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Abstract

Purpose—Radiation dose intensification improves outcome in men with high-risk prostate 

cancer (HR-PCa). A prospective trial was conducted to determine safety, feasibility, and maximal 
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tolerated dose (MTD) of multi-level MRI-based 5-fraction stereotactic radiation (SAbR) in 

patients with HR-PCa.

Methods and Materials—This phase I clinical trial enrolled HR-PCa patients with grade group 

≥4, PSA ≥ 20ng/ml, or radiographic ≥T3, and well-defined prostatic lesions on multi-parametric 

MRI (mpMRI) into 4 dose-escalation cohorts. The initial cohort received 47.5Gy to the prostate, 

50Gy to mpMRI-defined intra-prostatic lesion(s), and 22.5Gy to pelvic lymph nodes in 5 fractions. 

Radiation doses were escalated for pelvic nodes to 25Gy and mpMRI lesion(s) to 52.5Gy and 

then 55Gy. Escalation was performed sequentially according to rule-based trial design with 7–15 

patients per cohort and a 90-day observation period. All men received peri-rectal hydrogel spacer, 

intra-prostatic fiducial placement, and 2 years of androgen deprivation. The primary endpoint was 

MTD according to a 90-day acute dose-limiting toxicity (DLT) rate <33%. DLT was defined as 

NCI Common Toxicity Criteria for Adverse Events (CTCAE) ≥ grade 3 treatment-related toxicity. 

Secondary outcomes include acute and delayed gastrointestinal (GI)/genitourinary (GU) toxicity 

graded with CTCAE.

Results—Fifty-five of the 62 enrolled patients were included in the analysis. Dose was escalated 

through all 4 cohorts without observing any DLTs. Median overall follow-up was 18 months, with 

a median follow-up of 42, 24, 12, and 7.5 months for cohorts 1–4 respectively. Acute and late 

grade 2 GU toxicities were 25% and 20%, while GI were 13% and 7%, respectively. Late grade 3 

GU & GI toxicities were 2% and 0%, respectively.

Conclusions—SAbR dose for HR-PCa was safely escalated with multi-level dose painting of 

47.5Gy to prostate, 55Gy to mpMRI-defined intra-prostatic lesions, and 25Gy to pelvic nodal 

region in 5 fractions. Longer and ongoing follow-up will be required to assess late toxicity.

Introduction

Approximately 30–60% of men with high-risk prostate cancer (HR-PCa) develop 

biochemical recurrence within 10 years, and many develop metastatic cancer leading to 

mortality.(1) Multiple studies have reported improved biochemical control (BC) with higher 

conventionally fractionated radiation therapy (CFRT) dose for prostate cancer (PCa).(2–

4) Yet, BC for CFRT remains poor for HR-PCa. CFRT has reached its limitations for 

further dose escalation for multiple reasons, including organs at-risk (OAR) dosimetry, 

patient inconvenience, and cost. The recently published randomized phase III trial, FLAME, 

attempted to overcome this limitation by incorporating a simultaneous integrated boost (SIB) 

to intraprostatic lesions. Biochemical disease-free survival (bDFS) benefits were reported, 

but boost doses were limited by normal tissue toxicity constraints.(5)

Stereotactic ablative radiotherapy (SAbR) delivers an ablative dose of radiation therapy (RT) 

typically in 4–7 fractions.(6,7) The low alpha/beta ratio of PCa relative to nearby OARs 

suggests that SAbR may offer higher therapeutic advantage in treating PCa than CFRT 

and allow for further dose escalation.(8) Multiple studies have successfully treated low 

and intermediate risk PCa patients with SAbR.(3,4,9,10) Zelefsky et. al. reported increased 

pathologic local control for low-intermediate risk PCa when the SAbR dose was escalated 

from 32.5Gy to 40Gy in 5 fractions.(3) Interestingly, a 7.7% 2-year local failure was 

observed at the highest 5-fraction dose level of 40Gy. This is expected to be even higher in 
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HR-PCa, justifying further dose escalation requirements in this patient population. Magnetic 

resonance imaging (MRI), particularly with multiparametric approach (mpMRI), can now 

detect intra-prostatic lesions with high accuracy.(11)

A few studies have evaluated SAbR for treating HR-PCa, which has the highest mortality, 

due to the high risk of pelvic lymph node metastasis and challenges in simultaneously 

treating elective nodal regions. Several approaches have been considered for SAbR in 

HR-PCa, including treating the prostate but not pelvic lymph nodes (12–14), CFRT to 

pelvic lymph nodes and SAbR boost to the prostate(12), or treating both pelvic lymph 

nodes and prostate with SAbR and SIB(15,16). While electively treating pelvic lymph nodes 

remains controversial given lack of randomized trials showing overall survival (OS) benefits, 

multiple studies have reported improved BC.(17,18) Furthermore, retrospective as well as 

prospective database studies suggest that SAbR to prostate and pelvic lymph node is well 

tolerated.(19,20)

Therefore, a phase I dose escalation trial was designed to determine feasibility, safety, and 

maximum tolerated dose (MTD) for SAbR treatment of the prostate, proximal seminal 

vesicles, intra-prostatic lesions, and pelvic lymph nodes regions with varying doses.

Methods

Trial design and participants

Patients were enrolled in an IRB-approved single institutional phase I dose escalation study 

from November 2015 to October 2019 (ClinicalTrials.gov:NCT02353819). Eligible patients 

required at least one of the following HR-PCa features: PSA ≥ 20ng/ml, Grade Group ≥ 

4, or AJCC clinical/radiographic ≥T3. For radiographic staging and for delineating target 

lesion(s), mpMRI was required with at least one identifiable lesion.

Exclusion criteria included prior pelvic radiotherapy, chemotherapy, surgery for PCa, history 

of inflammatory bowel disease, and regional or distant metastasis. Our protocol also 

excluded patients with prior TURP due to increased risk of toxicity.(21)

Study interventions

All patients received a peri-rectal hydrogel spacer (SpaceOAR, Boston Scientific, 

Marlborough MA) and intraprostatic metallic fiducial markers. A two-year course of 

androgen deprivation therapy (ADT) was planned, consisting of gonadotropin releasing 

hormone agonist/antagonist and anti-androgen bicalutamide starting 10–20 weeks before 

SAbR. Bicalutamide was stopped at the end of SAbR. Patients performed two enemas and 

filled their bladder in preparation for CT simulation scan and each treatment. Patients were 

prescribed prophylactic alpha-blockers before SAbR and received dexamethasone (4 mg) 

before each treatment.

Patients received 5 fractions with a minimum of 36 hours between treatments and a 

maximum of 3 fractions per week. Building on the safety experience of 5-fraction whole 

pelvis RT from rectal cancer, a dose of 22.5Gy was initially selected for the pelvic lymph 

nodes and distal seminal vesicles.(22) The RTOG contouring atlas (23) was used to delineate 
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the pelvic lymph nodes CTV followed by a 5mm expansion to generate PTV1. The prostate 

and proximal 1 cm of seminal vesicles were delineated and a 3mm expansion was used to 

generated PTV2. In cases of seminal vesicle invasion, coverage of a larger length of seminal 

vesicles up its full extent was to be included at the discretion of the investigator in PTV2. 

PTV2 was included in PTV1. A PTV2 dose of 47.5Gy was kept constant for all cohorts 

based on our previous dose escalation trial.(9,10) PTV3 consisted of the mpMRI-based 

intra-prostatic lesion(s) with 0–3mm expansion (at investigator discretion) and the dose was 

started at 50Gy. The dose was sequentially escalated to 25Gy to the pelvic nodal regions and 

to 52.5Gy followed by 55Gy to the intraprostatic lesion(s) (Table 1).

Toxicity was graded using the NCI Common Toxicity Criteria for Adverse Events (CTCAE) 

version 4.0. Dose-limiting toxicity (DLT) was defined as any treatment-related grade 3, 4, 

or 5 toxicity in the following categories: gastrointestinal (GI), renal, genitourinary (GU), 

sexual-reproductive, or neurological. DLT also included any treatment-related grade 4 or 5 

toxicity. Seven to 15 patients were planned per dose cohort (Table 1). Toxicity data were 

continuously monitored with a 90-day window period. The dose will be escalated if zero out 

of the first seven patients, 2 or fewer out of the first nine, 3 or fewer out of the first twelve, 

or 4 or fewer out of the first fifteen patients experience a DLT within 90-days.

Prostate lesion(s) were annotated by a radiologist with 15 years of experience in prostate 

cancer imaging using a free-hand region-of-interest tool in a commercially available post-

processing workstation (iCAD, VersaVue, Nashua, NH). The diagnostic mpMRI protocol 

was previously published (24) and complies with recommendations from the Prostate 

Imaging Reporting & Data System (PI-RADS, version 2.1)(25). A separate treatment 

planning MRI was obtained in the treatment position, without an endorectal coil to 

prevent prostate deformation. The treatment planning MRI included high spatial-resolution 

spin-echo axial T2-weighted images to delineate the lesion and prostatic boundaries, and 

axial gradient-echo images to locate the fiducial markers. To determine the location of the 

intraprostatic targets on the treatment planning MRI, the radiologist integrated findings from 

the diagnostic mpMRI and treatment planning MRI using anatomical landmarks such as 

location, texture, and morphology of BPH nodule. The lesion(s) of interest were delineated 

on the treatment planning MRI and exported from iCAD to Eclipse treatment planning 

software (Varian, Palo Alto, CA) and used as lesion GTV without further modifications. 

Subsequently, the treatment planning MRIs were registered to the treatment planning CT 

simulation using metallic fiducial markers.

The details of patient immobilization, target delineation, beam optimization, OAR 

constraints, and image-guided radiation delivery have been previously described.(26) 

Priority was given to meeting OAR constraints over coverage of PTV targets. The goal 

for target coverage was at least 95% of each PTV volume receiving prescription dose 

(%VPrescription) and 99% of PTV being covered by at least 90% of prescription dose 

(D99%). Dose to the MRI-defined prostatic urethra was maintained <105% of the prostate 

dose (Figure 1). Dose constraints are included in Table S1. After immobilization in a 

stereotactic body frame (Elekta, Stockholm, Sweden) with a vaclock bag, a cone-beam CT 

was obtained, prior to each treatment, for image guidance. The metallic fiducial markers in 

the prostate were used for daily alignment and pelvic bony anatomy was used as surrogate 
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for pelvic nodal field alignment. Bladder and rectal volume was also checked with cone-

beam CT as this may impact both toxicity as well as pelvic lymph node coverage(27). 

Dynamic Arc-IMRT was used to deliver SAbR with 6 degree of freedom on the treatment 

couch.

Endpoints

The primary endpoint was the maximum tolerated dose (MTD) as determined by <33% of 

patients per dose cohort having DLT within 90 days of starting RT. Secondary endpoints 

included acute (within 90 days of starting RT) and late (>90 days after starting RT) 

GI/GU toxicity, BC, OS, disease-specific survival (DSS), and health-related quality of 

life (HRQOL) via the Expanded Prostate Cancer Index Composite for Clinical Practice 

questionnaire (EPIC). International Prostate Symptoms Score (IPSS) were also collected. 

Patients were evaluated at 1–1.5, 3, 6, 9, 12, 18, 24, 30, 36, 42, and 48 months.

Data Analysis

All DLTs were continuously monitored and verified by the principal investigator and 

independently reviewed by the cancer centers’ and departments’ data and safety monitoring 

committees. Data were analyzed using Microsoft Excel 2017 (Microsoft, Redmond, 

Washington), Matlab2020b (Mathworks, Natick, Massachusetts), and SAS 9.4 (SAS 

institute, Cary, North Carolina). Differences in categorical variable were analyzed with 

chi-squared or Fisher’s exact test while continuous variables were compared with one-way 

ANOVA. OS, BC, and DSS were estimated with the Kaplan-Meier method.

Differences in baseline characteristics were analyzed with chi-square or Fisher’s exact 

test for categorical and grouped variables while continuous variables were compared with 

one-way ANOVA. Differences between cohorts were analyzed with pair-wise comparison 

with Bonferroni correction.

Differences in physician reported toxicity between cohorts were assessed with chi-square 

or Fisher’s exact test and pair-wise comparison with Bonferroni correction. Differences in 

IPSS symptom score were assessed, relative to baseline values, using one-way ANOVA 

comparing all 4 cohorts.

Minimal clinically important change (MCIC) in an EPIC domain was determined by the 

standard deviation (SD) method at each time point as well as the anchor-based method.(28) 

A difference of 5 points in the bowel domain and 6 points in the urinary domain was 

considered significant with the anchor-based method.(28) A SD of 0.5 was considered a 

small MCIC whereas a SD of 1 was considered a large MCIC.

Results

Patient Demographics

Sixty-two men were enrolled in the trial from 11/2015 to 10/2019 with 55 patients included 

in the analysis (Table 1). Seven patients were excluded due to the following reasons in 

accordance with the protocol: no follow up (1), withdrawal of consent before (4) or after 

treatment (1), and ineligibility (1). At baseline, the median age was 73 (IQR, 67–77) with 
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PSA 9.7 (IQR, 5.8–19.9) and IPSS 8 (IQR, 4.25–12). There were more patients with clinical 

T3 disease in cohort 1 and 2 than in cohort 3 and 4 (p=0.002 Fisher’s exact test; p=0.004 and 

p=0.067 for pair-wise comparison between cohort 3 and cohort 1 as well as 2, respectively; 

p=0.008 and p=0.072 for pair-wise comparison between cohort 4 and cohort 1 as well as 

2, respectively); however, no difference was observed in MRI-defined extra-prostatic or 

seminal vesicle invasion (Table 1 & Table S2). Patients in cohort 2 were marginally older 

than patients in cohort 1 and cohort 3 (p=0.039 for one-way ANOVA; p=0.07 and 0.09 for 

pair-wise comparison, respectively). Additional comparisons are in Table S2.

Target dosimetry

The average prescription dose coverage for all patients was 93%, 94%, and 88% for PTV1 

(pelvic lymph nodes and distal seminal vesicle), PTV2 (prostate and proximal seminal 

vesicle), and PTV3 (MRI-defined lesion boost), respectively (Table 2). The average dose to 

99% of PTV1, PTV2, PTV3 was 90%, 96%, and 97% of the prescription dose. Cohort 2 had 

a statistically higher D99% PTV1 coverage than cohort 3 (p=0.02 and p=0.03 by absolute 

and relative dose, respectively) but not cohort 4 (p=0.054 and p=0.06 by absolute and 

relative dose, respectively). There were no statistically significant differences in coverage of 

PTV2 between cohorts (Table 2). Cohort 4 had a lower PTV3 coverage when normalized to 

the prescribed dose than cohort 3 (p<0.01 for %Vprescription and %D99%) but the absolute 

D99% was similar in the two cohorts. On review of cohort 3 and 4 radiation plans, there was 

difficulty achieving the higher PTV3 dose in some cohort 4 patients when the tumor was 

located near the urethra, due to the urethral dose constraint in our protocol.

Acute toxicity

Median follow-up was 18 months, and all patients, except for 1 who unexpectedly died after 

his 3-month follow-up (unrelated to treatment or cancer), achieved a minimum follow-up 

of 6 months (range 3–48 months). Median follow-up for cohorts 1–4 were 42, 24, 12, and 

7.5 months, respectively (Table 1). Patients completed treatment in all 4 cohorts with no 

dose limiting toxicities within 90 days of treatment. Twenty-five percent of men experienced 

grade 2 GU toxicity and 13% experienced grade 2 GI toxicity during this time (Figure 2A). 

No acute grade 3 or 4 toxicity was seen. There was no statistical increase in acute toxicity 

with dose-escalation; indeed, acute GU toxicity was the lowest in the highest dose cohort 

compared to the other 3 cohorts (p=0.002, Figure 2C), driven by fewer G1 GU toxicities 

(p=0.01). Grade 1 and 2 GI and grade 2 GU acute toxicities were less common in later 

cohorts but did not reach statistical significance (Table S3). Baseline IPSS score increased 

from a mean of 8.3 to 12.0 during the 90-day window (95% CI, [7.0–9.6] to [10.4–13.6], 

p=0.001) (Figure 3A). No significant difference was observed at baseline, maximum score 

within 90 days, or change in IPSS score between cohorts (Figure 3B).

Late toxicity

Twenty percent of participants developed late grade 2 GU toxicity and 7% had late grade 2 

GI toxicity (Figure 2B). One participant (2%) treated in the lowest dose cohort developed 

late grade 3 GU toxicity. He developed urinary retention 15 months after treatment and 

required TURP with resection of lateral and median prostate lobes. No ≥ grade 4 late GU 
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or ≥ grade 3 late GI toxicity was seen. Mean IPSS score at 18 months was 10.5 (95% CI, 

7.0–14.0) and was not statistically different from baseline (p=0.17) (Figure 3A).

Patient-reported outcomes

A small decrease in EPIC score was observed in the GI domain at 1.5 months relative to 

baseline (difference [95% CI], −4.6 [−0.7 to −1.8]). At 3 months, a minimal change was 

observed in EPIC score in the GI domain relative to baseline (difference [95% CI], 1.3 [−1.2 

to 3.8]). Similarly, a trend toward lower GU EPIC scores was seen at 1.5 months (difference 

[95% CI], −1.9 [−5.4 to 1.7]) and a trend toward improved scores at 3 months relative 

to baseline (difference [95% CI], 2.2 [−1.2 to 5.6]) (Figure S1). Fewer patients completed 

EPIC questionnaires at 12 and 18 months; however, a lower EPIC score was seen in the 

GU domain at 12 months (difference [95% CI], −10.8 [−17.6 to −4]) and GI domain at 18 

months (difference [95% CI], −9.6[−16.6 to −2.6]) relative to both baseline and 3 months 

(Figure S1).

Using anchor-based MCIC, at 1.5 months, 40% and 37% of patients showed MCIC in 

urinary and bowel domains, respectively (Figure 4A). MCIC decreased to 18% and 21% 

at 3 months for urinary and bowel domains, respectively. At 18 months, 39% and 55% 

of patients had MCIC in urinary and bowel domains, respectively. Using the lowest score 

within the first 3 months for each patient, 45% of patients developed GI and 45% developed 

GU MCIC. Numerically, more patients reached GU MCIC within 90 days in cohort 1–2 than 

in cohort 3–4 but this was not statistically different (p=0.36, Figure 4B). No differences were 

observed in patients who reached MCIC in the GI domain (p=0.49, Figure 4C). The number 

of patients who have small MCIC with the SD method is similar to that observed with the 

anchor-based method (Figure S2).

Androgen deprivation therapy compliance

At the time of data analysis, 26 patients received ADT for 24 months (47%), 10 patients 

(18%) stopped ADT prematurely due to side effects/insurance/non-compliance, and the 

remaining 19 patients (35%) continued to receive ADT. Fourteen patients (25%) recovered 

their testosterone levels.

Oncologic outcomes

The 2-year actuarial BC is 96.6%, bPFS 94.8%, DSS is 100%, and OS is 98.2%. A 

single patient developed biochemical recurrence 18 months after treatment. The patient’s 

PSA increased from 0.06 to 1.2 ng/mL 12 months after radiation treatment, while he was 

receiving ADT. PET Axumin did not reveal abnormality at that time. The patient did not 

tolerate ADT and elected to stop therapy, having received 18 months of ADT. At the 

18-month follow-up, PSA rose to 5.1, testosterone increased to 217ng/dL, and PET Axumin 

scan revealed solitary uptake in the right iliac bone. Upon retrospective review, the area was 

sclerotic on CT simulation scan. The patient received focal SBRT to the area and, shortly 

thereafter, developed widely metastatic disease and was re-started on ADT.
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Discussion

With a median follow-up of 18 months, we successfully escalated doses of 5-fraction SAbR 

treatment in patients with HR-PCa to 55Gy for mpMRI delineated target lesions, 47.5Gy to 

the entire prostate gland along with proximal seminal vesicles, and 25Gy to pelvic lymph 

nodes without reaching dose-limiting acute toxicity. This is the highest reported dose of 

SAbR treatment for HR-PCa and represents significant treatment intensification compared 

to previously reported studies. This is also one of the first SAbR trials of HR-PCa to 

incorporate elective nodal RT and a peri-rectal hydrogel spacer.

Varying dose regimens have been used for prostate SAbR but the optimal dose remains 

controversial. We previously escalated SAbR dose for patients with intermediate risk PCa 

to 47.5Gy in 5 fractions, which was used as the prostate dose for all patients in the current 

trial. (9) Recognizing that failures probably predominate at initial disease sites, we sought 

to leverage the accuracy of mpMRI in detecting intraprostatic disease sites for focal dose 

escalation. The FLAME randomized phase III trial treated patients with intermediate-risk 

and HR-PCa to either standard 77Gy in 2.2Gy/fraction to the entire prostate or 77Gy in 

2.2Gy/fraction to the prostate with an SIB boost to mpMRI-delineated intraprostatic lesions 

up to 95Gy (2.7Gy/fraction). They recently reported improved biochemical DFS (HR 0.45) 

with intraprostatic boost.(5)

The intraprostatic lesion dose in our study is a significant dose escalation compared to 

previous reports and rivals the expected biologic effective doses in interstitial brachytherapy. 

The alpha-beta ratio of PCa is approximately 1.5–4.(8) Assuming an alpha-beta ratio of 

3 and using the linear-quadratic model, the target lesions in our highest dose cohort 

received an EQD2 of 154Gy, while the boost dose in the FLAME trial has an EQD2 of 

108.3Gy. A common monotherapy HDR treatment regimen is 27Gy in 2 fractions(29), 

which corresponds to a nominal EQD2 of 89 Gy, 145 Gy with a 30% hotspot, and 188Gy 

with a 50% hotspot in the lesion.

In our cohort, acute 90-day grade 2 GU toxicity was 25% and GI toxicity was 13%, which 

are comparable to other CFRT/SAbR reports. PACE-B treated low and intermediate risk 

patients with SAbR using 36.25Gy in 5, 62Gy in 20, or 78Gy in 39 fractions and reported 

similar toxicity (21% grade 2 GU and 10% grade 2 GI toxicity in the SAbR arm; 27% grade 

2 GU and 12% grade 2 GI toxicity in other arms).(30) HYPO-RT-PC compared 78Gy in 39 

fractions to 42.7Gy in 7 fractions for intermediate and HR-PCa.(31) Grade ≥2 GU toxicity 

was 28% in the SAbR arm and 23% in the CFRT arm; about 6–8% grade ≥2 GI toxicity 

was observed at the end of treatment.(31) FLAME reported about 40% acute grade ≥2 GU 

toxicity for both CFRT and SAbR, and about 10–12% acute grade ≥2 GI toxicity by the end 

of treatment.(32) In hypoFLAME, the entire prostate received 35Gy in 5 fractions with an 

mpMRI-defined intraprostatic boost to 50Gy; 34% grade ≥2 acute GU and 5% acute grade 

≥2 GI toxicity were reported.(14) The studies described similar rates of grade ≥2 GU acute 

toxicity and similar or lower rates of GI toxicity; however, pelvic lymph nodes were not 

treated.
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Elective treatment of pelvic lymph nodes in HR-PCa remains controversial because some 

trials (i.e. RTOG 9413, GETUG-01) showed no benefit and others (i.e. POP-RT) showed 

biochemical failure-free survival and distant metastasis-free survival benefit.(33–35) We 

included elective pelvic nodal coverage in all cohorts and escalated from 22.5Gy to 25Gy. 

Treating pelvic nodes is expected to increase GI toxicity, as seen in CFRT trials that 

compared whole pelvis treatment with prostate-only treatment.(18) FASTR attempted to 

treat both prostate with 50Gy and pelvic lymph nodes with 25Gy in 5 fractions.(15) The trial 

was terminated early after accruing 16 patients because 3 patients developed grade 3 toxicity 

and 1 patient had grade 4 toxicity. The group’s subsequent trial, FASTR-2, only treated the 

prostate with 35Gy in 5 fractions and reported good toxicity outcomes (14% acute grade 2 

GU and 3.7% acute grade 2 GI toxicity).(13) In SATURN, HR-PCa was treated with 40Gy 

and pelvic lymph nodes with 25Gy all in 5 fractions.(16) They reported 46% acute grade 

2 GU toxicity and 3% acute grade 2 GI toxicity.(16) GU toxicity was significantly higher 

than that observed in our trial and may be attributed to differences in reporting and high 

level of baseline grade 2 GU symptom (30%) in SATURN. Also in SATURN, the 3 month 

EPIC large MCIC was 5.6% for GU and 24% for GI domains, which is similar to 8% in the 

GU domain and significantly higher than 10% in the GI domain in this trial.(13) Patients in 

our study had similar or better GI toxicity than other reported SAbR prospective trials that 

targeted pelvic lymph nodes.

The favorable toxicity profile in this trial is likely attributed to a combination of 

systematically using a peri-rectal hydrogel spacer(36), prophylactic steroids as well as alpha 

blocker, evidence-derived constraints, stereotactic setup, small PTV margins, and image 

guidance. We previously escalated the SAbR dose for treating intermediate PCa in a phase 1 

study based on acute toxicity; however, unacceptable long-term rectal toxicity was observed.

(9,10,26) This was addressed by using a rectal hydrogel spacer and defining new rectal 

constraints, which were used in our protocol. While randomized data on the benefit of 

hydrogel spacer in the setting of SAbR have not been published, a phase II study reported 

decreased rectal ulceration than previous phase I/II trials(37). Interestingly, acute grade 2 

toxicity was higher in that study (46.5% for GU and 24% for GI) than in the current 

study. This may be due to differences in defining “acute” period (270 days compared 

with 90 days), lack of prophylactic steroids/alpha blocker, lack of urethral constraint, 

and possibly more limited experience with spacer placement/planning/treatment delivery. 

Increased experience with the protocol may also explain why fewer GU toxicities and trend 

toward lower GI toxicity were reported in later cohorts of this study, despite receiving higher 

doses than earlier cohorts. Further improvements in toxicity may be achieved with adaptive 

treatment and MR-guided radiotherapy.

The significance of urethral dose in developing urinary toxicity in interstitial brachytherapy 

is well established, and guidelines recommend minimizing hotspots around the urethra.(38) 

The role of the urethral dose in CFRT/SAbR is more controversial. A randomized phase II 

clinical trial comparing CFRT with 75.85Gy in 41 fractions to CFRT with urethral sparing 

(mean ≤65Gy to proximal prostatic urethra and ≤74Gy to distal prostatic urethra) in men 

with low-risk prostate cancer was performed.(39) The trial was accruing slowly and closed 

after enrolling 16 patients. They failed to show a benefit in toxicity but there was a higher 

PSA nadir with urethra sparing and strong trend toward increased PSA failure (p=0.06). Yet 
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voxel-based dosimetry suggests that prostatic urethra and portions of the bladder wall are 

predictors of urinary toxicity.(40) Rather than deescalating the urethra dose, we elected to 

minimize hotspots with a maximum point dose <49.87 Gy.

Limitations

Limited follow-up to assess late toxicity, particularly for cohorts 3 and 4, and oncologic 

outcomes are the main limitations of the study. While the overall median follow-up of the 

study is 18 months, cohort 1 and cohort 2 had 42 and 24 months of follow-up, respectively. 

Although one patient developed late grade 3 GU toxicity at 15 months, this toxicity is 

likely uncommon given that 28 other participants had longer than 18 months of follow-up 

without experiencing ≥grade 3 toxicities. Nevertheless, additional toxicity events, especially 

for cohort 3 and 4, are expected with longer follow-up.

Conclusions

SAbR for HR-PCa using multi-level dose painting is feasible and can be safely delivered 

with 47.5Gy to prostate, 55Gy to mpMRI-defined intra-prostatic lesion(s), and 25Gy to 

pelvic lymph nodes in 5 fractions. The treatment was well tolerated with acceptable acute 

90-day GU/GI toxicity. This is the highest reported SAbR dose for treating HR-PCa in 5 

fractions. Long-term follow-up is required to assess late toxicity and outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Integrating diagnostic mpMRI, radiation planning MRI, and CT to delineate lesion(s). 

Images of a 65-year-old patient with elevated PSA (5.25 ng/mL) and grade group 4 cancer. 

Diagnostic mpMRI revealed a PI-RADS 5 lesion in the left mid gland peripheral zone 

shown as a homogeneous, moderately hypointense lesion (red contour) on axial T2-weighted 

images (A); hyperintense on high b-value diffusion weighted images (B) and hypointense 

on apparent diffusion coefficient map (C) images. After androgen deprivation and hydrogel 

spacer placement, and before radiation therapy initiation, radiation planning MRI axial 

T2-weighted images (D) indicate adequate spacer (S) distribution in the rectoprostatic space 

and decrease in prostate (P) and lesion size. Although less conspicuous than on diagnostic 

MRI, the correlation between studies allows us to delineate lesions on treatment planning 
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MR images. Given its vulnerability to artifacts caused by metal, axial gradient-echo MR 

imaging (E) can easily identify the fiducial markers (yellow arrow) and facilitate fusion of 

the MRI and radiation planning CT (F) datasets. Radiation plans showing intralesional boost 

to contoured tumors (red contour G and H), urethral dose sparing (yellow contour G and H), 

and treatment of pelvic lymph nodes (cyan contour I). Isodose lines show location of 24Gy 

and 39Gy rectal constraints (I) of the same axial slice as G.
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Figure 2. 
Maximum physician-reported CTCAE acute (A) and late (B) GU and GI toxicities. Acute 

toxicity by cohort (C).

Hannan et al. Page 15

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Patient-reported outcomes on IPSS symptom score questionnaire with 95% CI at baseline, 

maximum 90 days post-treatment, and 18 months post-treatment (A). Average IPSS, 

maximum 90-day IPSS, and change in IPSS from baseline to maximum 90-day with 95% CI 

within each cohort(B).
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Figure 4. 
Patient-reported EPIC score reaching MCIC using the anchor-based method. A threshold 

change for MCIC of 5 for the bowel domain and 6 for the urinary domain was used (A). 

Percent of patients who reached MCIC within the first 90 days stratified by cohort in the GU 

domain (B) and the GI domain (C).
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Table 1

Characteristics by dose cohort with statistical analysis comparing cohorts. PSA and baseline IPSS were 

analyzed as both categorical (Fisher’s exact test) and continuous variable (one-way ANOVA).

Total dose (Gy) 47.5/50/22.5 47.5/50/25 47.5/52.5/25 47.5/55/25

Dose per fraction (Gy) (prostate/lesion/nodes) 9.5/10/4.5 9.5/10/5 9.5/10.5/5 9.5/11/5

Characteristic No. % No. % No. % No. % No. %
Fischer's 
exact test ANOVA

Number of patients 12 22% 15 27% 13 24% 15 27% 55

Median follow-up, 
month (range)

42 (30–48) 24 (12–36) 12 (12–18) 7.5 (3–9) 18

Average age, years 
(IQR)

70 (65–76) 76 (73–81) 70 (64–76) 71 (67–77) 72 (67–77) p=0.039

Grade group p=0.73

1 1 8% 0 0% 0 0% 1 7% 2 4%

2 3 25% 2 13% 2 15% 5 33% 12 22%

3 2 17% 3 20% 2 15% 0 0% 7 13%

4 3 25% 7 47% 4 31% 5 33% 19 35%

5 3 25% 3 20% 5 38% 4 27% 15 27%

Baseline PSA (ng/mL) p=0.60

<10 8 67% 7 47% 7 54% 7 47% 29 53%

10–20 1 8% 6 40% 3 23% 3 20% 13 24%

>20 3 25% 2 13% 3 23% 5 33% 13 24%

Clinical stage p=0.002

T1c 4 33% 8 53% 10 77% 12 80% 34 62%

T2 7 58% 6 40% 0 0% 1 7% 14 25%

T2a 0 0% 0 0% 0 0% 0 0% 0 0%

T2b 6 50% 2 13% 0 0% 1 7% 9 16%

T2c 1 8% 4 27% 0 0% 0 0% 5 9%

T3 1 8% 1 7% 0 0% 0 0% 2 4%

T3a 1 8% 1 7% 0 0% 0 0% 2 4%

T3b 0 0% 0 0% 0 0% 0 0% 0 0%

Unspecified 0 0% 0 0% 3 23% 2 13% 5 9%

MRI EPE Present p=0.52

Yes 5 42% 9 60% 6 46% 5 33% 25 45%

No 7 58% 6 40% 7 54% 10 67% 30 55%

MRI SVI Present p=0.40

Yes 3 25% 1 7% 3 23% 1 7% 8 15%

No 9 75% 14 93% 10 77% 14 93% 47 85%

Number of MRI lesions p=0.97

1 7 58% 6 40% 5 38% 8 53% 26 47%

2 3 25% 6 40% 6 46% 4 27% 19 35%

3 l 8% 2 l3% 2 15% 2 l3% 7 l3%

>4 l 8% l 7% 0 0% l 7% 3 5%
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Characteristic No. % No. % No. % No. % No. %
Fischer's 
exact test ANOVA

Baseline IPSS P=0.76

0-4 l 8% 3 2l% 2 l7% 4 29% 10 19%

4–8 3 25% 4 29% 4 33% 5 36% l6 31%

8–12 3 25% 5 36% 2 l7% l 7% 11 2l%

12–l6 4 33% l 7% 4 33% 3 2l% 12 23%

16–20 l 8% l 7% 0 0% l 7% 3 6%
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Table 2

Radiation planning dose achieved in PTV for all patients and by cohort. ANOVA analysis between cohorts.

PTV1 PTV2 PTV3

Vprescription D99% V47.5Gy D99% Vprescription D99%

% Gy % % Gy % % Gy %

All Patients

Avg 93% 22 90% 94% 46 96% 88% 50 97%

IQR1 90% 21 84% 93% 45 95% 88% 50 97%

Median 94% 23 93% 95% 46 97% 95% 50 98%

IQR3 97% 24 96% 97% 47 99% 95% 52 99%

Cohort 1 22.5Gy 47.5Gy 50 Gy

Avg 93% 22 91% 92% 45 95% 93% 50 99%

IQR1 91% 19 83% 89% 44 93% 93% 49 99%

Median 94% 21 95% 95% 46 97% 95% 50 99%

IQR3 96% 22 96% 96% 47 98% 98% 50 100%

Cohort 2 25Gy 47.5Gy 50 Gy

Avg 93% 23 93% 95% 46 97% 96% 50 99%

Median 93% 24 94% 95% 46 98% 95% 50 100%

IQR1 90% 23 90% 94% 46 96% 95% 49 98%

IQR3 100% 25 101% 98% 47 99% 95% 50 100%

Cohort 3 25Gy 47.5Gy 52.5Gy

Avg 91% 21 84% 95% 46 97% 93% 51 98%

IQR1 87% 19 76% 93% 45 95% 95% 51 97%

Median 91% 21 83% 95% 46 97% 95% 52 98%

IQR3 97% 23 94% 97% 47 99% 95% 52 99%

Cohort 4 25Gy 47.5Gy 55 Gy

Avg 92% 23 92% 94% 46 97% 74% 51 93%

IQR1 89% 22 89% 94% 45 95% 64% 49 88%

Median 95% 23 93% 96% 46 97% 73% 51 93%

IQR3 97% 24 97% 97% 47 98% 95% 54 97%

ANOVA 0.71 <0.01 0.02 0.19 0.19 0.19 <0.01 <0.01 <0.01
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