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Abstract

:

The aim of this retrospective study was to identify clinical predictors of early biochemical recurrence (BCR) in patients with high-risk prostate cancer (PCa) treated with carbon-ion radiotherapy (CIRT) and androgen deprivation therapy (ADT). A total of 670 high-risk PCa patients treated with CIRT and ADT were included in the study. Early BCR was defined as recurrence occurring during adjuvant ADT after CIRT or within 2 years after completion of ADT. Univariate and multivariate analyses were performed to identify clinical predictors of early BCR. Patients were also classified according to the Systemic Therapy in Advancing or Metastatic Prostate cancer (STAMPEDE) PCa classification. Early BCR was observed in 5.4% of the patients. Multivariate analysis identified clinical T3b stage and ≥75% positive biopsy cores as clinical predictors of early BCR after CIRT and ADT. The STAMPEDE PCa classification was also significantly associated with early BCR based on univariate analysis. These predictors can help clinicians identify patients who are at risk of early BCR. In the future, combination therapy of ADT with abiraterone may be an option for high-risk PCa patients who are at risk of early BCR, based on the results of the STAMPEDE study.






Keywords:


biochemical recurrence; early recurrence; prostate cancer; high-risk; carbon-ion radiotherapy; androgen deprivation therapy












1. Introduction


Prostate cancer (PCa) ranks as the second most prevalent malignancy and the primary cause of cancer-related death in the male population worldwide [1,2]. The incidence and mortality rates of PCa demonstrate an upward trajectory due to age-associated trends of oncogenesis in numerous countries, despite advancements in diagnostic and therapeutic modalities [3,4]. PCa severity exhibits heterogeneity, ranging from indolent to highly aggressive phenotypes, thus complicating prognostic predictions and determination of patient-specific treatment approaches. Consequently, PCa patients are typically categorized into risk strata predicated on the prostate-specific antigen (PSA) concentration, clinical T classification, and biopsy-derived Gleason score (GS) [5,6]. High-risk PCa constitutes 20–30% of PCa diagnoses [7,8].



Both radiotherapy (RT) and radical prostatectomy (RP) play crucial roles in the definitive management of non-metastatic localized or locally advanced PCa [9]. Despite the development of conventional external beam RT, over 50% of high-risk PCa patients will exhibit biochemical recurrence (BCR) over long-term follow-up, correlating with metastases and cancer-specific survival (CSS) [10]. At present, there is no unanimous consensus regarding the optimal treatment recommendations for high-risk PCa patients in clinical guidelines [6,11].



Carbon-ion radiotherapy (CIRT) for localized PCa was initiated in 1995 by the National Institute for Quantum Science and Technology in Chiba, Japan (previously named the National Institute of Radiological Science) [12]. The physical and biological characteristics of CIRT result in superior effects on neoplastic cells and an optimal dose distribution [13]. Favorable clinical outcomes, including reduced BCR and CSM rates, have been observed in high-risk PCa patients undergoing CIRT and androgen deprivation therapy (ADT) [14]. Moreover, CIRT in conjunction with long-term ADT has produced superior treatment outcomes in high-risk PCa patients compared with RT and RP treatments [13,14]. Nonetheless, some high-risk PCa patients treated with CIRT and ADT exhibit an elevated BCR risk, which is a clinical concern because of the association between BCR and overall mortality [13,14,15].



Early BCR occurring after definitive treatment exhibits a strong correlation with unfavorable prognoses in PCa patients [16,17,18]. Patients with PCa, regardless of risk classification, who experienced early BCR following primary RT or RP exhibited significantly elevated risks of distant metastases and PCa mortality [16,17,18]. These findings underscore the importance of identifying high-risk PCa patients at risk of early BCR to facilitate precise and effective treatments, thereby enhancing survival outcomes. Additionally, recent investigations have postulated that early BCR may be correlated with the presence of micro-metastases at the time of diagnosis or the emergence of aggressive tumor features during disease progression [19,20]. Consequently, early BCR may be a characteristic of high-risk PCa necessitating aggressive and tailored treatment strategies. Given the lack of studies evaluating the patterns and predictors of early BCR in high-risk PCa patients treated with CIRT and ADT, identifying clinical predictors of early BCR in this population will enable clinicians to refine patient selection, treatment planning, and personalized follow-up strategies.



More aggressive concomitant ADT is a treatment option for patients at high risk of early BCR. Recently, Attard and colleagues disseminated a meta-analytical exposition of principal findings stemming from two randomized, controlled Phase III trials within the Systemic Therapy in Advancing or Metastatic Prostate Cancer (STAMPEDE) platform protocol [21]. The investigation encompassed individuals afflicted by high-risk, non-metastatic prostate carcinoma, including those presenting with high-risk, non-metastatic PCa (N0 or N1), who underwent androgen deprivation therapy (ADT) and radiotherapy (RT) for a duration of 3 years. The treatments arms were ADT alone versus ADT with 2 years of abiraterone and prednisolone. The results of the study showed that ADT with abiraterone and prednisolone was superior to ADT alone in terms of several prognostic outcomes. Consequently, the authors advocated for RT combined with ADT and 2 years of abiraterone and prednisolone as the new gold standard for high-risk non-metastatic PCa [21]. The STAMPEDE risk classification diverges from conventional risk stratification systems, such as D’Amico and National Comprehensive Cancer Network (NCCN). High-risk PCa according to STAMPEDE is defined by at least two of the following criteria: PSA level ≥ 40 ng/mL, clinical (cT) 3 or 4 stage, or GS8–10. However, no existing studies on PCa patients treated with CIRT and ADT have validated the STAMPEDE risk criteria.



The objective of this investigation is to reclassify patients afflicted by high-risk PCa who have undergone treatment with CIRT and ADT utilizing the STAMPEDE risk criteria and to identify clinical predictors of early BCR following CIRT and ADT. The findings of this study may offer invaluable insights into the risk stratification of this patient population, potentially enhancing treatment outcomes for this patient subset.




2. Materials and Methods


2.1. Patients


This retrospective analysis scrutinized data derived from prospective clinical trials conducted at the Research Center for Charged Particle Therapy, QST Hospital. The study was approved from the institutional review board at QST Hospital (Approval No. N21-005), and potential participants were given the opportunity to opt-out of enrollment. The study enrolled patients diagnosed with high-risk PCa who underwent CIRT in combination with ADT between April 2000 and May 2018. The inclusion criteria encompassed patients with pathologically verified PCa, staged as T1–T3N0M0, devoid of concomitant primary malignancies and void of any precedent interventions for PCa. In accordance with the TNM Classification of Malignant Tumors, TNM staging was ascertained through digital rectal examination, ultrasonography, computed tomography (CT), magnetic resonance imaging (MRI), and isotope bone scintigraphy [22]. High-risk PCa is delineated at QST Hospital as an initial PSA concentration of ≥20 ng/mL, clinical stage T3a/b ailment, and/or GS ≥ 8, aligning with the categories of high-risk and very high-risk disease (excluding stage cT4) in accordance with the National Comprehensive Cancer Network (NCCN) classification [6]. Each prostate biopsy specimen underwent reassessment under the purview of a solitary pathologist (M.H.) to determine the percentage of positive biopsy cores (%PC) and the Gleason score. Of 929 patients, 670 (72.1%) had sufficient data and were therefore included in this study.




2.2. CIRT


Patients received CIRT at QST Hospital, Japan, according to a comprehensive treatment protocol reported previously [12,13,14,15]. CIRT targeting the prostate gland and seminal vesicle was administered once a day for 4 days per week. The radiation dose was measured in Gy (RBE) (physical carbon ion dose [Gy] × RBE). The RBE value for CIRT was estimated as 3.0 at the distal portion of the spread-out Bragg peak in prior investigations [12,13,14,15]. The following dose fractionation scheme was employed in this study: 63.0 Gy (RBE) administered over 20 fractions (77 cases), 57.6 Gy (RBE) administered over 16 fractions (298 cases), and 51.6 Gy (RBE) administered over 12 fractions (295 cases).




2.3. ADT


All patients underwent neoadjuvant and concomitant ADT for 2–6 months prior to CIRT. A luteinizing hormone-releasing hormone analogue was used for ADT and was subcutaneously injected with or without an oral anti-androgen, such as bicalutamide or flutamide. No patient underwent surgical castration in this study. Adjuvant ADT after CIRT was recommended for a minimum of 24 months, inclusive of the duration of neoadjuvant ADT. Patients treated with ADT for over 36 months total were excluded from the study due to a potential long-term effect of ADT on obscuring BCR.




2.4. Assessments


Patients were examined at 3-month intervals for the initial 5 years after CIRT and at 3- to 6-month intervals subsequently. The follow-up interval was defined as the period from CIRT initiation to the last follow-up visit. Clinical records were retrieved and updated in August 2022. BCR was defined as a PSA level ≥ 2.0 ng/mL above the nadir according to the Phoenix definition [23]. The primary endpoint of this study was early BCR, which was defined as BCR occurring during adjuvant ADT or within 2 years after ADT completion. BCR-free survival was calculated from the date of CIRT initiation.




2.5. Statistical Analysis


First, clinicopathological characteristics were compared between early and non-early BCR. Continuous variables were juxtaposed through Student’s t-tests or the Mann–Whitney U-test, while categorical variables underwent comparison via the Chi-square test or Fisher’s exact test. Second, the following variables were analyzed as candidate predictors of early BCR: age, PSA level, cT stage, biopsy GS, and %PC. The cut-off value of each variable was the value associated with the maximum area under the survival curve. The associations between early BCR and the candidate predictors were assessed using Gray’s test, as univariate analysis, and Fine-Gray subdistribution hazard model, as multivariate analysis. As the STAMPEDE risk criteria overlap with these predictors, Gray’s test was conducted separately. Third, the association between early BCR and CSS was evaluated using Gray’s test. Mortality unrelated to prostate cancer was regarded as a competing risk in the analysis. p < 0.05 was defined as statistical significance. All statistical analyses were performed using SPSS Statistics 23 (IBM, Chicago, IL, USA) and EZR software (http://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmed.html, accessed on 1 July 2023) [24].





3. Results


A total of 670 patients diagnosed with high-risk PCa were included in the analysis. Table 1 presents the following patient characteristics: age, PSA level, cT stage, GS, %PC, ADT duration, CIRT dose, early BCR rate, and time to early BCR. The patients had a mean age of 68.1 (standard deviation [SD], 6.9) years and median PSA level of 12.7 (interquartile range [IQR], 7.2–24.3) ng/mL. The cT stage was cT1 in 110 (16.4%) patients, cT2a in 132 (19.7%), cT2b in 91 (13.6%), cT2c in 37 (5.5%), cT3a in 239 (35.7%), and cT3b in 61 (9.1%). The GS was GS3+3 in 22 (3.3%) patients, GS3+4 in 93 (13.9%), GS4+3 in 103 (15.4%), GS4+4 in 135 (20.2%), GS3+5 in 25 (3.7%), GS4+5 in 255 (38.1%), GS5+4 in 34 (5.1%), and GS5+5 in 3 (0.4%). The median %PC was 41.7% (IQR, 25.0–60.0%). The median follow-up interval was 81.6 (IQR, 53.7–115.9) months, and the median duration of androgen deprivation therapy (ADT) was 25.0 (IQR, 24.0–27.0) months. Thirty-six patients (5.4%) experienced early BCR, and the time to early BCR was 42.8 (IQR, 29.0–45.3) months.



Table 2 presents the STAMPEDE risk stratification of the patients with high-risk PCa defined by conventional risk criteria. Based on the STAMPEDE criteria, 180 (26.8%) patients were classified as high risk. The STAMPEDE risk factors were PSA level ≥ 40 ng/mL (78, 11.6%), cT3 or higher stage (300, 44.8%), and GS ≥ 8 (452, 67.5%). Table 3 presents the clinicopathological characteristics of patients with early BCR and non-early BCR. Patients with early BCR exhibited a higher PSA level, cT stage, %PC, and rate of high-risk PCa defined by the STAMPEDE risk criteria.



Table 4 presents the results of the univariate and multivariate analyses of the associations between the clinical variables and early BCR. In the univariate analyses, cT3b stage, PSA level ≥ 50 ng/mL, and %PC ≥ 75% were significant predictors of early BCR. In the multivariate analysis, cT3b stage (hazard ratio [HR]: 3.63, 95% confidence interval [CI]: 1.76–7.49, p < 0.01) and %PC ≥ 75% (HR: 3.51, 95% CI: 1.84–6.69, p <0.01) were significant predictors of early BCR. When cT3b stage and %PC ≥ 75% were examined, the odds ratio was 2.1, which is not high enough to suspect multicolinearity. Therefore, in the multivariate analysis, cT3b stage and %PC ≥ 75% were included together.



Figure 1 presents the cumulative incidence curves pertaining to early BCR as stratified by cT stage and %PC. Notably, cT3b stage and %PC ≥ 75% demonstrated a significant association with early BCR, whereas cT3a+b stage and %PC ≥ 50% did not exhibit such a correlation. Figure 2 presents the cumulative incidence curves for early BCR based on the STAMPEDE risk classification. The STAMPEDE high-risk classification was significantly associated with early BCR. Figure 3 presents the cumulative incidence curves for CSS according to the occurrence of early BCR. Occurrence of early BCR was significantly associated with CSS.




4. Discussion


In this study, we assessed the outcomes of early BCR in a cohort of 670 patients afflicted by high-risk PCa who underwent CIRT in conjunction with ADT. The present study demonstrated a good outcome after CIRT combined with ADT in high-risk PCa patients, as the cumulative incidence of early BCR was only 5.4% in our cohort. The clinical advantages of CIRT over conventional RT for high-risk PCa, including higher local control rates and lower toxicity rates, have been reported in several studies [12,13,14,15]. Generally, PCa patients experiencing early BCR, compared with later BCR, after primary RT exhibit considerably increased risks of distant metastases and PCa mortality [17,18]. Our previous study indicated that BCR after CIRT and ADT is an independent prognostic factor for overall survival and CSS [14]. The present study also demonstrated that early BCR is significantly correlated with CSS (Figure 3). Hence, it is important to identify clinical factors that predict early BCR in high-risk PCa patients after CIRT and ADT.



Common predictors of BCR after RT, not necessarily those specific to early BCR, include PSA level ≥ 20 ng/mL, cT stage ≥ 3, and GS ≥ 8, according to the D’Amico and NCCN risk classification systems [5,6]. Furthermore, the PSA nadir within 12 months is an early surrogate marker of BCR after external beam RT or low-dose-rate brachytherapy for all-risk PCa [25,26]. Although not examined in the present study, PSA kinetics might also constitute a crucial prognostic factor for early BCR. The current study identified cT3b stage and %PC ≥ 75% as significant predictors of early BCR in the multivariate analysis (Table 4). cT3b stage and %PC ≥ 75% seem to reflect increased tumor invasion and volume although the actual extra-/intraprostatic GTV was not calculated using multiparametric magnetic resonance imaging (mpMRI) in each patient [27,28].



Utilizing advanced imaging modalities such as mpMRI and Positron Emission Tomography (PET) in the planning of RT for primary PCa necessitates specific prerequisites. These prerequisites encompass precise staging of both extraprostatic and intraprostatic tumor masses, robust delineation of the intraprostatic gross tumor volume (GTV), and a consistent characterization of the biological attributes of PCa [27,28]. Although our present study was conducted over a long period of time and the latest imaging modalities were not used in all patients, both mpMRI and prostate-specific membrane antigen PET (PSMA-PET)/CT excel in accurately detecting extraprostatic and intraprostatic tumor burdens, significantly influencing RT strategies [28]. On the other hand, certain studies have posited that mpMRI and PSMA-PET provide complementary information for intraprostatic GTV delineation [28]. Furthermore, variability among observers has been noted in intraprostatic tumor delineation relying on mpMRI [27]. Presently, it remains uncertain whether PET-based GTV delineation is also susceptible to interobserver heterogeneity [28]. Subsequent research including CIRT is warranted to elucidate whether multimodal imaging has the capacity to visualize biological processes inherent to prostate cancer pathophysiology, its resistance to radiation, and locally recurrence PCa after RT. Pre-radiation evaluation using multimodal imaging will be necessary, especially for high-risk PCa with robust local factors, such as cT3b and/or %PC ≥ 75%.



Roughly 90% of local recurrences manifest within the dominant lesions, denoting the most preeminent malignant lesion encompassed within the prostate [29]. Furthermore, in addition to imaging evaluation prior to RT, focal boost to extraprostatic and intraprostatic lesions needs to be validated in the future. Poon and colleagues systematically reviewed clinical outcomes for MRI-guided external beam RT (EBRT) focal boost to intraprostatic lesions [30]. MRI-guided EBRT focal boost for intraprostatic lesions in PCa was proven to be a feasible and safe approach, yielding low GI/GU toxicities and favorable biochemical disease outcomes. They concluded that level 1 evidence supports its superior BCR-free survival in comparison to whole-prostate irradiation using standard fractionation [30]. Clinical trials concerning focal boost therapy will be needed in the future for CIRT as well.



Our previously reported predictors of the 10-year BCR rate included age < 70 years, cT3a+b stage, GS ≥ 9, and %PC ≥ 50% [31], whereas predictors of early BCR in this investigation were cT3b stage and %PC ≥ 75%. We previously posited that the application of the Candiolo nomogram in high-risk PCa patients has the capability to forecast the 10-year BCR-free survival rate. However, in terms of early BCR, the Candiolo nomogram was not so useful due to heterogeneity in the risk level: 10 (27.8%) intermediate-risk patients, 13 (36.1%) high-risk patients, and 13 (36.1%) very high-risk patients out of 36 patients with early BCR. Therefore, clinicians should be especially cautious with high-risk PCa patients with cT3b and/or %PC ≥ 75%, resulting in early BCR after CIRT and ADT.



Next, we assessed tumor characteristics linked to an elevated susceptibility to early BCR in order to discern high-risk individuals who may potentially derive advantages from comprehensive systemic therapeutic approaches. Even subsequent to the administration of combined CIRT and ADT, individuals afflicted by high-risk PCa manifesting cT3b stage and/or a %PC ≥ 75% continued to exhibit a heightened vulnerability to early BCR. Therefore, novel aggressive therapeutic strategies are needed to improve the therapeutic outcomes of these patients. Various salvage therapies have been suggested for BCR after RT [32]. However, salvage therapy can only be used after BCR, and we prefer an adequate combination therapy to use before BCR.



In the present study, we investigated potential future indications for concomitant therapy. Recently, Attard et al. evaluated the efficacy of adding abiraterone and prednisolone with or without enzalutamide to ADT in patients with high-risk non-metastatic PCa [21]. The investigation involved 1974 patient datasets from the STAMPEDE multi-arm, multi-stage protocol, with the primary endpoint being metastasis-free survival. The results indicated that adding abiraterone and prednisolone significantly improved metastasis-free survival, overall survival, CSS, BCR-free survival, and progression-free survival compared with ADT alone, highlighting the advantages of combining RT with ADT and abiraterone for high-risk non-metastatic PCa [21]. Based on these findings, recent European Association of Urology guidelines recommend offering 2 years of abiraterone with ADT when administering definitive RT to non-metastatic high-risk PCa patients, including those with cN1 disease [33]. In the Advanced Prostate Cancer Consensus Conference in 2022, when asked about the preferred systemic therapy to add to local RT for high-risk PCa patients with N0M0 on next-generation imaging and GS8–10, 78% of panelists voted for 2–3 years of ADT with 2 years of abiraterone [34].



The most robust aspect of our study was investigating the STAMPEDE risk criteria to reclassify high-risk PCa. The original STAMPEDE criteria defined high-risk PCa as cN0 or cN1 with at least two of the following: PSA level ≥ 40 ng/mL, cT3 or T4 stage, and GS8–10. We found that 28.1% of our conventional high-risk PCa patients met the STAMPEDE high-risk criteria (Table 2), although patients with node positive or cT4 were not included. The STAMPEDE high-risk classification was significantly associated with the cumulative incidence of early BCR (Figure 3). This finding underscores the importance of using the STAMPEDE risk criteria to define high-risk PCa, as it ensures that the patient population can be matched to future systemic therapy. In particular, high-risk PCa patients with an increased risk of early BCR may benefit from 2 years of concomitant abiraterone therapy. Although it depends on the medical insurance system of each country, the addition of abiraterone to concomitant hormone therapy will be an option in the future. Thus, individualized therapeutic and follow-up strategies should be considered in the future due to distinct predictors of early versus late BCR. Recently, some researchers reported that MRI- or biology-guided focal boost therapies to intraprostatic lesions were feasible and safe, with low toxicities and favorable biochemical disease outcomes [30,35]. In the future, boost therapy with various modalities as well as the combined systemic treatments including abiraterone will be investigated in high-risk PCa patients who undergo CIRT.



This study has several limitations that should be considered when interpreting the results. First, as a retrospective study, it may have been subject to inherent biases that cannot be completely controlled for, despite the use of multivariate analysis to adjust for potential confounders. Second, this study included patients treated at a single institution only, which may limit the generalizability of the findings to other populations or treatment settings. Third, the sample size of the patients with early BCR was relatively small, which may have limited the statistical power to detect other potential predictors of early BCR. Fourth, intraprostatic GTV was not calculated using mp-MRI in this study, a part of the patients did not undergo mp-MRI. Also, our high-risk PCa patients did not undergo PSMA-PET/CT or choline PET/CT, so the possibility of micro-metastases in a few patients cannot be ruled out completely. The PCa patients at high risk for early BCR may benefit from PSMA-PET/CT to aggressively screen for micro-metastases in the future. Lastly, an effect of ethnicity on BCR cannot be ruled out, as this study was conducted mainly in Japanese patients.




5. Conclusions


The present study provides evidence that cT3b stage and %PC ≥ 75% are significant predictors of early BCR in patients with high-risk PCa treated with CIRT combined with ADT. These findings may have important implications for selecting patients who will benefit from this treatment approach and for developing future treatment strategies for high-risk PCa. Additionally, future clinical trials investigating the use of CIRT combined with ADT and other novel treatments, such as abiraterone, for high-risk PCa will be critical to determine the optimal treatment approach for these patients.







Author Contributions


Conceptualization, H.S. and H.I.; methodology, T.U.; software, T.U.; validation, H.S., H.I. and Y.M.; formal analysis, T.U. and Y.M.; investigation, M.W., N.O. and M.H.; resources, H.I.; data curation, M.W., N.O. and H.I; writing—original draft preparation, T.U.; writing—review and editing, H.S. and H.I.; visualization, T.U.; supervision, T.I., K.A., H.T. and S.Y.; project administration, H.S. and H.I.; funding acquisition, H.S. and H.I. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by JSPS KAKENHI Grant Number JP21K07715.




Institutional Review Board Statement


The study secured approval from the institutional review board at QST Hospital (Approval No. N21-005).




Informed Consent Statement


The potential participants were given the opportunity to opt-out of being enrolled.




Data Availability Statement


The data are contained within the article.




Conflicts of Interest


Hiroyoshi Suzuki reports personal fees from Astellas, Janssen, AstraZeneca, Bayer, and Sanofi, and grants from MSD, Janssen, Nippon Shinyaku, and Kissei.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [Google Scholar] [CrossRef] [PubMed]

	



Teoh, J.Y.C.; Hirai, H.W.; Ho, J.M.W.; Chan, F.C.; Tsoi, K.K.; Ng, C.F. Global incidence of prostate cancer in developing and developed countries with changing age structures. PLoS ONE 2019, 14, e0221775. [Google Scholar] [CrossRef] [PubMed]

	



Bergengren, O.; Pekala, K.R.; Matsoukas, K.; Fainberg, J.; Mungovan, S.F.; Bratt, O.; Bray, F.; Brawley, O.; Luckenbaugh, A.N.; Mucci, L.; et al. 2022 Update on prostate cancer epidemiology and risk factors-a systematic review. Eur. Urol. 2023, 84, 191–206. [Google Scholar] [CrossRef] [PubMed]

	



D’Amico, A.V.; Whittington, R.; Malkowicz, S.B.; Schultz, D.; Blank, K.; Broderick, G.A.; Tomaszewski, J.E.; Renshaw, A.A.; Kaplan, I.; Beard, C.J.; et al. Biochemical outcome after radical prostatectomy, external beam radiation therapy, or interstitial radiation therapy for clinically localized prostate cancer. JAMA 1998, 280, 969–974. [Google Scholar] [CrossRef] [PubMed]

	



Schaeffer, E.M.; Srinivas, S.; Adra, N.; An, Y.; Barocas, D.; Bitting, R.; Bryce, A.; Chapin, B.; Cheng, H.H.; D’Amico, A.V.; et al. NCCN Guidelines Version 4.2023 Prostate Cancer. Available online: https://www.nccn.org/home/ (accessed on 1 July 2023).

	



Gómez-Aparicio, M.A.; López-Campos, F.; José Lozano, A.J.; Maldonado, X.; Caballero, B.; Zafra, J.; Suarez, V.; Moreno, E.; Arcangeli, S.; Scorsetti, M.; et al. Novel approaches in the systemic management of high-risk prostate cancer. Clin. Genitourin. Cancer 2023. [Google Scholar] [CrossRef]

	



Wang, Z.; Ni, Y.; Chen, J.; Sun, G.; Zhang, X.; Zhao, J.; Zhu, X.; Zhang, H.; Zhu, S.; Dai, J.; et al. The efficacy and safety of radical prostatectomy and radiotherapy in high-risk prostate cancer: A systematic review and meta-analysis. World J. Surg. Oncol. 2020, 18, 42. [Google Scholar] [CrossRef]

	



Vu, E.; Pratsinis, M.; Plasswilm, L.; Schmid, H.P.; Panje, C.; Betschart, P. Radiotherapy or surgery? Comparative, qualitative assessment of online patient education materials on prostate cancer. Curr. Oncol. 2021, 28, 3420–3429. [Google Scholar] [CrossRef]

	



Zumsteg, Z.S.; Spratt, D.E.; Romesser, P.B.; Pei, X.; Zhang, Z.; Polkinghorn, W.; McBride, S.; Kollmeier, M.; Yamada, Y.; Zelefsky, M.J. The natural history and predictors of outcome following biochemical relapse in the dose escalation era for prostate cancer patients undergoing definitive external beam radiotherapy. Eur. Urol. 2015, 67, 1009–1016. [Google Scholar] [CrossRef]

	



Parker, C.; Castro, E.; Fizazi, K.; Heidenreich, A.; Ost, P.; Procopio, G.; Tombal, B.; Gillessen, S. Prostate cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2020, 31, 1119–1134. [Google Scholar] [CrossRef]

	



Akakura, K.; Tsuji, H.; Morita, S.; Tsuji, H.; Yagishita, T.; Isaka, S.; Akaza, H.; Hata, M.; Fujime, M.; Harada, M.; et al. Phase I/II clinical trials of carbon ion therapy for prostate cancer. Prostate 2004, 58, 252–258. [Google Scholar] [CrossRef] [PubMed]

	



Kasuya, G.; Ishikawa, H.; Tsuji, H.; Haruyama, Y.; Kobashi, G.; Ebner, D.K.; Akakura, K.; Suzuki, H.; Ichikawa, T.; Shimazaki, J.; et al. Cancer-specific mortality of high-risk prostate cancer after carbon-ion radiotherapy plus long-term androgen deprivation therapy. Cancer Sci. 2017, 108, 2422–2429. [Google Scholar] [CrossRef]

	



Kasuya, G.; Ishikawa, H.; Tsuji, H.; Nomiya, T.; Makishima, H.; Kamada, T.; Akakura, K.; Suzuki, H.; Shimazaki, J.; Haruyama, Y.; et al. Significant impact of biochemical recurrence on overall mortality in patients with high-risk prostate cancer after carbon-ion radiotherapy combined with androgen deprivation therapy. Cancer 2016, 122, 3225–3231. [Google Scholar] [CrossRef] [PubMed]

	



Ishikawa, H.; Tsuji, H.; Murayama, S.; Sugimoto, M.; Shinohara, N.; Maruyama, S.; Murakami, M.; Shirato, H.; Sakurai, H. Particle therapy for prostate cancer: The past, present and future. Int. J. Urol. 2019, 26, 971–979. [Google Scholar] [CrossRef] [PubMed]

	



Waltz, J.; Chun, F.K.H.; Klein, E.A.; Reuther, A.; Saad, F.; Graefen, M.; Huland, H.; Karakiewicz, P.I. Nomogram predicting the probability of early recurrence after radical prostatectomy for prostate cancer. J. Urol. 2009, 181, 601–607. [Google Scholar] [CrossRef] [PubMed]

	



Buyyounouski, M.; Hanlon, A.L.; Horwitz, E.M.; Pollack, A. Interval to biochemical failure highly prognostic for distant metastasis and prostate cancer-specific mortality after radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2008, 70, 59–66. [Google Scholar] [CrossRef]

	



Broeck, T.V.D.; Bergh, R.C.v.D.; Arfi, N.; Gross, T.; Moris, L.; Briers, E.; Cumberbatch, M.; De Santis, M.; Tilki, D.; Fanti, S.; et al. Prognostic value of biochemical recurrence following treatment with curative intent for prostate cancer: A systematic review. Eur. Urol. 2019, 75, 967–987. [Google Scholar] [CrossRef]

	



Baas, D.J.H.; Schilham, M.; Hermsen, R.; de Baaij, J.M.S.; Vrijhof, H.J.E.J.; Hoekstra, R.J.; Sedelaar, J.P.M.; Küsters-Vandevelde, H.V.N.; Gotthardt, M.; Wijers, C.H.W.; et al. Preoperative PSMA-PET/CT as a predictor of biochemical persistence and early recurrence following radical prostatectomy with lymph node dissection. Prostate Cancer Prostatic Dis. 2022, 25, 65–70. [Google Scholar] [CrossRef]

	



Amiel, T.; Würnschimmel, C.; Heck, M.; Horn, T.; Nguyen, N.; Budäus, L.; Knipper, S.; Wenzel, M.; Rauscher, I.; Eiber, M.; et al. Regional lymph node metastasis on prostate specific membrane antigen positron emission tomography correlates with decreased biochemical recurrence-free and therapy-free survival after radical prostatectomy: A retrospective single-center single-arm observational study. J. Urol. 2021, 205, 1663–1670. [Google Scholar]

	



Attard, G.; Murphy, L.; Clarke, N.W.; Cross, W.; Jones, R.J.; Parker, C.C.; Gillessen, S.; Cook, A.; Brawley, C.; Amos, C.L.; et al. Abiraterone acetate and prednisolone with or without enzalutamide for high-risk non-metastatic prostate cancer: A meta-analysis of primary results from two randomised controlled phase 3 trials of the STAMPEDE platform protocol. Lancet 2022, 399, 34–44. [Google Scholar] [CrossRef]

	



Brierley, J.D.; Gospodarowics, M.K.; Wittekind, C. TNM Classification of Malignant Tumours, 8th ed.; Wiley-Blackwell Inc.: New York, NY, USA, 2017. [Google Scholar]

	



Roach, M.; Hanks, G.; Thames, H.; Schellhammer, P.; Shipley, W.U.; Sokol, G.H.; Sandler, H. Defining biochemical failure following radiotherapy with or without hormonal therapy in men with clinically localized prostate cancer: Recommendations of the RTOG-ASTRO Phoenix Consensus Conference. Int. J. Radiat. Oncol. Biol. Phys. 2006, 65, 965–974. [Google Scholar] [CrossRef] [PubMed]

	



Kanda, Y. Investigation of the freely available easy-to-use software “EZR” for medical statistics. Bone Marrow Transpl. 2013, 48, 452–458. [Google Scholar] [CrossRef] [PubMed]

	



Ray, M.E.; Thames, H.D.; Levy, L.B.; Horwitz, E.M.; Kupelian, P.A.; Martinez, A.A.; Michalski, J.M.; Pisansky, T.M.; Shipley, W.U.; Zelefsky, M.J.; et al. PSAnadir predicts biochemical and distant failures after external beam radiotherapy for prostate cancer: A multi-institutional analysis. Int. J. Radiat. Oncol. Biol. Phys. 2005, 64, 1140–1150. [Google Scholar] [CrossRef]

	



Nishimura, S.; Ohashi, T.; Momma, T.; Sakayori, M.; Eriguchi, T.; Tanaka, T.; Yamashita, S.; Kosaka, T.; Oya, M.; Shigematsu, N. Prostate-specific antigen nadir within 12 months as an early surrogate marker of biochemical failure and distant metastasis after low-dose-rate brachytherapy or external beam radiotherapy for localized prostate cancer. Cancer Med. 2018, 7, 1794–1801. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, C.D.; Simoes, R.; Ghobadi, G.; Heijmink, S.W.; Schoots, I.G.; de Jong, J.; Walraven, I.; van der Poel, H.G.; van Houdt, P.J.; Smolic, M.; et al. Multiparametric MRI tumor probability model for the detection of locally recurrent prostate cancer after radiation therapy: Pathologic validation and comparison with manual tumor delineations. Int. J. Radiat. Oncol. Biol. Phys. 2019, 105, 140–148. [Google Scholar] [CrossRef] [PubMed]

	



Zamboglou, C.; Eiber, M.; Fassbender, T.R.; Eder, M.; Kirste, S.; Bock, M.; Schilling, O.; Reichel, K.; van der Heide, U.A.; Grosu, A.L. Multimodal imaging for radiation therapy planning in patients with primary prostate cancer. Phys. Imaging Radiat. Oncol. 2018, 8, 8–16. [Google Scholar] [CrossRef]

	



Pucar, D.; Hricak, H.; Shukla-Dave, A.; Kuroiwa, K.; Drobnjak, M.; Eastham, J.; Scardino, P.T.; Zelefsky, M.J. Clinically significant prostate cancer local recurrence after radiation therapy occurs at the site of primary tumor: Magnetic resonance imaging and step-section pathology evidence. Int. J. Radiat. Oncol. Biol. Phys. 2007, 69, 62–69. [Google Scholar] [CrossRef]

	



Poon, D.M.C.; Yuan, J.; Yang, B.; Kerkmeijer, L.G.; Kishan, A.U.; Murthy, V.; Tree, A.; Zapatero, A.; Wong, O.L. Magnetic resonance imaging–guided focal boost to intraprostatic lesions using external beam radiotherapy for localized prostate cancer: A systematic review and meta-analysis. Eur. Urol. Oncol. 2023, 6, 116–127. [Google Scholar] [CrossRef]

	



Utsumi, T.; Suzuki, H.; Ishikawa, H.; Hiroshima, Y.; Wakatsuki, M.; Harada, M.; Ichikawa, T.; Akakura, K.; Tsuji, H. External validation of the Candiolo nomogram for high-risk prostate cancer patients treated with carbon ion radiotherapy plus androgen deprivation therapy: A retrospective cohort study. Jpn. J. Clin. Oncol. 2022, 52, 950–953. [Google Scholar] [CrossRef]

	



Dudderidge, T.; Payne, H.; Emberton, M. An algorithm for managing the failure of external beam radiotherapy in prostate cancer. BJU Int. 2007, 100, 518–527. [Google Scholar] [CrossRef]

	



Mottet, N.; Cornford, P.; van den Bergh, R.C.N.; Briers, E.; Van den Broeck, T.; Cumberbatch, M.G.; De Santis, M.; Fanti, S.; Fossati, N.; Gandaglia, G.; et al. EAU-EANM-ESTRO-ESUR-ISUP-SIOG guidelines on prostate cancer update. Eur. Urol. 2022, 79, 243–262. [Google Scholar] [CrossRef] [PubMed]

	



Gillessen, S.; Bossi, A.; Davis, I.D.; de Bono, J.; Fizazi, K.; James, N.D.; Mottet, N.; Shore, N.; Small, E.; Smith, M.; et al. Management of patients with advanced prostate cancer. Part I: Intermediate-/high-risk and locally advanced disease, biochemical relapse, and side effects of hormonal treatment: Report of the Advanced Prostate Cancer Consensus Conference 2022. Eur. Urol. 2023, 83, 267–293. [Google Scholar] [CrossRef] [PubMed]

	



Gaudreault, M.; Chang, D.; Hardcastle, N.; Jackson, P.; Kron, T.; Hofman, M.S.; Siva, S. Feasibility of biology-guided radiotherapy using PSMA-PET to boost to dominant intraprostatic tumour. Clin. Transl. Radiat. Oncol. 2022, 35, 84–89. [Google Scholar] [CrossRef] [PubMed]








[image: Curroncol 30 00636 g001] 





Figure 1. Cumulative incidence curves for early BCR: (a) cT3b; (b) %PC ≥ 75%; (c) cT3a+3b; (d) %PC ≥ 50%. 
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Figure 2. Cumulative incidence curves for early BCR according to STAMPEDE high-risk. 
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Figure 3. Cumulative incidence curves for CSS according to occurrence of early BCR. 
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Table 1. Patient characteristics.






Table 1. Patient characteristics.





	Variable
	n = 670





	Age (years), mean (SD)
	68.1 (6.9)



	PSA level (ng/mL), median (IQR)
	12.7 (7.2–24.3)



	cT stage
	cT1: 110

cT2a: 132, cT2b: 91, cT2c: 37

cT3a: 239, cT3b: 61



	Gleason score
	3 + 3: 22

3 + 4: 93, 4 + 3: 103

4 + 4: 135, 3 + 5: 25

4 + 5: 255, 5 + 4: 34

5 + 5: 3



	%PC (%), median (IQR)
	41.7 (25.0–60.0)



	ADT duration (months), median (IQR)
	25.0 (24.0–27.0)



	CIRT dose
	63 Gy(RBE)/20 fr: 77

57.6Gy(RBE)/16 fr: 298

51.6 Gy(RBE)/12 fr: 295



	Early BCR
	36 (5.4%)



	Time to early BCR (months), median (IQR)
	42.8 (29.0–45.3)







ADT: androgen deprivation therapy, BCR: biochemical recurrence, CIRT: carbon-ion radiotherapy, IQR: interquartile range, %PC: percentage of positive biopsy cores, PSA: prostate-specific antigen, SD: standard deviation.













 





Table 2. STAMPEDE risk classification.
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	Variables
	





	STAMPEDE
	



	Risk = 0
	58 (8.7%)



	Risk = 1
	432 (64.5%)



	Risk = 2
	142 (21.2%)



	Risk = 3
	38 (5.6%)



	STAMPEDE risk factors
	



	PSA level ≥ 40 ng/mL
	78 (11.6%)



	cT stage ≥ 3
	300 (44.8%)



	Gleason score ≥ 8
	452 (67.5%)







PSA: prostate-specific antigen, STAMPEDE: Systemic Therapy in Advancing or Metastatic Prostate cancer.













 





Table 3. Clinicopathological characteristics of patients with early BCR and non-early BCR.
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	Variables
	Early BCR

(n = 36)
	Non-Early BCR

(n = 634)
	p Value





	Age (years), mean (SD)
	68.5 (6.3)
	68.1 (7.0)
	0.69



	PSA level (ng/mL), median (IQR)
	18.6 (10.8–42.5)
	12.5 (7.1–24.1)
	0.01



	cT stage
	cT1: 4

cT2a: 5, cT2b: 5, cT2c: 2

cT3a: 10, cT3b: 10
	cT1: 106

cT2a: 127, cT2b: 86, cT2c: 35

cT3a: 229, cT3b: 51
	0.03



	Gleason score
	3 + 4: 4, 4 + 3: 6

4 + 4: 4, 3 + 5: 2
	3 + 3: 22

3 + 4: 89, 4 + 3: 97

4 + 4: 131, 3 + 5: 23

5 + 5: 3
	0.52



	%PC (%), median (IQR)
	50.0 (35.1–83.3)
	40.0 (25.0–27.0)
	<0.01



	ADT duration (months), median (IQR)
	24.9 (23.7–29.1)
	25.0 (24.0–27.0)
	0.48



	STAMPEDE high-risk (%)
	16 (44.4%)
	168 (25.9%)
	0.02







ADT: androgen deprivation therapy, BCR: biochemical recurrence, IQR: interquartile range, %PC: percentage of positive biopsy cores, PSA: prostate-specific antigen, SD: standard deviation, STAMPEDE: Systemic Therapy in Advancing or Metastatic Prostate cancer.













 





Table 4. Univariate and multivariate analyses of the association between clinical variables and early BCR in high-risk PCa patients after CIRT and ADT.
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Variables

	
Univariate

	
p Value

	
Multivariate

	
p Value




	
Early BCR (%)

	
Non-Early BCR (%)

	
HR

	
95%CI






	
Age ≥ 70 vs. < 