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Simple Summary: This reassessment of the findings from our phase I/1I study seeks to evaluate
the effectiveness of SBRT for treating local intermediate-high-risk prostate cancer in the absence of
androgen deprivation therapy due to patient refusal, with a median follow-up of 6.5 years. Our
primary focus is on analyzing the treated areas compared to recurrence patterns in the seven patients
who experienced local relapse. Additionally, we provide updated data on late toxicities of grade > 2,
both genitourinary and gastrointestinal.

Abstract: Objectives: We investigated spatial patterns between primary and recurrent tumor sites
and assessed long-term toxicity after dose escalation stereotactic body radiation therapy (SBRT) to
the dominant intra-prostatic nodule (DIN). Materials and methods: In 33 patients with intermediate—
high-risk prostate cancer (PCa), doses up to 50 Gy were administered to the DIN. Recurrence sites were
determined and compared to the original tumor development sites through multiparametric MRI and
%8Ga-labeled prostate-specific membrane antigen (PSMA) positron emission tomography /computed
tomography (®®Ga-PSMA-PET/CT) images. Overlap rates, categorized as 75% or higher for full
overlap, and 25-74% for partial overlap, were assessed. Long-term toxicity is reported. Results: All
patients completed treatment, with only one receiving concomitant androgen deprivation therapy
(ADT). Recurrences were diagnosed after a median of 33 months (range: 17-76 months), affecting
13 out of 33 patients (39.4%). Intra-prostatic recurrences occurred in 7 patients (21%), with >75%
overlap in two, a partial overlap in another two, and no overlap in the remaining three patients.
Notably, five patients with intra-prostatic recurrences had synchronous bone and/or lymph node
metastases, while six patients had isolated bone or lymph node metastasis without intra-prostatic
recurrences. Extended follow-up revealed late grade > 2 GU and GI toxicity in 18% (n = 6) and 6%
(n = 2) of the patients. Conclusions: Among patients with intermediate-high-risk PCa undergoing
focal dose-escalated SBRT without ADT, DIN recurrences were infrequent. When present, these
recurrences were typically located at the original site or adjacent to the initial tumor. Conversely,

Cancers 2024, 16, 2097. https:/ /doi.org/10.3390/ cancers16112097

https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers16112097
https://doi.org/10.3390/cancers16112097
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-7450-9078
https://orcid.org/0000-0003-1429-1374
https://orcid.org/0000-0001-9941-8252
https://orcid.org/0000-0002-1552-6617
https://orcid.org/0000-0003-4522-6444
https://orcid.org/0000-0002-1876-4805
https://orcid.org/0000-0001-7984-0472
https://doi.org/10.3390/cancers16112097
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers16112097?type=check_update&version=1

Cancers 2024, 16, 2097

2of 16

relapses beyond the DIN and in extra-prostatic (metastatic) sites were prevalent, underscoring the
significance of systemic ADT in managing this patient population. Advances in knowledge: Focal
dose-escalated prostate SBRT prevented recurrences in the dominant nodule; however, extra-prostatic
recurrence sites were frequent.

Keywords: pattern of recurrence; prostate cancer; intermediate-high-risk; SBRT; stereotactic treat-
ment; dosimetry analysis

1. Introduction

Prostate cancer (PCa) is the most frequent malignancy in men, with 1.4 million new
cases diagnosed each year, and 90% of them have a confined tumor [1].

Radiotherapy (RT) is a well-established curative treatment option. Combining andro-
gen deprivation treatment (ADT) with RT has been shown to improve overall survival (OS)
among patients with intermediate- and high-risk PCa [2—4]. Several studies have demon-
strated that dose-escalated external beam radiation treatment (EBRT) has better biochemical
control than standard-dose radiation [5,6], and dose escalation with a brachytherapy boost
may be an even better option [7-9].

Furthermore, since the publication of three randomized controlled trials on hypofrac-
tionated radiation therapy, this approach can now be considered a standard of care, even
for high-risk patients [10-13].

As more data support the use of SBRT for localized PCa, several investigators at-
tempted to raise RT dosages to the whole prostate, demonstrating that 45 Gy and 47.5 Gy
were safe. However, increasing the whole-prostate dose to 50 Gy resulted in higher levels
of severe late toxicity [14,15].

Recurrences after EBRT are typically seen in the dominant intra-prostatic nodule (DIN),
which is the largest nodule with the most aggressive biological behavior, and studies of
patterns of failure following the standard 78 Gy EBRT have revealed that the DIN was the
primary site of tumor recurrence in more than 90% of patients [16,17]. However, there is a
limited amount of evidence on the patterns of recurrence after SBRT, particularly patterns
of intra-prostatic recurrence after dose-escalated SBRT to the DIN.

We previously reported a prospective phase 1/1I study, in which we used SBRT to
irradiate the whole prostate gland with tumoricidal doses of 36.25 Gy in five fractions
while simultaneously increasing the RT dose to the DIN up to 50 Gy. To achieve this,
the protocol mandated the use of a rectal balloon spacer to maximize rectal protection
and fiducial markers. In that study, we implemented cutting-edge imaging techniques,
such as multiparametric magnetic resonance imaging (mpMRI), which has been shown
to improve the sensitivity and specificity in detecting and characterizing high-risk PCa
foci [18], as well as ®®Ga-labeled prostate-specific membrane antigen (PSMA) positron
emission tomography /computed tomography (®*Ga-PSMA-PET/CT) in order to determine
the site of recurrence and compare it to the original site of tumor development.

In this reanalysis of our phase I/II study, we looked at the spatial pattern association
between primary and recurrent tumor sites after prostate SBRT with dose escalation to the
DIN. Importantly, 97% of our patients had intermediate- or high-risk PCa and only one of
them received ADT, allowing us to assess the pattern of recurrence of RT administered in
the absence of ADT.

2. Materials and Methods

This study constitutes a phase I/1I dose escalation trial, sanctioned by the Ethics Com-
mittee of the Canton Vaud (ClinicalTrials.gov ID: NCT02254746). Written informed consent
was obtained from all participants. Between October 2014 and April 2017, we enrolled
eligible patients diagnosed with previously untreated prostate cancer (PCa), classified as
low-, intermediate-, or high-risk according to the D’ Amico risk classification [19]. Patients
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included had stage T2 to T3 adenocarcinoma of the prostate, with no nodal (NO) or distant
metastasis (MO0). In the case of PSA > 20 pug/L, and/or T3 tumor and/or Gleason Score > 8,
the patient must have undergone a bone scan and a CT scan of chest-abdomen and pelvis.

All patients were required to have at least one visible nodule on mpMRI. Serum PSA
levels had to be <50 pg/L, and the International Prostate Symptom Score (IPSS) had to
be <15 (alpha blockers permitted). Exclusion criteria included pre-SBRT prostate volume
on MRI exceeding 70 cm?® or tumors located within 3 mm of the urethra upon mpMRI
assessment.

All patients were counseled in the prostate cancer tumor board in presence of a medical
oncologist (DB), a urologist (TT, MV), and a radiation oncologist (FH, ]B). ADT was offered
to all patients in this context.

Concomitant or adjuvant ADT was allowed, but neoadjuvant ADT was an exclu-
sion criterion.

The primary endpoint of the phase I study was to assess acute (up to 90 days after
the first RT fraction) urinary and rectal toxicity. This subsequent analysis provides data on
long-term toxicity as well as pattern of recurrence.

2.1. Radiotherapy Planning and Delivery

A biodegradable spacer (BioProtect Balloon™ Implant system, BioProtect Ltd., Tzur
Igal, Israel) was perineally implanted between the prostate and the rectum under transrectal
ultrasound guidance, with the patient under sedative anaesthesia. During the same proce-
dure, four gold anchor fiducial markers (Gold Anchor, Naslund AB, Stockholm, Sweden)
were inserted into the prostate, ensuring at least 2 cm of spacing between them to meet
the fiducial spacing threshold of at least 1 cm in orthogonal imaging for precise rotational
corrections. To satisfy collinearity criteria, all angles formed by at least three fiducials had to
exceed 15°. Planning MRI and planning computed tomography (CT) scans were conducted
1 to 7 days following fiducial and balloon insertion. To prevent anatomical changes in the
rectum that could affect image fusion, the planning MRI was immediately followed by a
planning CT scan. To ensure accurate fusion, both planning MRI and planning CT scans
were performed with a uniform slice thickness of 1 mm [20].

Following the insertion of rectal spacer/fiducial markers, planning T2-weighted MRI
image sets were rigidly fused to planning CT images (fiducials-based registration), omitting
the use of a catheter for urethral visualization. This method was employed to ensure
contouring accuracy and appropriate visualization of the DIN and organs at risk (OARs).
To minimize prostate motion during planning scans and treatment, several precautions
were implemented. Patients were advised to adhere to a low-fiber diet starting 5 days before
planning scans until treatment completion to reduce intestinal gas. A moderate laxative
was administered 48 h prior to planned MRI and CT scans. Enemas were performed if
necessary 1 h before planning scans and before each treatment session to minimize rectal
volume. Patients were encouraged to drink 200 mL of water 1 h before scans, following
complete voiding. Anatomical contours of the prostate, DIN, seminal vesicles, and OARs
were delineated by lead investigators (XX and XX), then reviewed by a panel of board-
certified radiation oncologists. Identification of the DIN and urethra as the region of interest
on MRI was conducted by a radiologist (XX). The planned target volume was generated
by uniformly expanding the prostate by 3 mm (PTVp). The DIN was outlined as the gross
tumor volume (GTV) and extended by 3 mm to form a PTVDIN, without employing a
clinical target volume around the GTV. The prescribed dose to the PTVp was 36.25 Gy
administered in 5 fractions (7.25 Gy per fraction) at the 80% isodose line.

The prescribed dose to the PTVppn was 45, 47.5, and 50 Gy in 5 fractions, corresponding
to the 80% isodose line; hence, the maximum dose point corresponded to 56.25, 59.38, and
62.5 Gy, respectively. To allow gradients for DIN boosting and to maximize PTVppy doses,
dose heterogeneity had no limits. At least 95% of the volume of interest (PTVpyy and PTVp)
needed to be covered by >95% of the prescription dose. A treatment fractionation schedule
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mandated a minimum of 2 days and a maximum of 6 days between fractions, with no more
than 2 fractions per week. The overall treatment duration was capped at 26 days.

Dose-volume histogram goals and RT planning details were previously published
(XX). Briefly, dose—volume histogram goals for the rectum included a maximum dose of
0.1 cm?® < 41 Gy and V25 < 20 (volume receiving 25 Gy < 20 cm?). Bladder dose-volume
histogram limits required <0.1 cm? to receive <45 Gy, and the bladder median dose was
capped at 20 Gy. Urethra dose was restricted to <1 cm? of urethra receiving >39 Gy, with
<0.1 cm3 not to exceed 41 Gy.

Patients were preferably treated with CyberKnife; however, Tomotherapy (Accuray
Inc., Sunnyvale, CA, USA) or VMAT (Elekta Synergy Stockholm, Stockholm, Sweden)
were permitted in cases of CyberKnife unavailability. Treatment utilized 6 MV energy,
with orthogonal X-ray imaging for image guidance based on fiducial marker positions. In
CyberKnife-treated patients, X-ray image shifts from planning CT scans were monitored
in real time during each fraction. Tomotherapy or VMAT sessions were interrupted every
10 min to allow for re-scanning and verification of prostate and fiducial marker positions.

To enhance patient comfort, all patients were treated supine with a knee cushion.

2.2. Treatment Schema

The whole prostate received a radiation dose of 36.25 Gy in 5 fractions at 7.25 Gy each.
Dose escalation to the DIN followed a traditional 3 + 3 design for the phase I part of the
study [21]. Dose-limiting toxicities (DLTs) were defined as grade > 3 gastrointestinal (GI)
or genitourinary (GU) toxicity occurring from the first fraction of RT up to 90 days after
completing treatment, assessed using the National Cancer Institute Common Terminology
Criteria for Adverse Events (NCI-CTCAE, version 4). Patients received an initial DIN dose
of 9 Gy per fraction up to 45 Gy. If no DLT occurred in the first cohort, then an additional
3 patients were enrolled at the next dose level (47.5 Gy in 5 fractions of 9.5 Gy). Dose
escalation continued until DLT was observed or until the maximum tolerated dose (MTD,
50 Gy in 5 fractions of 10 Gy) was reached without DLT. If DLT occurred in a cohort, then
an additional 3 patients were enrolled at that level. If 2 or more patients experienced DLT,
then a lower dose level was explored to determine the MTD. Patients could be enrolled
simultaneously or sequentially within a cohort. However, dose escalation was not allowed
until the last patient in a cohort completed a minimum 90-day follow-up without DLT.
Following completion of the phase I trial, an interim analysis was conducted, and the trial
was reviewed by an Independent Data Safety Monitoring Board (IDSMB) to determine its
continuation to phase II. Patients treated at the MTD or with DLT in phase I were included
in the phase II analysis.

2.3. Phase I/l Design

The phase II part of the study used a Simon optimal two-stage design [22] to calculate
sample size, using grade > 2 acute GU and GI toxicity occurring during treatment, and up
to 90 days after completion of SBRT as the endpoint. We considered a grade > 2 toxicity
rate of 10% as acceptable for promising treatment, whereas a rate of 70% or higher was
deemed unacceptable. We set a 5% probability of accepting the treatment as acceptable if
the true toxicity-free rate was 70% or lower (alpha), and a 20% probability of rejecting the
treatment if the true toxicity-free rate was 90% or higher (beta). An interim safety analysis
by the IDSMB was conducted after treating the first 6 patients at the recommended phase
II dose (RP2D). If 2 or more patients out of 6 developed grade > 2 GU or GI toxicity, then
the trial was halted; otherwise, an additional 21 patients were enrolled in the second stage.
After treating 27 patients in phase II, the treatment would be considered promising for
further study if 5 or fewer patients developed grade > 2 GU or Gl toxicity within the initial
3 months of SBRT. All adverse events were graded according to NCI-CTCAE, version 4.
Secondary endpoints included late toxicity (occurring >90 days from first fraction), PSA
kinetics, and patient-reported outcomes. Baseline and post-treatment assessments at 1,
3, and 6 months included European Organization for Research and Treatment of Cancer
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QoL Form PR25 (prostate module) and IPSS scores. QoL evaluations were optional after
6 months but collected when feasible. Health-related QoL outcomes were assessed using
the European Organization for Research and Treatment of Cancer guidelines [23] scored
from 0 to 100. A 10-point difference or more was deemed clinically significant [24].

Primary endpoint results (safety) and secondary endpoints including biochemical
control and quality of life were recently published elsewhere (XX).

2.4. Determination of Recurrences

Patients were monitored with PSA measurements and physical examinations every
3 months for the first 2 years, and every 6 months thereafter. Biochemical recurrence
was determined using the nadir +2 pg/mL failure definition [25]. Upon confirmation
of biochemical recurrence, patients were staged using ®®Ga-PSMA-PET/CT and prostate
mpMRI, which were evaluated by dedicated and experienced nuclear medicine physicians
(XX, XX, XX) and radiologists (XX) in order to determine the exact site of failure. Any
focal 68Ga-PSMA-11 uptake above location-specific background levels was considered
PSMA-positive. This is the definition according to the largest prospective analysis of
PSMA-11 in over 2000 patients [26]. We determine the distance between the DIN and the
urethra/rectum and its associated grade > 2 toxicity. Results were considered significative
with a p-value < 0.05 using Welch’s correction. Analyses were conducted in Prism 7
(GraphPad Software, Inc, La Jolla, CA, USA).

The %®Ga-PSMA-PET/CT image set was fused with the initial planning CT, allowing
recurrence locations to be delineated in order to determine the delivered doses to the local
recurrent area. Additionally, to corroborate the location of the recurrence, mpMRI was
deformably fused with the ®®Ga-PSMA-PET/CT images and the planning CT.

The recurrent tumor volume was delineated in the planning CT.

The prostate was divided into 12 sections (left/right, anterior/ posterior, and base /mid-
gland/apex), and the seminal vesicles were divided into 2 sections (left/right) [27]. The
primary DIN and recurrent tumor were judged separately as present or absent in each
section. We computed the overlap rate between the primary DIN and the recurrent tumor.
The overlap rate was defined as the number of sections that overlapped between the
primary DIN and recurrent tumor divided by the total number of sections of the primary
DIN. A recurrent tumor was judged to be in the “same location” if there was an overlap
equal to or greater than 75%. A “partial overlap” was defined as an overlap rate between
25 and 74%. A recurrence was considered to be in a “different location” from the DIN if the
overlap rate was 24% or less.

3. Results
3.1. Pattern of Recurrence

All patients received SBRT to the prostate using 36.25 Gy in five fractions of 7.25 Gy
prescribed at the 80% isodose line, with dose escalation to the DIN up to 50 Gy in five
fractions of 10 Gy. Despite ADT being offered to the entire patient population, only one
patient accepted to be treated with concomitant ADT.

Table 1 shows the most important patient and tumor characteristics. In total, 23 patients
underwent scintigraphy at baseline according to their risk group to confirm the absence of
metastasis. Among them, 12 underwent an additional CT scan. Additionally, 2 patients bene-
fited from a ®®Ga-PSMA-PET/CT. At a median follow-up of 82 months (range: 68-130 months),
the PSA failure rate was 39.4% (N = 13). PSA rebounds were found in three patients, two
of whom later recurred. In all 13 biochemically recurred patients, ®*Ga-PSMA-PET/CT
and/or mpMRI revealed local or systemic recurrences. Out of the 13 patients that recurred,
69% (N =9) had high-risk (HR) disease according to the D’ Amico risk classification [19]
and 30% (N = 4) had intermediate-risk (IR) disease. Notably, 30% (N = 4) of the patients
with recurrent disease harbored a T3a/b disease.
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Table 1. Tumor and Treatment Characteristics.

Characteristics N (Total = 33) %
T stage
Tlc 2 6.1
T2a 10 30.3
T2b 9 27.3
T2c 8 24.2
T3a 3 9.1
T3b 1 3
Gleason Score
3+3 3 9.1
3+4 17 51.5
4+3 5 15.2
4+4 4 12.1
3+5 1 3
4+5 3 9.1
Low risk
(GS <6 and PSA <10 and T1c/T2a) 1 3
Intermediate risk
(GS=7orPSA > 10 or <cT2a) 14 424
High risk
(GS > 8 or >cT2c or PSA > 20) 18 54.6
Hormonal therapy
Yes 1 3
No 32 97
Radiotherapy delivery
CyberKnife 27 81.8
Tomotherapy 3 9.1
Synergy 3 9.1

Abbreviations: PSA, prostate-specific antigen; GS, Gleason score; T, tumor.

Intra-prostatic recurrences occurred in seven patients (21%), and the median time from
diagnosis to local recurrence was 33 months (range: 17-76 months). We computed 100%
overlap in two patients, a partial overlap in two others, and no overlap in the remaining
three. Recurrent tumors received a median Dmean of 42.57 Gy (range 8.67-60.59 Gy) and
D98% of 36.09 Gy (range: 2.88-55 Gy). Interestingly, the seminal vesicles were affected in all
recurrent tumors except one. Figure 1 describes the location of the DIN in each individual
patient as well as the site of recurrence with their respective overlap rate and Dmean/D98%
doses administered.

Notably, five of the seven patients with intra-prostatic recurrences exhibited syn-
chronous metastases: three in the lymph nodes, one in the bone, and one in both. On
the other hand, six patients presented with either bone (N = 2) or lymph node (N = 4)
metastasis in the absence of an intra-prostatic recurrence (Figure 2). Supplementary Figure
S1 details a patient’s case who recurred 28 months after treatment completion.

Upon recurrence, ADT was recommended to most of the patients and refused by
three of them. One patient was put under clinical and radiological follow-up after a board
decision. One patient died of metastatic disease.
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Figure 1. Tumor lesions in the different prostate areas in the patients with local recurrences. Tables show the Dmean and D98% received in each DIN region. Over-
lapping recurrences were calculated using the formula: number of sections (primary DIN)/number of sections overlapping (between primary DIN and recurrence).
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Recurrences within the locoregional area
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008 o N
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aortic
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External iliac left
Bladder, right internal iliac, iliac external
bilateral
No recurrence

external iliac left, common iliac and
common iliac

-
g
o

No recurrence

B VSN Site of distant Treatment administred
UPN ! gl - recurrence for recurrence

L4, left iliac bone, 9" rib ADT (leuprorelin)
No recurrence ADT (leuprorelin)
No recurrence ADT + SBRT (3x13Gy)
No recurrence None (surveillance)
4" rib None (refused)
Pancreas None (refused)
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No recurrence ADT
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vertebras, 4™ rib, chemotherapy + 177Lu-
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LN (n=7) [l Bone (n=3) il Bone + LN (N=1) Prostate+ (n=5)

Figure 2. Locoregional recurrences in individual patients. (A) Anatomical location of locoregional recurrences; each color represents one patient (UPN, unique
patient number). (B) The table highlights the specific site of locoregional recurrence for each patient, as well as the site of distant metastases and the appropriate
treatment received at recurrence. (C) The Spice graphic was generated using Spice software (V6). The graph illustrates the overlap of locoregional and distant
metastases: bone metastases are depicted in green, lymph node metastases in red, and both bone and lymph node metastases in blue. The yellow circuit represents

prostate recurrences, which did not occur in isolation but in conjunction with locoregional and/or distant metastases.
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3.2. Safety

Toxicity appeared at a median of 25 months (range: 9-54 months), and grade 2 and
3 late GU toxicity was present in 18% (N = 6) and 3% (N = 1) of the patients, respectively
(Table 2). Specifically, unique patient number (UPN) 113 was admitted to the hospital
4.5 years after treatment completion for urethral stenosis and a urinary infection that
necessitated the placement of a temporary catheter. Grade 3 late GI toxicity appeared in
two patients (6%) (Table 2). Specifically, UPN 111, who had undergone repeated surgical
resections due to hemorrhagic diverticulosis prior to SBRT, had hemorrhagic diverticulosis
51 months after SBRT. Similarly, UPN 110 developed fecal incontinence 6 months after
the end of SBRT, which was presumably caused by distal deflation of the rectal spacer
(Figure 3). There was no grade 2 late GI toxicity.

Table 2. Late genitourinary toxicity grade > 2.

UPN Grade 2 Grade 3

105 Nycturia NR

106 Urinary urgency and pollakiuria NR

107 Pollakiuria and urinary incontinence NR

110 Pollakiuria, urinary urgency and incontinence NR

111 Pollakiuria NR

113 NR Urinary obstruction
114 Urinary tract infection NR

UPN, unique patient number; NR, not reported. Toxicity graded according to Common Terminology Criteria for
Adverse Events, version 4. No grade > 4 toxicity was reported. Time period: more than 90 days after first fraction
of radiation therapy.

In patients with late grade > 2 GU toxicity, the mean distance between the PTV-DIN
and the urethra was 3.6 mm compared to 7.5 mm in patients without significant signs of
toxicity (p < 0.0041) (Figure 3). There was no statistically significant difference in mean
prostate volume between patients with and without toxicity (64.5 mL versus 57.3 mL,
p <0.29). The distance between the rectum and the DIN was not significantly shorter in
patients with late grade 3 GI toxicity (Figure 3).

0.0041

N
o

-
(3]
|

lk H': O —

g Urethra

DIN distance to the
urethra (mm)
@ 3

Figure 3. Cont.
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Figure 3. Panel (A): Scatter plot of individual patient’s values depicts median distance between
DIN and urethra in patients with or without late grade > 2 genitourinary toxicity. Image shows
the baseline MRI of a patient with grade 2 late urinary toxicity. Panel (B): Scatter plot of individual
patient’s values depicts median distance between DIN and rectum in patients with or without grade 3
late gastrointestinal toxicity. Image shows planning CT of a patient with grade 3 late gastrointestinal
toxicity (fecal incontinence), demonstrating the deflation of his rectal spacer.

4. Discussion

In the first five years following treatment, 5 to 15% of PCa patients who had current
hypofractionated RT will experience a biochemical recurrence, and the rate of recurrences
varies according to the initial disease risk [28]. There has been a noticeable decrease in local
failures in recent studies [29] adopting focally dose-escalated radiation schemes, although
the prostate and seminal vesicles continue to be the most common initial recurrence sites
after conventional RT.

In this study, which remains small and failed to provide effective ADT treatment
due to patient refusal, we found a 39.4% cumulative incidence of recurrence at 6.5 years,
with 69% of recurrent patients having a high-risk disease and a failure pattern of distant
metastases in most patients. Among those with distant metastases, five patients (45%)
also experienced a local recurrence, which was also predicted by an unfavorable cancer
pathology at baseline (Figure 1), implying that precise patient selection is necessary for the
local treatment to be effective, and that the delivery of ADT is important. Local recurrence
was shown to originate within the initial tumor site in two patients, a partial overlap in
another two (40 and 33% OR), resulting in a 12% intra-DIN recurrence, and no overlap in
three patients (9% extra-DIN), indicating that, although speculative, residual tumors after
DIN dose-escalated SBRT expanded to areas adjacent to the original site and/or recurrences
occurred in an original microscopic multifocal tumor. According to the FLAME phase
III trial [30], which evaluated the benefit of focal boost to the DIN in the context of EBRT
and ADT, the biochemical disease-free survival rate was significantly better in the focal-
boosted arm (HR 0.45; 95% CI: 0.28-0.71, p < 0.001), with only 3% of local intra-prostatic
recurrences [29]. Due to the small number of local recurrences compared to the number of
distant metastases, our study provides preliminary information for the rationale of adding
a focal boost to SBRT.

In the ASCENDE-RT trial, which compared a DIN boost using brachytherapy to
external beam irradiation alone, 95 patients experienced biochemical progression. Based
on randomization, the 10-year Kaplan-Meier time to progression (TTP) was 67% for the
dose-escalated EBRT (DE-EBRT) arm, compared to 85% for the brachytherapy-boosted arm
(p < 0.001). Within the National Comprehensive Cancer Network (NCCN) intermediate-risk
group, the 10-year Kaplan—-Meier TTP was 73% for the DE-EBRT arm versus 90% for the
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brachytherapy-boosted arm (p = 0.02). In the NCCN high-risk group, the 10-year Kaplan—
Meier TTP was 64% for the DE-EBRT arm compared to 81% for the brachytherapy-boosted
arm (p = 0.006) [7,9].

This study experienced significant challenges, including difficulties in treatment posi-
tioning and planning; for example, the accuracy of mpMRI and CT planning fusion was
achieved by implementing fiducial-marker-guided rigid fusions and a rectal balloon spacer.
On the other hand, hot spots located in close proximity to healthy organs (urethra, blad-
der, and rectum) had to be manipulated in order to respect dose constraints. All of these
challenges may raise the possibility of missing the target, especially in those four patients
in whom the disease appeared in close proximity to the DIN, which we cannot rule out.
Recurrent tumors received a median Dmean of 42.57 Gy (range 8.67-60.59 Gy) and D98%
of 36.09 Gy (range: 2.88-55 Gy). The lower range limit (8.67 and 2.88 Gy) corresponded
to three patients who recurred in non-irradiated seminal vesicles; two of these patients
had large prostate volumes, and in order to limit sigmoid doses, irradiation of the seminal
vesicles was omitted in view of the absence of infiltration at baseline. ®8Ga-PSMA-PET/CT
was not available at our institution at the time patients were recruited into the trial; there-
fore, we relied on mpMRI scans. It is possible that the incorporation ®®Ga-PSMA-PET/CT
would have helped to identify eventual millimetric disease that could have spread around
the DIN. Despite these limitations, our results could serve as baseline data addressing the
lack of high-level evidence regarding these issues. A recent meta-analysis of 38 prospective
SBRT series, including over 2900 patients with intermediate-risk disease, reported a 5-year
biochemical recurrence-free rate of 92.1% [31]. These outcomes were not stratified by
favorable or unfavorable intermediate-risk groups; nevertheless, the available evidence
suggests that SBRT-treated men with unfavorable intermediate-risk PCa have equal out-
comes when compared to conventionally fractionated radiation. The recently published
HYPO-RT-PC randomized phase III non-inferiority trial demonstrated identical 5-year
failure-free survival rates between ultra-hypofractionated and conventionally fractionated
radiation therapy. They included 1200 patients, 89% of whom were at intermediate risk [32].
A recent article of completed prospective trials that pooled results for low- and intermediate-
risk patients did stratify results into favorable and unfavorable intermediate-risk groups.
The 7-year biochemical failure-free survival rate was 93 and 85% for favorable intermediate-
and unfavorable intermediate-risk groups, respectively [28]. This excellent outcome is
confirmed by another multicentric prospective trial, with 5-year rates of 100 and 93.1%,
respectively, for favorable intermediate- and unfavorable intermediate-risk patients [33].
Additionally, the previously mentioned pooled trial results indicate low rates of distant
metastatic disease (1.7% and 3.0%, respectively), without prostate cancer mortality. In our
own analysis, eleven patients developed metastatic disease, with one patient dying from
prostate cancer, and two patients had intra-prostatic recurrence only.

Our higher incidence of metastatic failures is probably linked to the higher proportion
of high-risk patients (55% of the trial population) and the lack of ADT in the majority
of them. Data supporting the use of SBRT in high-risk prostate cancer are more limited.
The previously mentioned meta-analysis included 470 patients with high-risk disease but
could not provide an estimate of biochemical freedom from recurrence for this cohort, as
many studies did not report estimates based on risk group. Numerous retrospective and
single-institution studies have included 7.4% to 65.9% high-risk patients, with variable
total doses (32—40 Gy in five fractions) and the use of ADT [34-41]. Additionally, a large
National Cancer Database study found no difference in overall survival between SBRT and
conventionally fractionated patients when propensity-matched for high-risk subpopula-
tions with Gleason scores of 8+ or PSA >10 pg/L [42]. Despite potential selection bias, the
results are promising with a 5-year biochemical failure-free recurrence between 70 and 80%
in most series; therefore, our study is aligned with those results. One of the largest series of
high-risk patients (n = 52) with a long follow-up (median 60 months) is the Katz et al. study,
which reported a 6-year biochemical failure-free survival rate of 69%. This is comparable to
the 7-year rate of 68% seen in high-risk patients treated with dose-escalated conventionally
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fractionated radiation. The HYPO-RT-PC trial included 11% high-risk patients but did
not report biochemical outcomes by risk group. Due to the small proportion of high-risk
patients, the authors concluded that there is insufficient evidence to support SBRT as a
standard of care for high-risk patients, unlike their conclusion for intermediate-risk patients.
Furthermore, this trial did not include ADT, which is the standard of care for high-risk
patients [32]. A consortium of seven institutional phase II studies (SHARP) investigated
the efficacy and toxicity of SBRT in 344 high-risk prostate cancer patients [43]. Most trials
within the consortium administered SBRT to the entire prostate, with doses ranging be-
tween five fractions of 7 to five fractions of 8 Gy. With a median follow-up of 49.5 months,
72% of patients received ADT (median duration of 9 months), and some patients under-
went elective nodal radiotherapy. The 4-year biochemical recurrence-free survival was
81.7% (95% CI, 77.2-86.5%), and the distant metastasis-free survival was 89.1% (95% (I,
85.3-93.1%). The crude incidences of late grade > 3 genitourinary and gastrointestinal
toxicity were 2.3% and 0.9%, respectively.

Due to the rising concerns associated with clinical observations of significant late toxi-
city in other dose escalation trials [14], we present data with a long-term follow-up focused
on treatment safety. Although late grade 3 toxicity remained low (3% GU and 6% GI) in this
study, we demonstrated a significant association between the volume of irradiation and the
risk of late toxicity in patients treated with dose-escalated SBRT. To place the results of the
present series in the appropriate context, we extracted the rates of late severe (i.e., grade 3
or higher) toxic events after treatment reported in other series a with long-term follow-up
(Supplementary Table S1). Overall, the outcomes after SBRT compared very favorably, with-
out evidence of unanticipated increased late toxic effects. Menkarios et al. [44] reported 5%
GU and 11% GI toxicity at approximately 2 years following IMRT and delivering 45 Gy
in nine 5 Gy fractions, once weekly. In one study, grade > 3 GI toxicities consisted of
rectal bleeding with one patient experiencing hemorrhagic cystitis that required a blood
transfusion and a radical cysto-prostatectomy for bladder necrosis. Similarly, Hannan et al.
reported 6% GU and 7% GI grade > 3 toxicity at 5 years. Late grade 3 GU toxicity consisted
of cystitis requiring uretero-ileal diversion and was mainly observed in the 50 Gy dose
escalation arm [45].

Chen et al. recently reviewed 249 low—intermediate- and high-PCa patients treated
in different series with dose-escalated SBRT up to 45 Gy in five fractions. With a median
follow-up of 14.9 months, late GU and GI grade > 3 toxicity occurred in 6 and 1.5% of the
patients, respectively [46].

It is possible that the relatively low incidence of severe late GI toxicity in our
50 Gy-treated patients was due to the placement of a rectal balloon spacer. Folkert et al.
recently reported a series of 44 men treated with SBRT at 45 Gy in five fractions using a
rectal balloon spacer and showed no incidence of grade 3 toxicity in any domain with an
excellent biochemical control of 93% in intermediate-risk patients at a median 48-month
follow-up [47].

To better put our results into context, we also compared different rates of self-reported
patient perception of quality of life at baseline and at 3, 6, 9, and 12 months follow-up in
different series, and acknowledging the differences in self-reported questionnaires used
by the different trials, we observed that scores gradually decreased, reaching a plateau at
12 months and subsequently improving.

The mechanisms of GU and GI toxicity are many and complex. They include patient-
related characteristics such as baseline urine symptoms, prostate volume, the presence of
the urethra in the high-dose-volume area, radiation delivery processes such as bladder and
rectal filling during treatment, and dosimetric parameters. While our efforts to develop
an innovative strategy succeeded quite satisfactorily, the precise dosimetric restrictions to
prevent GU and GI toxicity are not well understood and are a subject of active investigation.

The use of a rectal spacer prior to 50 Gy DIN SBRT, as well as rectal and blad-
der/urethra limitations learned from our phase I/1I trial experience, most likely contributed
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to lower rectal toxicity risks in our patients compared to previous publications that also
attempted to deliver 50 Gy to the prostate.

5. Conclusions

Among patients with intermediate-high-risk PCa undergoing focal dose-escalated
SBRT without ADT, DIN recurrences were occasional (12%). When present, these recur-
rences were typically located at the original site or adjacent to the initial tumor. Conversely,
relapses beyond the DIN (9%) and in extra-prostatic (metastatic) sites were prevalent,
underscoring the significance of systemic ADT in managing this patient population.
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