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Purpose

Modern literature has demonstrated improvements in long-term biochemical outcomes with the use of prophylactic pelvic nodal irradiation followed by a brachytherapy boost in the management of high-risk prostate cancer. However, this comes at the cost of increased treatment-related toxicity. In this study, we explore the outcomes of the largest cohort to date, which uses a stereotactic body radiation therapy (SBRT) boost following pelvic nodal radiation for exclusively high-risk prostate cancer.





Methods and materials

A large institutional database was interrogated to identify all patients with high-risk clinical node-negative prostate cancer treated with conventionally fractionated radiotherapy to the pelvis followed by a robotic SBRT boost to the prostate and seminal vesicles. The boost was uniformly delivered over three fractions. Toxicity was measured using the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0. Oncologic outcomes were assessed using the Kaplan–Meier method. Cox proportional hazard models were created to evaluate associations between pretreatment characteristics and clinical outcomes.





Results

A total of 440 patients with a median age of 71 years were treated, the majority of whom were diagnosed with a grade group 4 or 5 disease. Pelvic nodal irradiation was delivered at a total dose of 4,500 cGy in 25 fractions, followed by a three-fraction SBRT boost. With an early median follow-up of 2.5 years, the crude incidence of grade 2+ genitourinary (GU) and gastrointestinal (GI) toxicity was 13% and 11%, respectively. Multivariate analysis revealed grade 2+ GU toxicity was associated with older age and a higher American Joint Committee on Cancer (AJCC) stage. Multivariate analysis revealed overall survival was associated with patient age and posttreatment prostate-specific antigen (PSA) nadir.





Conclusion

Utilization of an SBRT boost following pelvic nodal irradiation in the treatment of high-risk prostate cancer is oncologically effective with early follow-up and yields minimal high-grade toxicity. We demonstrate a 5-year freedom from biochemical recurrence (FFBCR) of over 83% with correspondingly limited grade 3+ GU and GI toxicity measured at 3.6% and 1.6%, respectively. Long-term follow-up is required to evaluate oncologic outcomes and late toxicity.
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Introduction

Modern radiation oncology improvement efforts in localized high-risk prostate cancer have focused predominantly on three domains: (1) inclusion and duration of novel androgen deprivation therapy (ADT), (2) management of the pelvic lymph nodes, and (3) dose escalation to gross disease. In the two decades since the initial publication of the seminal RTOG 9413 study, arguably no debate has raged hotter in the annals of radiation oncology literature than elective treatment of pelvic lymph nodes in patients with clinically localized prostate cancer (1). Though the topic has prompted scathing editorials and blistering rebuttals, the recent publication of the POP-RT study has convinced many practitioners to adopt elective pelvic radiotherapy as standard practice for patients with high-risk disease at a sufficiently elevated risk of occult nodal involvement (2). While no difference in overall survival (OS) was appreciated at 5 years, significant improvements in biochemical disease-free survival (bDFS) and distant metastasis-free survival (DMFS) were observed, though at the cost of increased treatment-related toxicity. Ultimately, the answer to the benefit of nodal irradiation may not be answered until the publication of three ongoing randomized trials—RTOG 0924 (ClinicalTrials.gov identifier: NCT01368588), PivotalBoost (ISRCTN80146950), and GETUG-AFU-23 (ClinicalTrials.gov identifier: NCT01952223).

According to the National Comprehensive Cancer Network (NCCN) risk stratification system for patients with high-risk diseases, the optimal paradigm for patients treated with radiotherapy is yet undefined. While most practitioners agree that a long-term ADT of at least 18 months is indicated, beyond this common ground, there is limited consensus. At the core of this debate is a randomized study Androgen Suppression Combined with Elective Nodal and Dose Escalated Radiation Therapy (ASCENDE-RT) comparing conventionally fractionated pelvic radiotherapy followed by an external beam radiation therapy (EBRT) versus low-dose rate (LDR) brachytherapy boost to the prostate (3). This trial demonstrated a substantial biochemical progression-free survival (bPFS) benefit for patients receiving a brachytherapy boost, though at 15 years, improvements in OS, prostate-cancer-specific survival (PCSS), and DMFS were not observed. Furthermore, treatment-related toxicity was significantly worse in the brachytherapy arm, with increased rates of cumulative grade 3 genitourinary (GU) toxicity, pad usage, and late catheterization observed at 5 years posttreatment (4, 5).

For patients with low- and intermediate-risk disease, SBRT is now considered a standard and NCCN-sanctioned treatment option given a plethora of data demonstrating excellent oncologic and quality-of-life (QoL) outcomes, including phase III randomized data (6–9). Initially limited to a few centers with specialized expertise, rapid adoption of this approach in the USA has drastically increased accessibility for patients (10, 11). Stereotactic body radiotherapy is particularly attractive as it offers improved convenience to more protracted fractionation schemas, a strong underlying radiobiological rationale, and a toxicity profile that compares favorably to brachytherapy (8, 12). Given these trends in the low- and intermediate-risk cohort, considerable interest has arisen in the use of SBRT as a boost in conjunction with conventionally fractionated pelvic radiotherapy, as in the ASCENDE-RT trial with SBRT replacing the brachytherapy boost (13–18). Moreover, the SBRT technique is not hindered by operative limitations and allows more effective delivery of tumoricidal dose to areas of extracapsular extension and seminal vesicle invasion, features more commonly seen in the high-risk cohort. Preliminary studies have suggested this approach compares favorably to a brachytherapy boost from a QoL standpoint, with the existing literature suggesting low rates of late grade 3+ toxicity (16, 18–20).

We report the early clinical outcomes from the single largest cohort of patients diagnosed with high-risk adenocarcinoma of the prostate treated with conventionally fractionated pelvic nodal irradiation followed by an SBRT boost to the prostate and seminal vesicles.





Materials and methods




Patient eligibility

The local Institutional Review Board (Study No. 00001269) approved this single institutional review of patients treated with SBRT for high-risk prostate cancer. All patients were evaluated by a radiation oncologist and deemed appropriate for definitive pelvic nodal irradiation followed by an SBRT boost. All patients underwent pretreatment diagnostic tests, including clinical examination, PSA, and biopsy. Patients were categorized into standard NCCN risk group classifications. Similarly, all patients had standard NCCN-recommended distant staging performed utilizing CT and bone scans, the standard of care at the time of treatment. All patients underwent fiducial marker placement in the prostate approximately 1 week prior to simulation. Fiducial markers were utilized for inter- and intrafractional image guidance. Of note, these patients were predominately treated prior to the routine use of rectal spacer placement. There were no patients with node-positive disease included in this analysis.





Simulation, planning, and treatment delivery

All patients underwent computed tomography (CT)-based radiation treatment planning simulation (GE Optima 580). An MRI of the prostate was also obtained in the majority of cases at the time of prostate boost simulation and fused with the primary simulation CT scan at the level of the fiducials to assist in target volume delineation. Patients were recommended enema usage prior to simulation and delivery of each SBRT fraction. Nodal radiation was incorporated for all patients with target volume contours generated using standard definitions. Organs at risk (OAR) were contoured and included the rectosigmoid, bladder, penile bulb, small bowel, and femoral heads. Patients were treated using the RTOG pelvic nodal atlas of the time, superiorly starting treatment at the bifurcation of the common iliacs.

All patients underwent pelvic nodal irradiation to a total dose of 4,500 cGy in 25 fractions utilizing either 3D or IMRT technique, which included the prostate and seminal vesicles. If there was evidence of seminal invasion on MRI, the seminal vesicles were included in their entirety. For those without invasion into the seminal vesicles, the proximal 1 cm was included in the prostate clinical target volume (CTV). The prostate target volume (PTV) margins utilized for nodal treatment were 6 mm isometrically. For the SBRT boost portion of treatment, CTV included the entire prostate and proximal or entire seminal vesicles, as described above. A 5-mm isometric expansion of the CTV with a tighter 3-mm posterior margin was used to create the SBRT PTV. A strong recommendation for ADT was made for those medically eligible as a standard practice for men at our institution diagnosed with high-risk prostate cancer. Patients who did not undergo ADT had either medical comorbidities precluding them from ADT administration or declined ADT as a component of their treatment. Dose calculations and planning optimization were performed using Accuray MultiPlan software. Dosimetric constraints for the aforementioned normal structures were utilized based on institutional standards. The dosimetric parameters utilized are included within the Supplementary Materials. Of note, uniform implementation of urethral dose constraints was not utilized during this era of treatment. All patients were treated using SBRT delivered over three treatment fractions. Treatments were delivered using a robotic radiosurgical platform with prostate motion accounted for in the x-, y-, and z-planes.





Follow-up and statistical analysis

Toxicity was retrospectively reviewed using CTACE version 5.0. Patients were followed up using serial PSA and clinical examination typically at 3- to 6-month intervals. Biochemical progression was defined in accordance with the Phoenix definition. Toxicity was measured from the completion of SBRT. Descriptive statistics (median and interquartile range (IQR) for continuous variables; frequency and percent for categorical data) were calculated for the overall sample. Analysis of oncologic outcomes was performed using the Kaplan–Meier method and included the following: OS, disease-free survival (DFS), and 5-year freedom from biochemical recurrence (FFBCR). For FFBCR, death was treated as a censored event. The analyses were accomplished by applying standard methods of survival analysis, that is, computing the Kaplan–Meier product limit curves, where the data were stratified by different groups (i.e., SBRT total dose, age category, PSA category, grade group, and ADT) (21). The PSA nadir was defined as the absolute lowest posttreatment PSA level, regardless of administration of ADT.

In cases where the endpoint event had not yet occurred, the number of years until the last follow-up was used and considered censored. The groups were compared using the log-rank test. The median rates for each group were obtained from the Kaplan–Meier/product-limit estimates, and their corresponding 95% confidence intervals were computed using Greenwood’s formula to calculate the standard error. Univariate and multivariate proportional hazards (Cox) regression was carried out to determine which risk factors were associated with each of the measured outcomes. Data are presented as hazard ratios with their corresponding 95% confidence intervals. A result was considered statistically significant at the p < 0.05 level of significance. All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).






Results




Patient, tumor, and treatment characteristics

From May 2006 to May 2020, a total of 440 patients with a median age of 71 were identified who underwent nodal irradiation to a total dose of 4,500 cGy in 25 daily fractions followed by an SBRT boost to the prostate and seminal vesicles. All patients were diagnosed with high-risk adenocarcinoma of the prostate with a median pretreatment PSA of 11.5 ng/mL (IQR: 6.5 to 24.4 ng/mL). The vast majority of patients were diagnosed with grade groups 4 and 5 disease (n = 229 + 131, 82%). The distribution of grade group disease was as follows: grade group 1 (n = 9, 2.0%), grade group 2 (n = 32, 7.3%), grade group 3 (n = 38, 8.6%), grade group 4 (n = 229, 52.0%), and grade group 5 (n = 131, 29.8%). The majority of patients (n = 369, 83.9%) received ADT as a component of treatment. The SBRT boost dose was delivered in three daily fractions, most commonly to a total dose of 2,100 cGy (n = 355, 80.7%). The SBRT boost dose was delivered to the remaining patients with a total dose of 1,950 cGy (n = 72, 16.4%) and 1,800 cGy (n = 12, 2.7%) all in three fractions. Patients treated had a median boost CTV of 59.3 cm3 (IQR: 44.8 to 82.6 cm3) and were prescribed a median isodose line of 84% (IQR: 83% to 85%). Detailed patient, tumor, and treatment characteristics are listed in Table 1.


Table 1 | Patient, tumor, and treatment characteristics.







Toxicity outcomes

With an early median follow-up of 2.5 years, the crude incidence of grade 3+ GU and gastrointestinal (GI) toxicity was 1.6% and 3.6%, respectively. All high-grade toxicities were categorized as late toxicities, with the median time to high-grade GU and GI toxicity being 17 and 19 months, respectively. The most common high-grade GU and GI toxicities were urinary tract obstruction and proctitis, respectively. The crude incidence of lower-grade (i.e., grade 2+) GU and GI toxicity was 13.4% and 10.9%, respectively. Similarly, lower-grade toxicities predominately occurred late with the median time to grade 2+ GU and GI toxicity being 15 and 17 months, respectively. The most common grade 1+ GU toxicities included urinary frequency (n = 109, 24.8%), urinary tract obstruction (n = 29, 6.6%), and dysuria (n = 21, 4.8%). The most common grade 1+ GI toxicities included proctitis (n = 44, 10%), rectal bleeding (n = 32, 7.3%), and diarrhea (n = 30, 6.8%). The median follow-up for toxicity was 10 months. Toxicity details are illustrated in Figures 1, 2, and specific graded toxicities are listed in Supplementary Table S1.




Figure 1 | Crude incidence of genitourinary and gastrointestinal toxicity categorized by CTCAE grades 1, 2, and 3.






Figure 2 | (A) GI grade 2+ actuarial analysis. (B) GU grade 2+ actuarial analysis.



Univariate (UVA) and multivariate (MVA) analyses were performed to determine associations between demographic and treatment-related factors and ultimate toxicity outcomes (Tables 2A, B). Grade 2+ GU toxicity was significantly associated with patient older age (HR: 1.05, 95% CI: 1.01–1.09, p = 0.02) and AJCC stages T3–4 disease (HR: 3.38, 95% CI: 1.35–8.49, p = 0.01) on univariate analysis. This significant association was confirmed on multivariate analysis for both patient age (HR: 1.05, 95% CI: 1.01–1.09, p = 0.03) and tumor stage (HR: 3.3, 95% CI: 1.31–8.42, p = 0.0115). With respect to grade 2+ GI toxicity, there were no statistically significant predictors of toxicity on univariate analysis. There was a trend toward lower grade 2+ GI toxicity for patients with lower AJCC-staged tumors, though this was not statistically significant. Grade 3+ GU toxicity was significantly associated with grade group 5 (HR: 9.67, 95% CI: 1.07–87.36, p = 0.04) and AJCC stages T3–4 disease (HR: 8.33, 95% CI: 1.13–61.59, p = 0.04) on univariate analysis (Supplementary Materials). Given that the number of subjects who experienced high-grade GI toxicity was so small, logistic regression could not be performed.


Table 2A | Univariable and multivariable Cox proportional hazards model analysis of grade 2 or higher genitourinary toxicity.




Table 2B | Univariable and multivariable Cox proportional hazards model analysis of grade 2 or higher gastrointestinal toxicity.







Oncologic outcomes

Overall, with an early median follow-up of 2.5 years, these 440 patients with high-risk disease demonstrated 2- and 5-year FFBCR of 97.6% (95% CI: 96.1, 99.2) and 83.1% (95% CI: 73.7, 92.4), respectively, with a median FFBCR that was not reached. The median DFS for the entire high-risk cohort was 8.5 years (95% CI: 7.0, 10.1). Finally, the 2- and 5-year OS were 97.0% (95% CI: 95.2, 98.7) and 82.9% (95% CI: 75.8, 89.9), respectively, with a median OS estimated at 10.1 years (95% CI: 8.8, inestimable).

Univariate and multivariate analyses were performed to determine associations between demographic and treatment-related factors and oncologic outcomes. Overall survival demonstrated an association with both patient age (HR: 1.05, 95% CI: 1.01–1.10, p = 0.03) and posttreatment PSA nadir (HR: 1.01, 95% CI: 1.00–1.07, p < 0.001) on MVA (Table 3A). Freedom from biochemical recurrence was associated with pretreatment PSA (HR: 1.04, 95% CI: 1.00–1.07, p = 0.02), posttreatment PSA nadir (HR: 1.00, 95% CI: 1.00–1.01, p = 0.04), and AJCC seventh edition staging on MVA (Table 3B). Of note, all of the aforementioned significant associations were seen when analyzed as continuous variables, with the exception of stage. There was no association between total radiation boost dose and any oncologic outcome, nor was there any evidence that the prostate cancer grade group was associated with any oncologic outcome on UVA and MVA (Figures 3–5). Finally, we saw no evidence that lack of ADT usage was related to worse oncologic outcomes; however, the majority of patients in our cohort did receive ADT (84%).


Table 3A | Univariable and multivariable Cox proportional hazards models for overall survival.




Table 3B | Univariable and multivariable Cox proportional hazards models for biochemical freedom from relapse.






Figure 3 | Kaplan–Meier plot of (A) overall survival and (B) freedom from biochemical recurrence of the entire cohort.






Figure 4 | Kaplan–Meier plot of overall biochemical recurrence freedom by prostate SBRT boost dose (2,100 and 1,800/1,950 cGy), age group (<60, [60–70), ≥70), grade group (1–3, 4, 5), and pretreatment PSA (<10, [60–70), ≥20).






Figure 5 | Kaplan–Meier plot of overall biochemical recurrence freedom by grade group (1–3, 4, 5) and pretreatment PSA (<10, [60–70), ≥20).








Discussion

In this single-institutional review of patients with clinically localized high-risk prostate cancer, we report early oncologic and toxicity outcomes that compare favorably to those reported in patients undergoing pelvic nodal treatment followed by a brachytherapy boost or dose-escalated EBRT alone to the prostate. Despite the preponderance of grade groups 4 to 5 disease, an older patient cohort, and an overall high-risk designation, we demonstrate a 5-year FFBCR of over 83%. This was achieved with a very limited risk of high-grade radiation-related GU and GI toxicity (i.e., 1.6% and 3.6%, respectively), which is markedly lower relative to that seen with the use of brachytherapy, albeit with much shorter follow-up, in the ASCENDE-RT trial, where the cumulative incidence of high-grade GU and GI toxicity was 18.4% and 8.1%, respectively. Although there is no clear link between pretreatment factors and GI toxicity, older patient age and higher AJCC stage were associated on MVA with worse grade 2+ GU toxicity, which may be a manifestation of patient baseline urinary function, which is a well-established GU risk factor.

Unsurprisingly, a higher initial PSA at diagnosis was associated with higher rates of biochemical relapse, though without a similar impact on bDFS, DMFS, or OS. Interestingly, a lower PSA nadir was significantly associated with improvements in all measured oncologic outcomes, replicating previous studies that have identified the posttreatment nadir as a meaningful predictive factor. The drop-off in DFS and MFS with long-term follow-up highlights the risk of late failure in this high-risk cohort. These findings underscore the importance of long-term PSA surveillance following treatment, particularly in light of the recent advent of F-18 fluciclovine, Ga-68 PSMA, and F-18 PSMA PET/CT, which boast dramatically improved sensitivity compared to conventional imaging (22). Unfortunately, because of the variety of physicians involved in the delivery of ADT as well as the distance since delivery of that treatment, ADT duration and type were not immediately available for our analysis. Nonetheless, we did not see an association between ADT usage and oncologic outcomes, although this is in part a manifestation of the majority of patients receiving ADT as a component of their treatment. Similarly, there was a range in the total boost dose utilized in three fractions, yet we did not see any association between oncologic outcomes or toxicity and variations in the SBRT total dose. Finally, given the single-arm retrospective nature of the study, it is difficult to comment on survival outcomes.

The rationale for our approach in patients with high-risk disease finds its roots in the ability of this treatment technique to replicate HDR brachytherapy, which was initially established by the seminal work of Fuller et al., published in 2007 (23). The first publication of SBRT used as a boost following nodal irradiation in 2010 comes from the University of California at San Francisco (UCSF) by Jabbari et al., where 38 patients diagnosed with low-, intermediate-, or high-risk prostate cancer were treated with either SBRT monotherapy or nodal irradiation followed by an SBRT boost of 19 Gy in two fractions. Although only half of these patients underwent pelvic nodal irradiation, with an early median follow-up of 18.3 months, there was a 42% rate of grade 2 GU toxicity and an 11% rate of grade 2 GI toxicity (13). A follow-up publication by the same group in 2016 reported the Kaplan–Meier estimate of 5-year relapse-free survival was approximately 83%, with only one grade 3 GU toxicity identified in the cohort of 48 patients (17). Fuller’s “virtual HDR” supposition in 2007 was eventually supported by Chen et al. in 2021, where data demonstrated that SBRT and HDR brachytherapy boosts following IMRT to the pelvic lymph nodes demonstrated strikingly similar oncologic outcomes (18).

Since the initial UCSF publication over a decade ago, there have only been a handful of studies exploring the clinical outcomes of this treatment technique. One of the largest cohorts to date comes from Georgetown University Hospital, where over 100 patients with intermediate- and high-risk disease were treated with conventionally fractionated IMRT to a total dose of 4,500 cGy to 5,040 cGy followed by a robotic SBRT boost of 1,950 cGy in three fractions (16, 19). Approximately half of this group was diagnosed with high-risk disease, and the majority received ADT (63 of 108 patients) as a component of treatment. Paydar et al. reported very modest treatment-related toxicity, with late grade 3 GU toxicity of 6% and late grade 2 GI toxicity of 12%, which is on par with the present study. Ultimately, with early follow-up, the 3-year actuarial biochemical control was 90% for those initially diagnosed with high-risk disease.

In the modern era, two early reports of single-arm prospective trials investigating SBRT boosts have been published and speak to the toxicity analysis measured in the prospective setting. The first comes from France and focuses exclusively on intermediate-risk prostate cancer sans pelvic lymph node treatment (24). After an initial course of 4,600 cGy conventionally fractionated radiotherapy to the prostate, a 1,800 cGy in three-fraction boost was applied. The cumulative incidence of GU and GI grade 2 toxicity was quite moderate, measured at 1.4% and 9.3%, respectively, and the 3-year biochemical relapse-free survival was nearly 90%. The second study from Korea explores an SBRT total boost dose question (25). Kim et al. conducted a phase 1/2a trial, termed the ADEBAR study, to prospectively explore the use of pelvic nodal irradiation to 4,400 cGy in 20 fractions randomized to two different SBRT boost regimens of either 1,800 or 2,100 cGy in three fractions. All patients treated on this protocol had either high- or very high-risk prostate cancer and received ADT as a component of their treatment. A total of 26 patients were treated, and at a median early follow-up of 35 months, there were zero acute grade 3+ GU or GI toxicities observed. Late grade 1–2 GU and GI toxicity were measured at 12% and 8%, respectively, which is strikingly similar to the present study of 13.4% and 10.9%, respectively. With early follow-up, 3-year biochemical relapse-free survival was measured at 88.1%. Ultimately, a dose of 2,100 cGy in three fractions was deemed safe and feasible. Similarly, SBRT prescription dose and overall treatment duration were not associated with oncologic outcomes or toxicity rates in the present study.

The future of the prostate SBRT boost lies in its comparative efficacy to moderately hypofractionated EBRT dose escalation or HDR brachytherapy. Several ongoing trials, akin to ASCENDE-RT, directly compare prostate dose escalation in conventionally fractionated IMRT versus an SBRT boost following pelvic nodal irradiation. The HYPOPROST trial (NCT 02300389) aims to directly compare 4,600 cGy in 23 fractions to the whole pelvis, followed by a 1,500 cGy in two-fraction boost to the prostate/seminal vesicles versus a conventionally fractionated boost to 7,600 cGy all in 200 cGy per fraction. One ongoing randomized phase III trial (NCT 01839994) compares dose-escalated IMRT versus IMRT to the pelvic lymph nodes followed by a 2,000 cGy in two fractions of SBRT or HDR brachytherapy boost, both in concert with ADT. Two additional phase II trials (NCT 03380806 and 01985828) are currently recruiting. One trial explores CyberKnife as monotherapy or SBRT boost for intermediate-risk disease, and the other explores the use of a three-fraction SBRT boost (19.5–20 Gy total dose) relative to conventional fractionation following pelvic nodal treatment. Finally, the Francolini et al. trial has demonstrated the efficacy of a moderate hypofractionation technique yielding comparable results for nodal treatment and is naturally analogous to that seen in the prostate alone setting (26). Limitations of the present study include the early follow-up for the disease site as well as its retrospective and single institutional nature, which may limit our ability to evaluate detailed toxicity profiles as well as patient-reported outcomes. Similarly, due to the majority of patients being treated prior to the routine use of a rectal spacer, our study is limited in that we did not control for rectal spacer placement in our analysis.





Conclusion

We report the largest study of pelvic irradiation with SBRT boost for patients diagnosed with clinically localized high-risk prostate cancer. To date, no study has exclusively reported the outcomes of this technique in an entirely high-risk patient population. We demonstrate a 5-year FFBCR of over 83% with correspondingly limited grade 3+ GU and GI toxicity measured at 3.6% and 1.6%, respectively. Early oncologic and toxicity outcomes compare favorably to those achieved with dose-escalated EBRT alone or in combination with brachytherapy. Prospective randomized data are needed to confirm the safety and efficacy of this approach.
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