and specific causes of death; (4) diagnostic confirmation based on positive histology; (5) diagnosed in bone metastasis; (6) known age, marital status and ethnicity; (7) known 7th American Joint Committee on Cancer (AJCC) TNM stage, 7th AJCC T status and 7th AJCC N status at diagnosis; (8) known PSA values, Gleason scores and tumor grade at diagnosis; and (10) known metastasis status and surgical conditions. A total of 7,315 patients fulfilled the criteria and were randomized with a 7:3 ratio into a training cohort (n=5,120) and a test cohort (n=2,195).




Figure 1 | Flowchart describing the selection of patients in the Surveillance, Epidemiology, and End Results (SEER) database, 2010–2016.





Study Variables

Study variables extracted from the SEER database include age at diagnosis, race, marital status, tumor differentiation grade, Gleason score, PSA values, 7th American Joint Committee stage (T/N stage), surgical conditions, radiotherapy, chemotherapy, and metastasis status.

The optimal cut-off values of the age group were calculated by X-tile software (Yale University, USA), and they were ≤73 years old, 74-81 years old, or >81 years old (Figure 2). Categorical variables including race (White, black, and others), marital status (Married, single, and others), tumor grade (Low - grade I well differentiated and grade II moderately differentiated, high - grade III poorly differentiated and grade IV undifferentiated), Gleason Score (≤7, 8, 9, and 10), PSA values (<20ng/ml, 25-50ng/ml, and >50ng/ml), T stage (T1/T2 and T3/T4), N stage (N0 negative and N1 positive), surgery (No surgery of primary site, focal therapy, and radical prostatectomy), radiotherapy (Yes, no/unknown), chemotherapy (Yes, no/unknown), liver metastasis (Yes, no), brain metastasis (Yes, no) and lung metastasis (Yes, no) were reported in this study.




Figure 2 | Determination of the optimal cut-off values of age at diagnosis by X-tile.





Endpoint definition

Cancer specific survival (CSS) and overall survival (OS) were defined as primary endpoints. CSS was defined from the date of diagnosis to the date of death caused by prostate cancer, and OS was measured from the date of diagnosis to the date of death occurring as a result of all causes.



Statistical analysis

All eligible cases were randomized in a 7:3 ratio into training cohort and test cohort. Descriptive statistics were used to compare the baseline characteristics between the training cohort and test cohort through a Chi-squared test. Univariate and multivariate Cox regression models were performed in the training cohort to determine the independent prognostic factors associated with OS and CSS in PCa patients with bone metastasis (9). Survival curves were plotted by the Kaplan-Meier method and compared by the log-rank test. A 1:1 propensity score matching (PSM) in the x method with a 0.02 calipers value was applied to reduce the confounding effect caused by other factors and reevaluate the survival benefits of different treatment patterns (10).

The nomograms for three years and five years of OS and CSS were finally built by combining the prognosis-association factors (11). Internal and external validations were performed by comparing the Harrell concordance indexes (C-index), calibration curves, and decision curves of training and test cohorts. Specifically, the calibration plots with 1,000 resample of bootstrapping were generated by comparing the predicted probability with the actual survival probability; the decision curve analysis (DCA) was used for identifying the clinical usefulness of the nomograms.

All statistical analyses were performed by R version (version 4.0.2, R Foundation for Statistical Computing, Vienna, Austria). Two-side P-value < 0.05 was considered statistically significant.




Results


Patients characteristics

A total of 7,315 eligible male patients with prostate cancer in bone metastasis were collected from the SEER database from 2010-2016. Among them, 5,120 patients were in the training cohort, and 2,195 were in the test cohort. The sociodemographic and clinicopathologic characteristics of all patients were summarized in Table 1. There were no statistically significant differences between the training cohort and test cohort except for the tumor grade. 82.93% (4282/5163) of total patients died of prostate cancer by the end of follow up. The median of CSS and OS were 42 months and 35 months, respectively.


Table 1 | Baseline characteristics of the 7,135 patients with bone metastatic prostate cancer between 2010 and 2016 from the SEER database.





Identification of independent prognostic factors

Univariate and multivariate Cox regression analysis were performed to analyze independent prognostic factors related with CSS and OS of PCa patients with bone metastases. We found age, race, marital status, Gleason score, PSA value, tumor grade, surgery, chemotherapy, live metastasis, lung metastasis, and T stage were associated with both CSS and OS (Table 2). Specifically, compared with patients without any surgery taken, patients with radical prostatectomy indicated a significantly superior CSS and OS (P < 0.001). While patients who underwent focal therapy, including ablation, cryotherapy, and tissue destruction, appeared to have higher cancer-specific and overall mortality risks (P < 0.001). Bone-metastatic PCa patients with chemotherapy treatment had a better CSS and OS (P < 0.001 and P = 0.001, respectively) than those without chemotherapy therapy or in unknown chemotherapy status. In contrast, no significant differences in radiation treatment were observed in either CSS or OS.


Table 2 | Univariate and multivariate analysis of CSS and OS for PCa patients with BM.



All the independent prognostic factors on CSS (Figure 3) and OS (Figure 4) were demonstrated by Kaplan–Meier curves, including age, race, marital status, grade, Gleason score, PSA value, liver metastasis, brain metastasis, lung metastasis, T stage, surgery, and chemotherapy. Patients with radical prostatectomy were shown to comparatively increase both CSS and OS (both P < 0.001), reaching 3-year CSS and OS of 91.1% and 87.7%, respectively as well as 5-year CSS and OS of 82.8% and 77.1%, respectively. Chemotherapy was only associated to impact overall survival (P = 0.0026), while no survival advantage was revealed on CSS (P=0.46) in Kaplan-Meier curves.




Figure 3 | Survival curves for CSS.






Figure 4 | Survival curves for OS.





Identification of prognostic factors of OS and CSS in 1:1 matched group by PSM

To further evaluate the impact of treatment patterns on OS and CSS in PCa patients with bone metastasis, we executed chemotherapy stratification on all patient parameters (Supplementary Tables 1, 2). Also, a 1:1 ratio paired cohort matching was performed by propensity score matching (PSM) to minimize the selection bias for variables including age, race, marital status, surgery, tumor grade, Gleason score, PSA values, metastasis conditions, T/N stage. After PSM, there were no remarkable differences in each confounding factor on either chemotherapy or radical prostatectomy stratification (Supplementary Tables 3, 4). Through the univariate and multivariate Cox regression analysis after PSM, we found radical prostatectomy and chemotherapy were still significantly associated with survival benefits on both CSS and OS among bone-metastatic PCa patients (Supplementary Tables 5, 6).



Development and validation of a prognostic nomogram for CSS and OS

The nomograms were constructed to predict 3-year and 5-year CSS and OS in the training cohort of PCa patients with bone metastasis based on independent prognostic factors from multivariate Cox analysis (Figure 5). The C-index for nomogram of CSS and OS was 0.712 (95% CI, 0.701-0.723) and 0.702 (95% CI, 0.691 - 0.713). The validation was performed in the test cohort with the C-index of 0.663 (95% CI, 0.646-0.680) on CSS and 0.651 (95% CI, 0.636 - 0.666). The calibration plots indicated an optimal agreement in the training cohort and satisfactory agreement in the test cohort between the nomogram prediction and the actual survival probability (Figures 6, 7). The DCA indicated that using the nomograms for risk management can present positive clinical benefit when the threshold probability ranged from about 15% to 90%. The range of the threshold probability is covered with the death probability of the patients, which suggests the good clinical applicability of the nomograms. (Figures 8, 9).




Figure 5 | (A) Nomogram for CSS in patients of bone-metastatic prostate cancer; (B) Nomogram for OS in patients of bone-metastatic prostate cancer.






Figure 6 | (A) Calibration plot for CSS at 3 years in the training cohort. (B) Calibration plot for CSS at 3 years in the test cohort. (C) Calibration plot for CSS at 5 years in the training cohort. (D) Calibration plot for CSS at 5 years in the test cohort.






Figure 7 | (A) Calibration plot for OS at 3 years in the training cohort. (B) Calibration plot for OS at 3 years in the test cohort. (C) Calibration plot for OS at 5 years in the training cohort. (D) Calibration plot for OS at 5 years in the test cohort.






Figure 8 | (A) DCA of nomogram for 3-year CSS in the training cohort. (B) DCA of nomogram for 3-year CSS in the test cohort. (C) DCA of nomogram for 5-year CSS in the training cohort. (D) DCA of nomogram for 5-year CSS in the test cohort.






Figure 9 | (A) DCA of nomogram for 3-year OS in the training cohort. (B) DCA of nomogram for 3-year OS in the test cohort. (C) DCA of nomogram for 5-year OS in the training cohort. (D) DCA of nomogram for 5-year OS in the test cohort.






Discussion

Approximately 85% of PCa patients suffer from bone metastasis which was reported as the most common metastasis type (12). It is closely related to mortality, negatively affecting the quality of life of PCa patients due to skeletal complications (13, 14). Advances in surgery, radiation, and chemotherapy have increased opportunities to diagnose and manage early-stage prostate cancer (15). However, there is no consensus currently on the clinical treatment selection protocols for the bone-metastatic PCa patients to extend their life expectancy (16).

A growing body of studies suggests that radical prostatectomy of the primary tumor can improve the survival outcomes with metastatic prostate cancer (17, 18). This fact was also borne out in randomized clinical trials in men with advanced PCa (19, 20). Chemotherapy treatment based on docetaxel has long been known to provide a survival advantage for patients with advanced prostate cancer after Petrylak et al. proved it in their two Phase III trials in 2004 (21). If patients are fit enough, chemotherapy was recommended with castration in the newly diagnosed M1 phase (22). In a study of 103 patients, more than 90% of which had symptomatic and progressive osseous metastases, Tu SM et al. confirmed chemotherapy effectively treated prostate cancer with the combination of radiopharmaceuticals (23).

In the present study, we respectively determined independent prognostic factors associated with overall and cancer-specific survival possibility of bone-metastatic PCa patients by using a large cohort of data retrieved from the SEER database with a long follow-up time. Consistent with previous studies, radical prostatectomy was found to be significantly associated with better CSS and OS. Focal therapy, on the other hand, was associated with an increased risk of overall and prostate cancer-specific mortality. This is probably because focal therapy could be utilized more ideally when patients have a low risk of cancer progression or metastasis (24). The potential for inadequate cancer control of focal therapy could lead to inferior outcomes due to inaccurate mapping of multifocal disease or suboptimal treatment performance (25). The finding of chemotherapy in this study was much the same as that reported previously, an effective way to increase overall survival among bone-metastatic PCa patients. It is worth pointing out that radiotherapy did not show any significant effect on CSS and OS. This can be explained by the dose and fractionation regimen of radiotherapy. Wallace et al. figured out from 569 bone-metastatic patients treated with radiotherapy that survival benefits would be counteracted for patients with poor prognosis by long-term radiation therapy (26).

Apart from the above factors, age and ethnicity were identified as predictors of survival for patients with prostate cancer (27, 28). More risks exist for mortality along with the raising age. Compared with the white, we found other races like American Indian/AK Native and Asian/Pacific Islander had a better survival probability, which matched the conclusions of previous research (29, 30). Marital status was formerly reported to associate with survival (31). Married patients were featured by better survival advantages compared with the single, probably due to definitive therapy and emotional support received (32). This was consistent with our study. Akoto et al. indicated a majority of PCa-related mortality results from metastatic disease that is characterized by metastasis of prostate tumor cells to various distant organs (33). Similarly, we identified patients with bone metastases had a higher risk of death if they had liver, lung, or brain metastases. With regard to Gleason score, PSA value, and clinic T/N stages, they were widely considered as the robust prognosis predictors and combined to analyze mortality risks of PCa patients in bone metastases (29, 34, 35). Multiple studies pointed out that bone-metastatic patients with a PSA level > 20ng/ml or a Gleason score >8 were considered for a higher lethal risk (36). Consistent with previous reports, PCa patients in bone metastases with higher PSA level or higher Gleason score were demonstrated with a worse survival probability.

Based on these prognostic factors, we established and tested two nomograms to predict the 3-year and 5-year OS and CSS of PCa patients with bone metastasis. Nomogram is a convenient approach to assist clinicians in predicting cancer risk and handling treatment strategies for individual patients (37, 38). The monogram for OS comprised age, race, marital status, surgery, chemotherapy, Gleason score, PSA value, tumor grade, T stage, liver, lung, and brain metastases. All the other factors except for brain metastases were included in building CSS nomogram. These nomograms were shown to have an ideal effect in predicting survival outcomes for individual bone-metastatic PCa patients by C-index, calibration curve, and DCA. Harrell C-index, the primary measure to evaluate the discrimination ability of nomograms, indicates a good match when values are over 0.7 (39). We respectively calculated the C-index for the CSS and OS model discrimination without risk factors as 0.502 (95% CI, 0.486-0.518) and 0.503 (95% CI, 0.486-0.521), while it showed a notable improvement in the prediction when adding the related prognostic factors in the nomograms (CSS model from 0.502 to 0.712 and OS model from 0.503 to 0.702). It is represented that these nomograms have efficiently involved the primary predictors that contribute to the survival outcomes.

Inevitably, this study has some limitations. Initially, this was a retrospective study, therefore, the potential risk of selection bias cannot be ruled out even after applying multivariate analysis and PSM. Secondly, as white people are predominantly recorded in the SEER database, it might partly limit the application of our nomograms in Asian patients. Thirdly, potential predictive factors such as radiation dose, specific chemotherapy regimens, and endocrine therapy were not considered in the nomograms due to lacking information from the SEER database, which could lead to the unoptimistic C-index in our invalidation model and further impact the evaluation of treatment results.



Conclusion

This study provides a novel perspective on understanding the survival benefits of radical prostatectomy and chemotherapy for patients with bone metastasis. In addition, our nomograms provide the indicators and tools for prognostic evaluation among bone-metastatic PCa patients. However, these results need to be verified by further clinical studies.
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