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Abstract
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Background: Stereotactic body radiation therapy (SBRT) has been proposed as a salvage treatment for
recurrent prostate cancer (RPC) after irradiation. One crucial issue is choosing appropriate dose-volume
constraints (DVCs) during planning. The objectives of this study were: 1) quantify the proportion of
patients respecting the DVCs according to the GETUG-31 trial, testing 36 Gy in six fractions, 2) explain
geometrically why the DVCs could not be respected, 3) propose the most suitable DVCs.

Methods: This retrospective dosimetric analysis included 141 patients treated for RPC with
Cyberknife® (Accuray), according to GETUG-31 DVCs: Vs> 95% for the PTV, Vi2ey < 20% and
V27 6y < 2cC for the rectum, Viagy < 15% and Varey < 5 cc for the bladder. The percentage of patients not
respecting the DVCs was quantified. Correlations between the DVCs and anatomical structures were
examined. New DVCs were proposed.

Results: Only 19% of patients respected all DVCs, with a mean PTV of 18.5 cc (range, 3-48 cc),
although the mean PTV was 40.5 cc (range, 3-174 cc) in the whole series. A total of 98% of the patients
with a CTV/prostate ratio >0.5 could not respect the DVICs in the organs at risk (QUREJ T hetargetser (v o koA
coverage and OARs sparing decreased significantly with increase in the values of PTV, CTV,
CTV/prostate ratio, Voveriap prvisiadder wall, NG Voverlap pTv/Rectal wall. Threshold values of PTV, less than 20
and 40 cc, allowed for the PTV and bladder DVCs, respectively. To improve DVCs respect in case of
large target volume, we proposed the following new DVCs: V12 gy< 25% and 25% and V27¢y<2 cc and
5 cc for the rectum and bladder, respectively.

Conclusion: GETUG-31 DVCs is achievable only for small target volumes (CTV<half of the prostate).

For a larger target volume, new DV Cs have been proposed.

Keywords: Recurrent prostate cancer, salvage radiotherapy, stereotactic body radiotherapy, re-

irradiation, dose-volume constraints

Introduction

Despite treatment with external beam radiation therapy (EBRT) or brachytherapy (BT) to cure

localized prostate cancer, five-year biochemical relapse rates are 10-15%, 20-25%, and 30-40% for
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low-, intermediate-, and high-risk cancers, respectively [1]. The most common first recurrence site after
radiotherapy (RT) in the prostate is the site of the dominant primary tumor, particularly in the apex [2—
5]. There is no standard treatment for such recurrences owing to the lack of comparative randomized
studies and considering the benefits/side effects of the treatments in an asymptomatic recurrent
population of patients. Several therapeutic options can be discussed. Palliative attitudes consist of
surveillance or androgen deprivation (ADT) amongst most of the elderly population [6]. For younger
patients, curative salvage treatments, such as salvage radical prostatectomy (SRP), cryotherapy, high-
intensity focused ultrasound (HIFU), re-irradiation using BT [7—13], and stereotactic body radiotherapy
(SBRT), can be proposed [14-16].

Re-irradiation with EBRT with conventional fractionation has been abandoned because of its
high toxicity and inefficiency [15,17]. However, SBRT, mostly owing to its imaging capabilities
allowing target localization, can reduce PTV margins and spare the rectum and bladder. Moreover, the
likely low o/ ratio of prostate cancer also favors extreme hypofractionation [18—20]‘;@5;@%&%%%?0 lj;’l(l's‘g)‘zgtﬁ(‘)‘kgefﬁnh?;sigﬁﬂ
the good results of the literature in terms of high local control and low toxicity in randomized studies
[21-24], SBRT for primary prostate cancer can be considered an option [25,26].

The literature on salvage SBRT consists of a limited number of studies, mostly with less than
20 patients, and a small-sized series with more than 100 patients, without prospective data and follow-
up (less than five years) [27—40]. However, the toxicity of SBRT is moderate, and the risk of biochemical
recurrence is around 50% and depends mostly on the patient [14,15,41]. Cyberknife® (Accuray) has
been used in 70% of patients receiving SBRT [15]. SBRT re-irradiation doses are variable and range
from 25 to 38 Gy in 5-6 fractions, as shown in Table 1. Practices are heterogeneous in terms of the
prescribed dose and fractionation as well as the definition of the volume of interest (target volume and
OARs). Moreover, dose—volume constraints (DVCs) have been empirically defined [42-44] and are
highly variable (Table 1). The most common frequency schedule is 36 Gy in six fractions of 6 Gy every
other day [30,35,39,40]. Identifying appropriate DVVCs for this schedule is crucial in terms of dosimetric
feasibility and clinical results.

This study analyzed the dosimetric experience of re-irradiation with Cyberknife®(Accuray) in two

experimented French centers using a dose schedule of 36 Gy in six fractions of 6 Gy. The DVCs
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presented in Table 1 are currently being used in the ongoing prospective multi-center phase I/l GETUG-
31, evaluating the toxicity and efficacy of salvage re-irradiation by SBRT [30,35,39,40]. The DVCs
were inspired by a heterogeneous ‘‘high-dose-rate—like’’ dose of 34 Gy delivered in five fractions
[38,45]. However, all patients in the GETUG-31 study were required to have a CTV/prostate ratio of
less than 0.5. The first objective of our dosimetric study was to effectively quantify the proportion of
patients respecting the proposed DVCs. The second objective was to explain geometrically why the
DVCs were not respected by a subset of patients. The final objective was to propose the most adapted

DVCs for clinical practice.

Materials and methods

i Downloaded for Anonymous User (n/a) at R4L.Afghanistan
Patients and tumor For personal use only. No other uses without permission.

SBRT dosimetric data of 141 patients were retrospectively reviewed. Patients were treated with salvage
SBRT with Cyberknife® (Accuray) for local prostate cancer recurrence between 2011 and 2020 at two
experimented French Comprehensive Cancer Centers. None of the patients underwent initial radical
prostatectomy. The initial T stage was T1 (39%), T2 (42%), or T3 (19%). According to D’Amico
classification, the initial disease was defined as low-, intermediate-, and high-risk in 32, 31, and 37%
patients, respectively. The first irradiation was EBRT (using 3-dimensional conformal RT (3D-RT) or
intensity-modulated RT (IMRT)) in 117 patients and BT in 24 patients. The median EBRT and BT doses

were 75 Gy (range, 64-80 Gy) and 144 Gy, respectively.

All patients experienced biochemical relapse. Local relapse was documented using 18F-choline
positron emission tomography (18F-chol-PET), used in France in this indication, or PSMA-positron
emission tomography (PSMA-PET) and multiparametric pelvic magnetic resonance imaging (mpMRI).
Pathological recurrence was confirmed by prostate biopsy in all patients. The mean PSA level at the

time of recurrence was 3.4 ng/mL (range, 0.6-43 ng/mL). The median age of the patients at the time of
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SBRT was 74 years (range, 50-93 years). The median time between the two irradiations was 101 months

(range, 38-239 months).

Image acquisition and dose planning

Before treatment, three intraprostatic fiducials were implanted, most often at the time of prostate
biopsy, to consider translational and rotational movements during SBRT treatment. After at least one
week, all patients underwent a simulation computed tomography (CT) scan with contrast media to check
for contraindication. Because Cyberknife© (Accuray) does not comprise 3D imaging, patients were
asked to have a half-full bladder and an empty rectum at the simulation and at each treatment fraction.
In addition, the patient was positioned on a reproducible supine position using a comfort mattress and a
knee wedge. One-millimeter-thick slices were acquired from the L5-S1 joint space to the small

trochanters. After the CT scan image was transferred into the treatment planning system (TPS), a

Downloaded for Anonymous User (n/a) at R4L.Afghanistan
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prostate rigid registration was performed between the mpMRI (performed after fiducial implantation)
and CT scan images, based on the fiducials. The gross tumor volume (GTV) and prostatic contours,
particularly the apex, could therefore be delineated on the MRI images. The GTV was defined by the
recurrent tumor visible on mpMRI and on18F-chol-PET. The clinical target volume (CTV) was defined
as the GTV with an additional margin taken in account the localization of the positive prostate biopsy
mapping. In total, the CTV corresponded to the whole prostate, half of the prostate, and only a visible
nodule in 38%, 33%, and 26% of patients, respectively. In two cases, the CTV was defined as the whole
prostate plus one seminal vesicle. The CTV to PTV margin was mostly 2 mm. The following OARs
were contoured on each slice: rectum and rectal wall, bladder and bladder wall, femoral heads, sigmoid,
small bowel, penile bulb, and urethra. The rectal wall was generated with a thickness of 5 mm from the
external manually delineated rectal contour, extending from 2 cm below the prostatic apex to the
rectosigmoide junction. The bladder wall was generated with a thickness of 7 mm from the external
manually delineated bladder contour, according to the French GETUG/RECORAD group
recommendations [25]. The femoral heads were delineated from their upper limit to the bottom of the

small trochanters. The small intestine and sigmoid colon were divided into two separate critical volumes.
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The urethra was delineated in the MRI, when it was visible, from the bladder to 2 cm below the prostatic
apex. A 3 mm margin was defined around the urethra. For each patient, we retrospectively considered
the overlapping volume between the PTV and rectal wall (Voveriap prv/rectal wan) @nd that between the PTV

and bladder wall (Voveriap PTV/Bladder wall).-

All patients received a total dose of 36 Gy in six fractions, every other day, with Cyberknife®
(Accuray). The main dosimetric objective for the target volume was that the PTV receiving 95% of the
prescribed dose should be at least 95% (Veso> 95%). The dose-volume histogram (DVH) for the OARs
had to respect the DVCs used in the GETUG-31 trial, as presented in Table 1. DVCs were: Viacy < 20%
and Vargy < 2 cc for the rectal wall, Vizey < 15% and Varey < 5 cc for the bladder wall, and Dimax (35 mm3)
<39 Gy and Vascy <30% for the urethra. In case of dosimetric conflict between the PTV coverage and
sparing of the OARs, the radiation oncologist had to compromise, depending on the clinical context and

its own experience. The new conformity index (nCl), gradient index (GI), and homogeneity index (HI)
Downloaded for Anonymous User (n/a) at R4L.Afghanistan
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have been reported [46-48].

Cyberknife®(Accuray) treatment plans were optimized using stepwise multicriteria
optimization in the Multiplan or Precision TPS (Accuray Incorporated, Sunnyvale, CA, USA, v.1.1.1.1,
until January 2020, then v.2.0.1.1). Daily intrafraction IGRT was performed based on the fiducials
detected by perpendicular kV/MV imaging. To monitor and track the position of the target during
treatment delivery, images were acquired for every three beams with a pre-specified accuracy of less
than 1 mm. The InTempo™ Adaptive Imaging System was used, permitting tracking of intra-fraction
prostate motion and adapting imaging and treatment delivery, based on how much and how fast the

prostate moves.

Endpoints and statistical analysis

The reported of dosimetric parameters for the target volumes (GTV, CTV, and PTV), OARs
(rectum, bladder, femoral heads, sigmoid, small bowel penile bulb, and urethra), and PTV-OARs
overlapping volumes are listed in Table 2. The percentage of patients who did not respect the DVCs was

quantified for each volume of interest (VOI). The Spearman correlation coefficient (rho) was calculated
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to determine the correlations between the recommended dose-volume parameters (for the target and the
OARs) and the volumes of the structures (target, OARSs, and overlapping structures) or the distance
between the PTV and OARs (considering their barycenter). A value of p < 0.05 was considered
statistically significant. Only significant correlations with > 0.2 (in absolute value) rho were reported.
After measuring the strength of the relationship between variables, a linear regression was performed
using Pearson's correlation analysis (r?) to measure the statistical relationship between the variables of
interest, and information about the magnitude of the correlation was added. We finally proposed DVCs

for the OARs, allowing to respect the DVCs in at least 84% of cases.

Results

The median PTV 36 Gy isodose prescription was 80 % (range: 69-90%).

Downloaded for Anonymous User (n/a) at R4L.Afghanistan
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Dosimetric data and respect of DVCs

The results of all dosimetric parameters for each VOI are detailed in Table 2 and illustrated by the DVHs
in Figure 1. Considering the GETUG-31 DVCs, the mean (range) values were 93% (50-100%) for the
PTV Vasu, 21% (0-90%)and 1.4 cc (0-9 cc) for the rectum wall V126y and Varey respectively, and 17.6%

(0-67%) and 4 cc (0-33 cc) for the bladder wall V12cy and Vargy, respectively.

The percentage of patients respecting all DVCs defined in GETUG-31 trial, was 19%. These patients
had a mean PTV of 18.5 cc (range, 3-48 cc), although the mean PTV was 40.5 cc (range, 3—-174 cc) in
the whole population. These patients had a mean CTV/prostate volume ratio of 0.38 (range, 0.03-1),
although the mean ratio was 0.69 (range, 0.03-1.1) in the whole population. At least 98% of the patients

with a CTV/prostate ratio more than 0.5 could not respect the DVCs in the OARs.
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Table 3 details the percentage of patients not respecting the DVCs, by constraints, in the different VOI
and considering the CTV/prostate ratio. This percentage was 52% for the PTV and ranged from 11%

to 64%, depending on the OARs.

Correlation between dosimetric parameters and anatomical structures

Table 4.1 shows the correlation between the target volume (PTV and CTV) dose coverage and various
VOI (in cc). The target coverage decreased significantly with an increase in the values of the PTV, CTV,
CTV/prostate ratio, Voverlap PTv/Bladder wall, aNA Voverlap pTv/Rectal wail. Figure 2.1. shows the correlation
between the PTV coverage (Vasy%) and PTV (cc) using a linear regression model. A threshold value of
PTV of less than 20 cc allowed respect for the PTV coverage recommendation (Vese>95%) in all cases.
The impact of the PTV on PTV coverage is illustrated in Figure 3 using two examples. In one case, focal

re-irradiation was delivered within a PTV of 11 cc, corresponding to a CTV/prostate ratio of 0.15. In
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the other case, whole gland re-irradiation was delivered within a PTV of 38.6 cc, corresponding to a
CTV/prostate ratio of 1. PTV coverages were consequently up to 99% and 81%, respectively. Bladder
V 126y Was negligible (<1%) in the first case and 20% in the second case.

The PTV to bladder or rectum distances were not significantly associated to PTV coverage.

Table 4.2 shows the correlation between OARs (bladder and rectal wall) dose sparing and various VOI
(in cc). The OARs sparing decreased significantly with an increase in the values of PTV, CTV, Voveriap
PTV/Bladder wall, @N0 Voverlap PTv/Rectal wall. Figure 2.2 shows the correlation between the OARs sparing and
PTV (cc) using a linear regression model. The coefficients r2 =0.46 for the bladder and r2 =0.29 for the
rectum (p<0,01) mean that these parameters explained 46% and 29% of the correlations, respectively.
A threshold value of PTV less than 40 and 180 cc allowed respect for the bladder and rectal wall Vi2cy
constraints in all cases, respectively.

Proposal of new DVCs for the bladder and the rectum

Because less than 20% of patients could respect the DVCs of the GETUG-31 protocol, we proposed

new constraints allowing to be respected, at least in more than 84% of cases for the OARs. The new
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constraints are listed in Table 5. To improve the respect of the DVCs in case of large target volume, we
proposed the following new DVCs for the OARS: V126y< 25% and V27cy<2 cc for rectum, V12 gy< 25%

and V276y< 5 cc for bladder.

Discussion

In this study, we retrospectively analyzed the dosimetric data of 141 patients treated in two experimental
centers using SBRT with Cyberknife® (Accuray) at a total dose of 36 Gy in six fractions for local
prostate cancer recurrence after first radiation therapy. The goal was not to consider the clinical results
of re-irradiation but to quantify the matter such that the GETUG-31 DVCs could be respected depending
on the target volume and the OARs. The percentage of patients respecting all DVCs was only 19%, and
these DVCs were clearly not adapted to large target volumes (CTV > half of the i D Ty s e o e
cc) or in cases of a large overlap between the OARs and PTV. We therefore propose new DVCs for the
largest local recurrences, that need to be clinically validated. To the best of our knowledge, this study is
the first to report detailed dosimetric data in cases of SBRT for recurrent prostate cancer.

Several technical issues remain unresolved in salvage SBRT for intraprostatic relapse after prostate
cancer RT. To standardize the practice, the European Society for Radiotherapy and Oncology Advisory
Committee on Radiation Oncology Practice (ESTRO ACROP) recently investigated the opinions of 18
international experts on salvage SBRT for intraprostatic relapse using a Delphi consensus that focused
on 40 questions [49]. A consensus agreement (>80%) was reached on the minimum time between
primary RT and salvage treatment (set at two years) and on the fact that the primary treatment dose
should be always considered when deciding the salvage SBRT dose. No consensus could be reached
concerning the SBRT dose fractionation schedule and dosimetric constraints. For target volume, a
divided opinion (agreement <65%) remained regarding whether a higher, lower, or same dose should
be recommended for salvage SBRT compared to the primary treatment. An equivalent prescribed dose

>35 Gy in five fractions (considering an a/p of 1.5 Gy) associated with a prescription isodose <80%

received major agreement (between 65 and 80%). For OARs, opinion was divided as to whether the
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dose should be adjusted by considering the previous dose and time interval between primary and salvage
treatment. Significant agreement was observed considering the recommended EQD2 ranges of 2 cc of
the rectum (95-105 Gy), 2 cc of the bladder (95-105 Gy), and 2 cc of the penile bulb (no maximum).
In a meta-analysis and systematic review by Corkum et al. [15] reporting the outcomes and toxicity in
cases of re-irradiation using EBRT or SBRT for prostate cancer recurrence, meta-regression analysis
found that increasing the EQD2 was associated with improved biochemical recurrence free survival
(BRFS). Regarding dosimetric considerations, the study highlighted that dose constraints for both the
CTV and OARs (bladder, rectum, femoral heads, and penile bulb) were still a matter of concern because
no agreement was reached regarding a recommendable cumulative dose.

In our study, we used a schedule of 36 Gy in six fractions, which is one of the most used schedules in
the literature and corresponds to four studies that included 23 to 100 patients [30,35,39,40]. The DVCs
were heterogeneous between studies (Table 1) and similar to ours in two studies [30,35]. Our median
PTV (36 cc) was within the range of the PTV reported in the literature (13-48 cc) B30 383D a0 TG o o e e
delivered mean dose in the PTV in our series was slightly higher (40 Gy) than that in others (30-37 Gy),
except for one study reporting a median PTV volume of only 13 cc [40], and the dose received by the

rectum was relatively similar between all studies, including ours. The bladder doses between studies

were relatively similar, except for a small maximal dose in one study [35].

The main explanation for not respecting the DVCs in our series is related to the large target and
overlapping volumes between the PTV and OARs (Tables 3, 4.1, and 4.2; Figures 2.1 and 2.2). The
overlap between the PTV and rectum can be decreased using a rectal spacer. Using a spacer in prostate
irradiation (79.2 Gy in 1.8-Gy fraction) has been shown in a phase Il trial to dramatically decrease the
dose to the rectum and consequently to slightly decrease the rectal grade > 1 and grade > 2 toxicities
[50]. In a re-irradiation case, Scher et al. showed the benefit of rectal spacing in reducing the rectal dose
without decreasing rectal toxicities in a subset of 23 patients [39]. Finally, rectal toxicity is relatively
low in re-irradiation cases (grade <2 <5%) [41]. Table 3 and Figure 2.2 suggest that the most critical
organ from a dosimetric point of view is the bladder. Clinical studies on re-irradiation show that the

most frequent and limiting toxicity is urinary toxicity [15,41,51], which is related to both bladder and
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urethra irradiation. The simplest way to decrease a bladder dose is to increase the bladder filling at the
time of simulation and treatment. The issue of urethral sparing is particularly complex owing to its lack
of visibility on MRI (without a urinary probe) [52,53] and the delicate geometrical balance between the

urethral dose sparing and surrounding tumor treatment.

Minimizing the dose to OARs can be achieved by minimizing the CTV, and it raises the issue of the
appropriate CTV definition for recurrent prostate cancers. In our bicentric cohort, a relatively large
number of patients were treated in the whole prostate (38%), whereas all the patients in the GETUG-31
had a CTV/prostate of <0.5. Despite not meeting the inclusion criteria of GETUG-31, patients in our
study may still be safely treated, acknowledging the trade-off between tumor coverage and OAR
sparing. Patient selection and target volume (GTV/CTV/PTV) definition play crucial roles in the target
volume. The literature does not show a clear consensus on the definition of intraprostatic recurrence of

CTV. In a survey by the Italian Association of Radiotherapy and Clinical Oncology (AIRO), only 16%
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of radiation oncologists declared that they always preferred partial prostate re-irradiation, while almost
two-thirds relied on clinical considerations in the choice of partial or whole gland irradiation [54]. In
the ESTRO-ACROP Delphi Consensus, the experts’ pool reached a consensus that the GTV identified
on an mp-MRI with an “adaptive” margin should be considered as CTV [49]. Some studies have
reported CTV expansion of up to S mm around the GTV partial prostate radiation, while PTV expansion
ranges from 0 to 5 mm. OQur GTV definition was based on the recurrent tumor visible on mpMRI and
mostly 18F-chol-PET. PSMA-PET is more sensitive and specific than 18F-chol-PET to detect relapse
in case of rising PSA after local treatment [55-57] and could be used to optimize the definition of the
GTV. In a small series of 25 patients, the GTV was defined by the union volume of the tumor visible
on MRI and 68Ga- PSMA-PET [40]. The CTV was defined as a 3 mm circumferential expansion around
the GTV (not considering therefore biopsy results). These definitions lead to reduce dramatically the
PTV to a median value of 13 cc (versus 36 cc in our series) and therefore the dose at OARs. However,
the clinical impact of the target volume has been further investigated in the literature, and no significant
difference has been found in terms of BRFS or toxicities between whole and partial prostate re-

irradiation when focusing on studies utilizing only SBRT [15]. Only one recent study retrospectively



Journal Pre-proof

correlated DV Cs to toxicities in a small series of 26 patients re-irradiated with a total dose range of 20—
30 Gy in 2-5 fractions. A dose/volume effect was reported for late GU toxicity considering a bladder
D25% [58]. Otherwise, cumulative re-irradiation constraints (calculated by converting the dose—volume
limits into equivalent uniform dose (EQD?2) using o/p = 3 Gy) appeared to be safe for Dz < 57.9 Gy
for the bladder and D30y < 66.0 Gy, Deow% < 38.0 Gy, and V1221 6y < 5% for the rectum.

The choice of DVCs is likely to impact the local control and toxicity. In the GETUG-31 study
comprising 100 patients with a median follow-up of 29 months, the BRFS rate at three years was
relatively low (55%), although toxicity was remarkably moderate because no patient had a grade of
acute Gl toxicity of >1, and the rates of grades 2 and 3 acute GU toxicity were 8 and 1%, respectively
[35]. The three-year grade GU and GI toxicities of >2 were 21 and 1%, respectively. Considering this
good tolerance and the difficulty in respecting the DVCs in the vast majority of patients, as observed in
our study, the question arises as to whether other doses of DV Cs should be proposed. The main issue to
test our proposed less-restrictive DVCs in OARs was to improve biochemical coritrof'biyricomsiteriimg scr (ve) ot kit Alehanan
the risk of increasing toxicity. Our study showed that smaller target volumes (PTV < 40 cc and/or
CTV/prostate ratio < 0,5) were easier to treat with respect to DVCs than larger target volumes. One
practical option could be to calculate these parameters at the delineation step before initiating dosimetry,
in view of re-irradiating only the small recurrences using the proposed DVCs as in the phase I/l
GETUG-31 study where only patients with a small prostate cancer recurrence were selected
(CTV/prostate ratio < 0.5).

In daily practice, the CTV/prostate ratio is often much higher than 0.5, and the GETUG-31 DVCs cannot
be respected. For these cases, several therapeutic options are possible. The first option is to propose
salvage SBRT in a dosimetric compromise where OAR sparing is privileged and accepted for
underdosing the tumor and exposing the patient to a higher risk of recurrence while limiting toxicities
(chosen by the majority of physicians). The option proposed in this study is to use less restrictive DVCs
for the OARs, presenting the advantage of increasing the dose to the tumor and the disadvantage of
increasing potential toxicities. By slightly modifying only two DVCs (rectal wall DVCs modified from
V12Gy < 20% to < 25% and bladder wall DVCs from V12Gy < 15% to < 25%), the percentage of

patients respecting the DVCs increased by 64%. Another promising approach to improve the respect
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toward the DV Cs is the use of MR-Linac. The better soft-tissue contrast provided by MRI and the advent
of functional MR sequences may improve the definition of the prostate boundaries and OARs as well
as the precise location of intraprostatic lesions and thus the accuracy and safety of ablative high-
precision radiation treatments [59,60]. In a small series of 20 patients, a salvage MR-Linac-based SBRT
was performed (30 Gy in 5 fr) with a GTV corresponding to the visible lesion on an mpMRI without
any additional margins for the CTV, leading to a small PTV (median value of 14 cc, versus 36 cc in our
study) [61]. Another strategy to improve the respect of DVCs may be the use of a simultaneous
integrating high focal boost on the smaller intraprostatic lesion visible on MRI, while taking the prostate
PTV to a lower dose. A recent FLAME phase 111 study on primary prostate cancer showed that a focal
boost on a macroscopic visible tumor (up to 95 Gy in 2.7 Gy), compared with a 77 Gy in 2.2 Gy of an
entire prostate without boost, increased biochemical bDFS without significant impact on toxicity and
quality of life [62]. Moreover, this approach of focal dose escalation up to an equivalent of 90 Gy can
be performed using proton radiation therapy, as shown in a series of 36 patients, wWithuut/folatingthe ser (0o kL Tehanisan
OAR constraints and therefore suggesting a potential clinical benefit to improve tumor control while
limiting toxicity [63]. This approach has however never been reported in case of re-irradiation.
Another option for large intraprostatic recurrences is to move toward other salvage treatments. A recent
systematic review and meta-analysis of local salvage therapies after RT for prostate cancer (MASTER)
compared the efficacy and toxicity of SRP, HIFU, cryotherapy, SBRT, low-dose-rate BT (LDR-BT),
and high-dose-rate BT (HDR-BT) [16]. However, re-irradiation with SBRT or BT results in less severe
GU toxicity than that of SRP with comparable oncologic results. The phase 2 RTOG-0526 trial included
a series of 92 patients re-irradiated between 2007 and 2014 with LDR-BT (1'% for 92%) [64,65]. With
a median follow-up of seven years, the occurrence of late grade 3 GU/GI adverse events was 14%, with
no grade 4 events. Local and distant failures at 10 years were 5 and 19%, respectively. More recently,
encouraging preliminary clinical results have been reported using MR-guided adaptive SBRT in a small
series of patients [66-68]. This technique provided better tumor volume delineation and daily adaptation
of the dosimetric plan to variations in anatomy and the possibility of continuous tracking by cine-MRI

acquisitions.
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The main limitation of our study was that only dosimetric data were analyzed without reporting
clinical results. The goal of this study was to thoroughly investigate the issue of DVCs for a given
salvage SBRT protocol, demonstrate the impossibility of respecting these DVCs for the majority of
patients, explain the reason for this impossibility, and finally propose DVC alternatives. We did not
report the toxicity outcome and were therefore unable to compare the toxicities in patients respecting

the GETUG-31 nor our proposed DVCs. These new DVCs need to be clinically validated.

Conclusion: The DVCs of the GETUG-31 protocol proposing 36 Gy in six fractions as salvage SBRT
for recurrent prostate cancer after the first irradiation can be respected only for small target volumes
(CTV < half of the prostate) because of the small OAR-PTV overlap. With larger target volumes, by
moderately modifying two DVCs (V12Gy of the rectum and bladder walls), the percentage of patients

respecting the DV Cs increased by more than 60%.
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Table 1. Fractionation schedule and dose-volume constraints in case of prostate reirradiation in
the literature

All OAR constraints are given for the entire organ, except for *, which considers the wall of the organ.
Fr: fractions; Vx=>y%: the volume (in %) of the considered VVOI receiving x% of the prescribed dose
should be more than y%. PI: prescription isodose; NR: not reported.

In bold: dose constraints used in the study, according to the GETUG-31 phase I/11 trial.
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Table 2. Dosimetric values in our series in case of prostate reirradiation at a total dose of 36 Gy
in six fractions

Vx: volume (in % or cc) of a considered VVOI receiving X (in % or Gy) of dose; Dy: dose (in Gy) received
in x% of the considered volume; GTV#, defined on MRI + PET imaging; nCl, new conformality index;
Gl, gradient index; HI, homogeneity index.

All constraints are given for the entire organ, except for *, which considers the organ wall.

In bold: dose constraints used in the study, according to the GETUG-31 phase I/11 trial.

Downloaded for Anonymous User (n/a) at R4L.Afghanistan
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Table 3. Description of patients not respecting volume-dose constraints defined in the GETUG-31 trial, when prescribing a total dose of 36 Gy in 6
fractions

DVCs: dose-volume constraints. Values are presented as mean * standard deviation (range). Vx: volume (in % or cc) of a considered VOI receiving x (in % or
Gy) dose

Downloaded for Anonymous User (n/a) at R4L.Afghanistan
For personal use only. No other uses without permission.
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Table 4.1 Correlation between target volume coverage (dose) and volumes of interest (rho
values)

The Spearman correlation coefficient (rho) was calculated to determine the correlation between the
recommended dose-volume parameters (for the target and OARs) and the volumes of the structures
(target, OARSs, and overlapping structures). Rho values are given only for significant p values (p<0.05)
and when > 0.2 analysis.

Vx: volume (in % or cc) of the considered structure receiving x (in % or Gy) of dose; PTV: volumes (in
cc) of PTV; CTV: volumes (in cc) of CTV; Voverlap pTviBladder wanl: VOlume ( cc) of overlap between the
PTV and the bladder wall; Voveriap prvirectal waii: VOlume ( cc) of overlap between the PTV and the rectal
wall

Table 4.2 Correlation between organ at risk dose and volumes of interest (rho values)

The Spearman correlation coefficient (rho) was calculated to determine the correlation between the

recommended dose-volume parameters (for the target and OARs) and the volumes of the structures

(target, OARs, and overlapping structures). Rho values are given only for significant p values (p<0.05)

and when > 0.2 analysis.

Vx: volume (in % or cc) of the considered structure receiving x (in % or Gy) of dose; PTV: volumes (in

cc) of PTV; CTV: volumes (in cc) of CTV; Voverap prvisiadcer wan: Volume ( cc) of dvgrlegd-piet V\igwghé’;g O e ot pamamiotan

PTV and the bladder wall; Voveriap prvirecta waii: VOlume ( cc) of overlap between the PTV and the rectal
wall

Table 5. New proposal for OARs dose-volume constraints

DVCs: dose-volume constraints. \/x: volume (in % or cc) of the considered structure receiving x (in %
or Gy) dose.
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Vx: volume (in % or cc) of the considered structure receiving X (in % or Gy) dose.
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Fig. 2.1. Correlation between PTV coverage (Vgs%) and PTV (cc)

The correlation method used the linear regression model with the Pearson's test.
Vx: volume (in % or cc) of the considered structure receiving X (in % or Gy) dose.
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Fig. 2.2. Correlation between OARs sparing (Vi2cy) @and PTV volume
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The correlation method used the linear regression model with the Pearson's test.
Vx: volume (in % or cc) of the considered structure receiving x (in % or Gy) dose.
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Fig. 3. Two examples of dose distribution of salvage SBRT with CyberKnife®(Accuray)
depending on PTV volume

In the 3D dose distribution figures (transversal (A), sagittal (B), and coronal (C) views), the PTV is
blue, the rectal wall is brown, the bladder wall is yellow, and the prostate is white. In the DVH figures,
the Table 1. Fractionation schedule and dose-volume constraints in case of prostate reirradiation
in the literature

Total dose (Gy) / Targit volur;wes
Num_ber of p(resgﬂpi?on Rectum Bladder Urethra Others OARs
fraction isodose (PI)
%5 /5 NR D3ow <13.8Gy Dmax <120% NR NR
28] Deow <6.69Gy Ds0%<10.58Gy
NR Daow <13.5Gy D3ow <10.6Gy
20-30/2-5 Deow <6.7Gy
[58] V100%<5%
V100%> 95% Dmax <100% or Dmax <120% or <35Gy Dmax <120% or -Femoral heads:
30/5 Vs > 95% <35Gy or 40Gy Ds0%<10.58Gy <35Gy V24G}/ <10%
[27,32,34.36,61,66 D3o% <13.8Gy or V1oey < 25% or 20% Vssey < 1cc -Penile bulb:
67], R PL 80% 13,5Gy Viscy < 15% Urethra+3mm: V246y <50%
Deow <6.69Gy V12ey < 15% Dmax (35 mm3) < 39 Gy | -Small bowel:
V1ocy < 40% V276y < 5CC Vacy < 30% Viee <21 Gy
D30%<10Gy Vigey <5cC
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V1scy < 20% or
<35%

Vngy <10%
Vi2cy < 20%
Varey < 2CC
V1o0% > 95% Dmax < 100%* Dmax < 100%* Dmax <120% NR
Dmax>150% Dsov <105%
V125% : 50-60%
?,;'7’ 358] Visos | 15-25%
! V200% : 0-2%
Pl: 50-60 %
Vosy > 99% Dmax < 38 Gy Dmax < 38 Gy* NR -Femorals heads
V1oey <40% V1oey <25% : Vioey <1%
35/5 Viscy <20% Viscy <15% -Penile bulb:
[31,69] Vascy < 20cC Vis36y < 15cc* Viocy <5%
Vascy <10% Vascy <10%
Pl: 80-100% Viey<20% £ * Vizey < 15% + * V3ecy < 1cCC NR
Vorgy< 2cC £ * Varey < 5cC+ * Urethra+3mm:
Vo506 > 95% Dimax (35 mm3) < 39
36/6 D 100% \D/276y<ig ECG xl%y <515CC \G/y 30%
95% < ( max= 40.0Gy 40Gy<OCC 246y < 0
[30,35,39,40.49] DoamL < 115%
DoamL < 33Gy DoamL <33Gy Dmax< 33 Gy
DosmL < 28Gy DosmL < 28Gy
DimL < 24Gy DimL <24Gy
DomL < 18Gy Dzm. < 18Gy
36.2/5 NR NR NR NR Dol;x(/)rrlloaded t(l)r A mIc\}us (tJhser (n/a) af
[33] personal use only. INO Other uses wii
V100% > 95% V1s.16y < 50% V1s.16y < 40% NR Femoral heads:
36.25/5 Vagay < 20% V37ey < 10cc V14.56y <5%
[29] Pl: 80% V3sscy < 1CC
Dos% <100% Doam.<33Gy Doam.<33Gy Dmax <33Gy
Do.1m<115% Dosmi.<28Gy Dosm<28Gy
?fog 6 then 38/6 Dim. <24Gy DimL <24Gy Urethra + PRV:
PI: 100% DomL =18Gy Dami <18Gy Dmax <36Gy

All OAR constraints are given for the entire organ, except for *, which considers the wall of the organ.
Fr: fractions; Vx=>y%: the volume (in %) of the considered VOI receiving x% of the prescribed dose
should be more than y%. PI: prescription isodose; NR: not reported. In bold: dose constraints used in
the study, according to the GETUG-31 phase I/11 trial.

Table 2. Dosimetric values in our series in case of prostate reirradiation at a total dose of 36 Gy in six

fractions

Values
Volumes of interest Dosimetric Index Mean SD Range
(unit)
Volume (cc) 23 18 0.2-94
GTV*
V1009 (%) 95.3 8.5 50 -100
CTV Volume (cc) 26 18 0.7-94
Target V100% (%) 94.7 9.4 38-100
Volume Volume (cc) 40.5 25 3-174
V1009 (%) 87 11 37-99.8
PTV Voso (%0) 93 11 50 - 100
Voow (%) 95 7 60 - 100
Dosw (GY) 31 5 8-37

R4L.Afghanistan
hout permission. |
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Deso (Gy) 33 4 12 -37
Dsow (GY) 40 1.8 33-46
D2y (GY) 44 2 39-51
Dwmean (Gy) 40 2 31-47
nCl 1.34 0.3 1-34
Gl 4.4 1 04-11
HI 1.26 0.1 1.1-15
Prostate Volume (cc) 38 16 11-94
Ratio: CTV/prostate volume | Ratio 0.7 0.3 0.03-1.1
Volume (cc) 59/ 38* 24 ] 12* 9-143/9-85*
Dimax (0.03cc) (GY) 31/31* 5/5* 5-41/5-41*
Dmax 2%) (GY) 29/ 29* 6/6* 5-37/6-41*
Dwmean (GY) 7.818* 26/2.7* 06-21/06-21*
Daow (GY) 8.9/9* 3/3* 1.7-25/1.8-25*
Dsos (GY) 6/6* 2.8/2.7* 0.2-21/0.2 - 20*
Deows (GY) 5/4.7* 25/25* [0-19/0.1-18*
Rectum Vioay (%) 26/ 27* 13/13* 0-97/0-97*
whole organ/wall* | Vipq, (%) 19/21* 11.5/11* [ 0-91/0-90*
Vigay (%) 9.7/12* 9/7* 0-65/0-62*
Vascy (%) 3.8/5* 4/4.5* 0-31/0-32*
V27ey (CC) 14/14* 16/13* 0-15/0-9*
Vargy (%) 2.7/3.8* 3.4/3.8* 0-25/0-24*
V2g6y (%) 0.9/0.8* 12/0.9% | Bowilddedfor Afonymous |
V3scy (CC) 0.1/0.1* 02/02* [0-34/0-2.2%
Daoce (GY) 7.6/5* 3.5/25* 0-24/0-15*
Volume (cc) 160/ 85* 92/34* 38 -600/1-230*
Dimax (0.03cc) (GY) 32.2/33* 8.7/8* 0.17-44/0 - 44*
Dmax 2%) (GY) 29/31* 8/8* 0.5-43/0.5-43*
Duiean (GY) 6/6.8* 27/26% |0-19/0-19*%
OARS Daose (GY) 6.9/7.7* 33/34* [0-27/0-29*
Dsos (Gy) 4.2]4* 3.2/28* |0-24/0-18*
Bladder V1ogy (%) 19/22.5* 12/ 11* 0-79/0-73*
Whole Vizey (%) 14/17.6* 9/9* 0-71/0-67*
organ/wall* Viscy (%) 6.8/9.8* 5.5/6* 0-47/0-45*
Viggy (%) 6.2/7.8* 5/6.6* 0-44/0-41*
Va7ay (CC) 4] 4% 5.714* 0-51/0-33*
Vao7ray (%) 2.5/ 4* 3/4* 0-29/0-33*
V3sy (CC) 05/0.7* 09/25* |0-8/0-8*
V376 (CC) 0.3/0.4* 07/07* |0-6/0-57*
V4oy (CC) 0.1/0.1* 0.1/01* |0-0.6/0-0.6*
D15 cc (GY) 14/ 12* 6/6* 0.9-35/0.1-34*
Dwmean (Gy) 4 1.8 06-9
Femorals Heads | Dmax(2%) (GY) 12 3 1.8-22
Ds% (Gy) 9.6 3 1.3-17
. . Dic (G 2.7 2.6 0.1-14
Sigmoide Dec EG£ 16 18 0.1-10
Dicc (G 5.4 3.8 0.04 - 16
Small Bowel -5 * EGQ 3.9 3 0.03-12
Dwmean (Gy) 9 8 0.2-34.7
Bulbe Dimax %) (GY) 15 11 0.2-40
Voaay (%) 8 22 0-100
Vzg,5(3y Gy (%) 2.6 9 0-59
Urethra Dimax (0.03cc) (GY) 32 10 6-43
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Dwmean (GY) 21 12 1.3-38
Voacy (%) 46 38 0-100
V3say (CC) 1 2 0-9
PTV/Rectal wall Volume (cc) 0.51 0.8 0-7.2
Overlaps
PTV/Bladder wall | Volume (cc) 14 3.3 0-35

Vx: volume (in % or cc) of a considered VVOI receiving x (in % or Gy) of dose; Dx: dose (in Gy) received
in x% of the considered volume; GTV#, defined on MRI = PET imaging; nCl, new conformality index;
GlI, gradient index; HI, homogeneity index.
All constraints are given for the entire organ, except for *, which considers the organ wall.
In bold: dose constraints used in the study, according to the GETUG-31 phase I/1l trial.
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Table 3. Description of patients not respecting volume-dose constraints defined in the GETUG-3L1 trial, when prescribing a total dose of 36 Gy in 6

fractions

Volumes of interest

GETUG-31DVC

Patients not respecting the DVC

R4L.Afghanistan
thout permission.

% of . . .
0 atients Parameters values % of patients with CTV/ prostate ratio >0.5
J ;Lgnite PTV Vs > 95% 52% Vos= 87% + 9 (50-94.9) 53%
V126y <20% 53% Vizey = 29% + 16 (20.1-91) o

nnwnlnm‘hgg {P\r Anonymous User (n/a) af|

Rectum wall For personal use only. No other uses wi
Varey <2 CC 13% Vaey = 3.6cC £ 2.4 (2.1-9) 98%
Visey <15% 64% Vizey = 22% + 8 (15.1-67) 73%

OARs Bladder wall

Varey <5 cC 16% Varey = 11cc + 7 (5.2-31) 96%
Urethra + Dmax 35 mm3) <39 Gy 11% Dimax (35 mm3) = 42Gy + 1.4 (40-43) 98%
3mm Vaicy <30% 42% Vaicey = 84% + (44-100) 98%

DVC: dose-volume constraint. VValues are presented as mean + standard deviation (range). Vx: volume (in % or cc) of a considered VOI receiving x (in % or

Gy) dose
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Table 4.1 Correlation between target volume coverage (dose) and volumes of interest (rho

values)
Vos PTV (%) V100 PTV (%) V100 CTV (%)
PTV (cc) -0.47 -0.50 -0.54
CTV (cc) -0.46 -0.49 -0.56
CTV/Prostate (ratio volume) | -0.44 -0.48 -0.52
VOverIap PTV/Bladder wall (CC) -0.47 -0.44 -0.40
VOverIap PTV/Rectal wall (CC) -0.40 -0.32 -0.26

The Spearman correlation coefficient (rho) was calculated to determine the correlation between the
recommended dose-volume parameters (for the target and OARS) and the volumes of the structures
(target, OAR, and overlapping structures). Rho values are given only for significant p values (p<0.05)
and when > 0.2 analysis.

Vx: volume (in % or cc) of the considered structure receiving x (in % or Gy) of dose; PTV: volumes (in
cc) of PTV; CTV: volumes (in cc) of CTV; Voverlap pTvieladder vani: VOlume ( cc) of overlap between the
PTV and the bladder wall; Voveriap prvirectal waii: VOlume ( cc) of overlap between the PTV and the rectal
wall
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Table 4.2 Correlation between organ at risk dose and volumes of interest (rho values)

Bladder wall Rectal wall
Vizey (%) Varey (CC) Vizey (%) Varey (CC)
PTV (cc) 0.64 0.49 0.71 023
CTV (cc) 0.64 0.44 0.70 0.20
Voverlap PTV/Bladder wall (cc) 0.49 0.52 0.45 0.20
Voverlap PTVIRectal wall (CC) 0.20 0.21 0.32 0.38

The Spearman correlation coefficient (rho) was calculated to determine the correlation between the
recommended dose-volume parameters (for the target and OARs) and the volumes of the structures
(target, OAR, and overlapping structures). Rho values are given only for significant p values (p<0.05)
and when > 0.2 analysis.

Vx: volume (in % or cc) of the considered structure receiving x (in % or Gy) of dose; PTV: volumes (in
cc) of PTV; CTV: volumes (in cc) of CTV; Voverlap pTviBladder wail: VOlume ( cc) of overlap between the
PTV and the bladder wall; Voveriap prvirectal waii: VOlume ( cc) of overlap between the PTV and the rectal
wall
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Table 5. New proposal for OARs dose-volume constraints

Volumes of interest GETUG-31 DVC Proposed DVC % of pts not respecting DVC
V 126y <20% - 53%
Rectal wall - V 126y <25% 12%
Varey <2 CC Var6y <2 CC 13%
OARs
V12Gy <15% - 64%
Bladder wall - Vi2ey <25% 10%
V27Gy <5cc V27Gy <5cc 16%

DVCs: dose-volume constraint. Vx: volume (in % or cc) of the considered structure receiving x (in % or
Gy) dose.
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CTV was pink, PTV was blue, rectal wall was brown, bladder wall was yellow, penile bulb was orange,
femoral heads were cyan, sigmoid was green, and small bowel was purple.

Left, focal reirradiation for isolated left lateral prostate relapse. The CTV corresponded to the GTV,
with an isotropic additional margin of 2 mm. The CTV/prostate volume ratios were 0.15. PTV was
defined as the CTV with a margin of 2 mm. The PTV V95% was 99%, and all the dose-volume
constraints were considered.
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On the right, whole-gland reirradiation was delineated as the CTV. The CTV/prostate volume ratios
were 1. The isotropic margin of the PTV was 2 mm. The PTV V95% was 81%, limited by the constraints
on the bladder, with V12Gy equal to 20%.
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