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l. Introduction générale

Avec environ 1,4 million de nouveaux cas et 375 000 décés dans le monde, le cancer
de la prostate est le deuxiéme cancer le plus fréquent et la cinquiéme cause de déces
par cancer chez les hommes en 2020. On estime le nombre de nouveaux cas a 2,4
millions en 2040 (1).

Des données récentes indiquent qu'environ un tiers des patients atteints d’'un cancer
de la prostate sont traités par radiothérapie, dont prés de 40% sont atteints d'une
maladie a risque intermédiaire et élevé de récidive (2,3).

La récidive biologique apres radiothérapie est définie comme étant une augmentation
22ng du PSA depuis le nadir selon la RTOG-ASTRO Phoenix Consensus Conference
(4).

Le taux de mortalité aprés récidive biochimique dépend notamment du score de
Gleason pré-traitement, du taux de PSA pré thérapeutique mais aussi du délai de
récidive biologique aprés radiothérapie (5).

On observe un taux de récidive local compris entre 21 % et 65% pour les cancers
prostatiques classés T1c-T3b aprés un traitement par radiothérapie en fonction des
doses et du groupe pronostique (6,7).

Une méta-analyse individuelle récente de six essais randomisés a révélé qu'une
récidive focale aprés radiothérapie définitive pour un cancer de prostate de haut grade
était significativement associée a la survie globale, a la survie spécifique du cancer de
prostate et a la survie sans métastase. Ainsi, certains patients atteints de récidive
locale en post-radiothérapie peuvent bénéficier d'un traitement de sauvetage local (8).
De nouvelles méthodes diagnostiques permettent probablement de mettre en
évidence des taux de rechute locale plus important en cas de récidive biologique. Ainsi

I'étude de Jansen et al. évaluant le TEP au 68Ga-PSMA a révélé qu'environ 30% des
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patients présentant une élévation du PSA aprés la radiothérapie ont une absorption
uniquement intra prostatique du traceur (9).

La littérature a ce jour se compose principalement de séries rétrospectives et
prospectives de petite taille, ce qui rend difficile I'évaluation et la comparaison des
techniques de rattrapage possibles. La méta analyse de Philippou et al. a comparé les
résultats oncologiques et de toxicité de la chirurgie radicale par rapport aux thérapies
non chirurgicales a I'exception de la radiothérapie stéréotaxique. Celles-ci semblent
étre similaires a la chirurgie radicale en termes d’efficacité. Cependant, toutes les
modalités de rattrapage non chirurgicales sont associées a de meilleurs résultats de
continence (10).

Plus récemment, la méta-analyse de Valle et al. mettait en évidence une survie sans
progression a 5 ans variant de 50% aprés cryothérapie a 60% apres curiethérapie
HDR et SBRT, sans différence significative entre ces modalités et la prostatectomie
radicale. La toxicité séveére génito-urinaire était significativement plus faible avec les
trois différentes modalités de radiothérapie qu'avec la chirurgie (taux ajustés de 20%
aprés RP vs 5,6%, 9,6% et 9,1% aprés SBRT, curiethérapie HDR et curiethérapie
LDR, respectivement; p <0,001). La toxicité gastro-intestinale sévére était
significativement plus faible avec la curiethérapie HDR qu'avec la prostatectomie (taux
ajustés 1,8% vs 0,0%, p <0,001) (11).

Concernant la radiothérapie stéréotaxique, elle est actuellement validée dans la prise
en charge thérapeutique de novo des cancers a faible risque et a risque intermédiaire
de récidive (12,13).

Elle peut également permettre une ré-irradiation en cas de récidive intra-prostatique.
De nouvelles techniques de traitements et d’'IGRT qui s’y sont associées pourraient

permettre d’améliorer la balance bénéfice-risque.



Plusieurs auteurs se sont intéressés a évaluer le réle de la radiothérapie stéréotaxique
dans la prise en charge des récidives aprés une irradiation premiére en tant de
traitement de rattrapage.

Ainsi, Fuller D et al. (14) Jereczek-Fossa et al. (15) ou encore Pasquier et al. (16)
montraient un taux d’efficacité et de toxicité acceptable dans cette indication.

A titre d’exemple, I'étude prospective de Fuller et al. retrouvait avec un suivi médian
de 24 mois (intervalle de 3 a 60 mois), un taux de survie sans maladie biochimique a
2 ans de 82%. Le taux de toxicité génito-urinaire était de 18% de grade =2 et 7% de
grade 23 (14).

La réalisation d’'une radiothérapie stéréotaxique impose une maitrise de tous les
parameétres pouvant influencer I'efficacité et la toxicité du traitement (17).

Le mouvement intra-fraction intervient directement sur la mise en place et I'estimation
du PTV en radiothérapie (18).

L’utilisation de ces marges est variable en fonction des équipes. Il est ainsi rapporté
des pratiques de mise place de PTV compris entre 0 et 5mm (3mm en postérieur) et
cela méme avec des appareils de traitement similaires (19).

Plusieurs études se sont intéressées aux mouvements prostatiques en premiére
irradiation par radiothérapie stéréotaxique (20—24) mais a ce jour, aucune étude ne
s’est intéressée aux mouvements intra-fractions lors d’'une ré-irradiation pelvienne et
il N’existe pas de données dans cette situation.

Au moyen du Cyberknife® (Accuray Incorporated, Sunnyvale, CA, USA) et de son
systéme de tracking en temps réel, les coordonnées de la position prostatique ont pu
étre recueillies au moyen d’un systeme d’imagerie Kv stéréoscopique qui suivait la

position de fiduciels implantés dans la prostate (25).



Ces fichiers ont pu étre recueillis pour connaitre a la fois les translations de la prostate
mais aussi les rotations de celle-ci et ainsi évaluer le mouvement antéro-postérieur,
supéro-inferieur, gauche-droite, le lacet, le tangage et le roulis.

Le but de notre travail a donc été d’étudier les mouvements prostatiques intra-fractions
lors d’'une premiére irradiation et surtout lors d’une ré-irradiation a partir du

Cyberknife® et de comparer ces mouvements.
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Figure A : Les différents mouvements possibles de la prostate. La prostate peut bouger en translation
selon le plan Antéro-Postérieur (AP), Supero-Inférieur (SI), Gauche-Droite (LR) ainsi qu’en

rotation Tangage (pitch), en Lacet (yaw), et en Roulis (roll).
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1. Abstract

Background: Understanding intra-fractional prostate motions is crucial for stereotactic
body radiation therapy (SBRT). No studies have focused on the intra-fractional
prostate motions during re-irradiation with SBRT. The objective was to evaluate these
translational and rotational motions in primary treated patients and in the context of re-
irradiation.

Methods: From January 2011 to March 2020, 162 patients with histologically proven
prostate cancer underwent prostate SBRT, including 58 as part of a re-irradiation
treatment. We used the continuous coordinates of the fiducial markers collected by an
orthogonal X-ray dual-image monitoring system. The translations and rotations of the
prostate were calculated. Prostate deviations representing overall movement was
defined as the length of the 3D-vectors.

Results: A total of 858 data files were analyzed. The deviations over time in the group
of primary treated patients were significantly larger than that of the group of re-
irradiation, leading to a mean deviation of 2.73 mm (SD =1.00) versus 1.90 mm (SD
=0.79), P<0.001. In the re-irradiation group, we identified displacements of -0.05 mm
(SD =1.53); 0.20 mm (SD =1.46), and 0.42 mm (SD =1.24) in the left-right, superior-
inferior and anterior-posterior planes. Overall, we observed increasing deviations over
the first 30 min followed by a stabilization related to movements in the three
translational axes.

Conclusion: This is the first study to focus on intrafraction prostate motions in the
context of re-irradiation. We observed that intra-fraction prostate motions persisted in
the setting of re-irradiation, although they showed a significant reduction when
compared with the first irradiation. These results will help to better estimate random

errors during SBRT treatment of intra-prostatic recurrence after irradiation.
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2. Introduction

With an estimated 1.4 million new cases and 375,000 deaths worldwide, prostate
cancer was the second most frequent cancer and the fifth leading cause of cancer
death among men in 2020 (1). Radiation therapy has been validated as a standard
treatment for localized prostate cancer (2, 3) and several radiation therapy methods
have been developed. Studies have shown that by delivering high doses of radiation
per session, stereotactic radiation therapy (SBRT) provides a control similar to that
obtained with standard techniques (4 — 6).

An intra-prostatic recurrence is the site of first recurrence after normal fractionated
radiation therapy (7). Traditional treatment options for the local treatment of intra-
prostatic recurrence include radical prostatectomy, brachytherapy, cryotherapy, and
high-intensity focused ultrasound (HIFU) (2). Re-irradiation using SBRT has emerged
as an important technique for this indication showing, with a short follow-up, a good
local control rate of 83.2% (95% ClI, 75.5% — 90.9%), a survival without biological
recurrence at 5 years of 59.3% (95% ClI, 47.9% — 70.7%) with a low severe toxicity
rate Grade 22 for gastrointestinal (Gl) 1.1% (95% CI, 0.1% — 2.0%), and genitourinary
(GU) 10.5% (95% CI, 5.5% —15.4%) (8 — 12).

Knowledge of the existence of intrafraction prostate motions during an extremely hypo-
fractionated session is necessary to limit the volume already irradiated. The follow-up
by X-ray orthogonal images of the Cyberknife® (Accuray Incorporated, Sunnyvale, CA,
USA) fiducial markers implanted in the prostate gland makes it possible to monitor the
position of the target to take it into account when performing the treatment.

Several studies with a small number of patients focused on the intra-fractional prostate
motions during the first stereotactic irradiation using the Cyberknife®. Their findings

showed that the prostate underwent translational and rotational motions during a
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session (13, 14). However, to date, no studies have focused on prostate motions in the
context of re-irradiation using SBRT. Therefore, this study aimed to investigate the
intra-fractional prostate motions in the first irradiation and in three re-irradiations using

SBRT with a Cyberknife®.

3. Materials and Methods

3.1. Screening of patients

We collected the data from 167 patients treated at the Oscar Lambret Center (Lille,
France), retrospectively. We included all the cancer patients treated with prostate
SBRT using a dedicated Cyberknife® VSI or Cyberknife® M6 between January 1,
2011 and March 1, 2020.

The patients were divided into two different population groups, with the first group
comprising patients with an indication for SBRT as a treatment for localized prostate
disease who had never received local treatment, and the second group comprising
patients treated with SBRT for an intra-prostatic recurrence after the first radiation of
the external beam radiation therapy (EBRT) type or brachytherapy. Hormone therapy
was administered before or during irradiation. Prostate biopsy was systematic before
treatment initiation in both groups. With regard to the group of patients receiving re-
irradiation with SBRT, we enrolled primary patients treated for prostate
adenocarcinoma or other pelvic neoplasia. There was no rectal preservation strategy
using an endorectal balloon or gel spacer. An empty rectum was used as the half-full
bladder preparation protocol.

In the context of the first irradiation using SBRT, the prescription dose was 36.25 Gy
in five fractions for an isodose of 80%. The clinical target volume (CTV) included the

entire prostate gland and the proximal part of the seminal vesicles from patients
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classified as the intermediate-risk group according to the D’Amico classification. The
margins of the planning target volume (PTV) were 5 mm in all directions, except in the
posterior direction which was 3 mm. During focal or whole gland re-irradiation, the
prescription dose was 36 Gy in six fractions for a prescription dose of 80%. The PTV

margin was 2 mm (9).

3.2. Acquisition of Cyberknife® data

Two pairs of gold fiducial markers were placed in all the enrolled patients with the
implantation of one pair at the apex and the other pair at the prostate base (15). To
determine the position of the target when the patient was placed on the table, the data
from the double orthogonal X-ray images taken at 45 °and 135 °in the horizontal plane
and data from the digitally reconstructed radiograph (DRR), were reset. The
readjustment was applied automatically on the treatment table.

The acquisition images of the fiducial marker follow-up were made automatically with
the In-tempo® system by adjusting the inter-image time according to the intra-fractional
motions of the fiducial markers. In this system, the imaging and beam delivery was
adapted to the rate and extent of tracked movements throughout the treatment,
ensuring that accuracy is maintained from the first beam to the last. An automatic
correction was then made to adjust the delivery of the beams (16). The deviations
calculated from the radiographic images acquired in the time interval between the two
motions of the table constituted a set of data.

The coordinates of the fiducial markers representing the prostate were collected
throughout each session (with a median time of 50 s between two images) with
treatment information for each beam, the beam and node number, and the movement

of the target position.
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3.3. Statistical analyses

In each session with each patient, we analyzed the motions in relation to the reference
point defined at the start of the session which corresponded to the barycenter of the
fiducials after the first follow-up image.

The coordinates were recorded in three planes to measure the lateral, vertical, and
longitudinal motions: “LR (Left-Right),” “SI (Superior-Inferior)” and “AP (Anterior-
Posterior). Rotational motions were also recorded (“Roll,” “Pitch,” and “Yaw”). At each
measurement time, we calculated the deviation from the reference point as the square
root of the sum of the squares of the measurements “LR (Left-Right),” “SI (Superior-
Inferior)” and “AP (Anterior-Posterior).” This deviation represented the overall prostate
motion (length of the 3D vector).

For each session, we estimated the area under the deviation curve (AUC) for all
treatment times up to 60 min; measurements after 60 min were ignored because of the
low number of fractions that lasted more than 60 min. We then estimated the mean
deviation for each session by dividing the AUC by the session's treatment time
(shortened to 60 min). The mean deviation was estimated per patient to compare the
treatment groups (primary irradiation versus re-irradiation) using the Student’s t-test.
The deviation time variations were described considering the distribution of this
parameter by 10-minute time interval, between 0 and 60 minutes, overall and by
treatment group (primary irradiation vs. re-irradiation).

The deviation was modeled using a mixed linear regression which made it possible to
estimate the mean difference between the two treatment groups. This took into account
the time effect, overall, and according to treatment group (time x treatment interaction)
while considering the patient factor as a random factor. With regard to the six basic

measurements of motion “LR (Left-Right)”, “SI (Superior-Inferior)”, “AP (Anterior-

15



Posterior)”, “Roll’, “Pitch” and “Yaw”, we calculated their means and standard
deviations for each 10-minute time interval [(0,10), (10, 20)...(50-60)].
The significance of the test was set at P<0.05. All the statistical analyses were

performed using STATA v15.

4, Results

4.1. Description of populations

After excluding five patients who objected to the use of their medical data, the study
population consisted of 162 patients whose median age at enrollment was 73 years
old. Among the 162 patients, 58 (35.8%) received stereotactic re-irradiation, and 104
received their first stereotactic radiation (64.2%). A total of 858 sessions were
analyzed. The patient and tumor characteristics during SBRT treatment are described
in Table 1.

The initial characteristics of the patients who received SBRT after re-irradiation are
described in Table 2. Among these 58 patients, 49 (84.5%) received the first irradiation
for prostate neoplasia. Six re-irradiations were performed after the neoadjuvant
treatment of rectal cancer and three after other indications (lymph nodes metastases
of cutaneous neuroendocrine carcinoma, bladder urothelial carcinoma, and
retroperitoneal liposarcoma). Three-dimensional conformal radiation therapy was the
initial technique that was used, with 69% of the irradiation being in the context of a first
indication. Prostate brachytherapy was performed in 14 patients (24.1%). Previously
irradiated prostate disease was most often confined to the prostate gland (75.5%

classified as cT1 and cT2).
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4.2. Duration of treatments

With regard to the duration of the sessions, they lasted on average 42.2 minutes
(x12.5) for primary irradiation and 40 minutes (x17.3) for re-irradiation. Less than 10%
of the sessions lasted more than 60 minutes (80/858). As shown in Figure A1
(Appendix), most sessions lasted between 30 and 50 minutes (243 sessions, 28.3%

between 30 and 40 minutes, and 234 sessions, 27.3%, between 40 and 50 minutes).

4.3. Description of motions

Figure 1 describes the changes in the deviations over time according to the treatment
group (primary irradiation and re-irradiation). The mean deviation over time in the
primary irradiation group was significantly greater than that in the re-irradiation group
(mean deviation of 2.73, SD =1.00, versus 1.90, SD =0.79, respectively, P<0.001),
demonstrating an increased prostate mobility for primary irradiations.

The result of the mixed linear regression confirmed a significant temporal trend (P<10-
4) and significant mean differences between the two groups, estimated at -0.71 mm
(95% CI, -1.01 to -0.40; P<10-4) when the model was adjusted only over time. The
model with interaction made it possible to conclude that not only was there was a
significantly different mean deviation between the two groups, there was also a greater
increase in the deviation over time in the primary irradiation group than in the re-
irradiation group (the gradient being 0.51 mm and 0.43 mm for 10 minutes of time
respectively, with a significant time x treatment interaction test, P<10-4) (Table A1 in
the Appendix).

With regard to the variability over time of the prostate motion around the average, the

results showed that motions of re-irradiation were -0.05 mm (SD = 1.53) for the LR
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translation, -0.2 mm (SD =1,46) for the Sl translation, and 0.42 mm (SD = 1.24) for the
AP translation.

Concerning the temporal evolution of the prostate motions on the rotational axes in re-
irradiation, it is noted that these motions remained close to the position observed at
the beginning of the session, particularly for the roll (average = 0.02°, SD = 0.81°) and
yaw (average = 0.05°, SD = 0.65°) axes. On the pitch, we observed a rotational
average of — -0.13° with a SD of 1.52°

Figure 2 shows the changes in the deviations over time for the entire study population.
Considering the 10-minute time intervals, there was an increase in the deviations over
the first 30 minutes (median of 0.82, 1.94 and 2.37 mm in the intervals 0 — 10, 10 —
20, and 20 — 30, respectively) with a stabilization of the deviation after the first 30
minutes (median of 2.74, 2.75 and 2.82 mm in the intervals 30 — 40, 40 — 50, and 50 —
60, respectively). In the time intervals after the first 20 min, more than 35% of the
recorded deviation values were measurements above 3 mm, and more than 14% were
above 5 mm. (Figure S2 in the appendix)

Figure 3 illustrates the mean motions and dispersion of these motions over time for all
the sessions and patients. We observe more translational motions (for all the
measurements, SD = 1.86, 2.05, and 1.60 mm for the LR, S| and AP translational
motions respectively) and “Pitch” rotations (SD = 1.86°), contrasting with a low
variability in “Roll” and “Yaw” rotations (SD = 0.88 and 0.81° respectively). The
histogram of the distribution of the different measurements is illustrated by 20-minute

intervals (0 — 20, 20 — 40, and 40 — 60) in Appendix Figure S3.
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5. Discussion

The delivery of a large number of small, non-isocentric, and non-coplanar beams
directed at a target with a sub millimetric precision near the at-risk organs, requires
knowledge of prostate motions, especially since they are random and unpredictable
(17). Our data suggested that during the first stereotactic irradiation of the prostate and
during stereotactic re-irradiation after another radiation therapy technique, there were
small but significant differences in the intra-fractional prostate motions.

To our knowledge, this is the first study to analyze intra-fractional prostate motions
during stereotactic re-irradiation. This is a retrospective study but all treated patients
have been included and we used technical data, so the retrospective nature does not
influence the results.

One of the hypotheses for the weakest intra-fractional prostate motion is the onset of
pelvic fibrosis following the first irradiation. Another hypothesis is better knowledge of
preparation instructions during re-irradiation, since the patient had already applied
them previously. Indeed, patients with experience in long external radiation therapy
(with almost 40 fractions) could be able to better apply preparations instructions when
starting a new irradiation.

The extent of intra-fractional motions is disputed. Some studies that focused on the
motions during a shorter irradiation with intensity-modulated radiation therapy (IMRT)
have reported a significant number of necessary corrections, while others have
described only more insignificant motions. These studies used different imaging
systems as tools, such as the megavolt (18), megavolt-kilovolt imaging (19), Varian
Calypso System (Varian Medical Systems, Palo Alto, CA, USA) (20, 21), and magnetic

resonance imaging (MRI) (22).
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With an increase in treatment duration, the significance of intra-fractional motion has
grown, with appreciable variation being demonstrated. For the first 10 minutes of
traditional radiation therapy, observations are similar to the multiple data that can be
found in the literature focusing on prostatic motion.

Real-time tracking methods using orthogonal kV X-ray imaging with Exatrac Optical
System showed average intra-fractional motion (£ 1 SD) in the LR, SI, and AP
directions of 0.7 £ 0.5 mm, 1.3 £ 0.7 mm, and 1.4 £ 0.9 mm respectively (23). Other
studies such as Willoughby et al. have used an electromagnetic tracking system with
Calypso® for prostate real-time tracking during external beam radiotherapy and their
results showed that the average (SD) of the maximum differences were 0.91 +0.35
mm, 3.61 £3.13 mm, and 3.92 £ 4.32 mm in the lateral, longitudinal, vertical directions,
respectively (24). Motion can also be studied with MRI. For instance, Mah D et al.
showed prostate displacements (mean = SD) of: 0.2 £ 2.9 mm, 0.0 + 3.4 mm, and 0.0
1.5 mm in the anterior—posterior, superior—inferior, and left-right dimensions
respectively (25).

The increase of motion with time has also been demonstrated in conventional
fractionation by IMRT (26). For example, a study using a total of 68 sagittal cine-MRI
sequences demonstrated an increasing displacement in the AP and Sl planes during
treatment with SD of 0.57 mm and 0.41 mm in the first two minutes increasing to 1.44
mm and 0.91 mm in the two to four minutes. This appears to be consistent with the
increase in motion over time found in our study (27).

With the Cyberknife®, since the treatment time was close to 40 min per session,
tracking was considered to be the most suitable solution. There is a tendency for more

extensive motions when the session is long (17, 28, 29). Classic linear accelerators
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also allow stereotactic prostate radiotherapy to be performed. The treatment time is
much shorter and image-guided radiation therapy (IGRT) techniques are different.
With regard to the translational components LR, SlI, and AP during the first stereotactic
irradiation by Cyberknife®, compared to the results of previous studies, our results
were homogenous. Moreover, Koike et al. (30), based on the files of 16 patients,
reported an LR of -0.09 £ 0.81 mm, a Sl of 0.15 £ 2.06 mm, and an AP of 0.79 + 1.99
mm, as well as an average deviation of 2.53 + 1.77 mm. Similarly, Choi et al (14), with
data from 71 patients, found the translational averages for LR to be 0.12 £ 0.19 mm,
Sl 0.15 £ 0.31 mm, and AP 0.73 + 0.32 mm with an average deviation of 1.0 + 0.35
mm. Furthermore, Xie et al (13) used data from 21 patients and found that for the LR,
Sl, and AP directions, values were 0.87 £ 1.17 mm 1.55 £ 1.28 mm, , and 1.80 + 1.44
mm, respectively. Our average deviation data were consistent with the results of Xie
et al (13), showing a deviation of 2.61 mm (x1.94 mm) during de novo irradiation. With
regard to rotational prostate motions, in the work of Wolf et al. (31), the rotational data
of 20 patients were evaluated, showing pitch rotations of 3.6° (SD 4.9°), roll 0.2° (SD
2.1°) and yaw 0.1° (SD 2.1°). The analysis by Cuccia et al. (32) showed rotations of
the yaw at 0.09 + 0.10°, pitch -0.04 £ 0.33°, and roll 0.18 + 0.15°.

Other analyses of prostate motions were presented more recently as part of an
irradiation with a magnetic resonance imaging-guided linear accelerator (MRI-LINAC),
where the time per fraction was quite close to that performed with the Cyberknife®,
that is, between 30 and 50 min per session (32, 33). Data from Cuccia et al (32) on
100 fractions showed translational motions such as LR -0.24 + 2.5 mm, S1 0.06 + 0.46
mm and AP -0.17 £ 0.91 mm.

Our study found mainly translational motions in AP and SlI, as observed by Langen et

al. (28, 34), and there was a continuously increasing motion independent of the first
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irradiation or re-irradiation group, in line with the findings of other studies using prostate
coordinates during irradiation by MRI-LINAC, particularly with respect to the findings
of Keizer et al. (33).

The addition of a rectal preservation strategy has also been studied in the context of
irradiation with SBRT. In other words, Cuccia et al. (32) were interested in the influence
of the hydrogel spacer on the intra-fraction motions during irradiation with MRI-LINAC,
and it was reported that the pitch rotation decreased significantly due to the use of this
strategy. The use of the endorectal balloon or hydrogel spacer in SBRT is a possible
option that has shown benéefits, particularly in dosimetry (35,36).

SBRT salvage therapy has been evaluated mainly retrospectively (8) and several
prospective multicenter studies are ongoing (11, 12, 37)

Our study did not investigate the causes that could influence prostatic movements
during a session, although displacements greater than 5mm were observed in 14% of
patients. However, several investigators have shown that non-resolving slow drift,
mainly in the AP direction, is due to rectal filling, and that sudden transient motion,
most frequent in AP and Sl directions, is due to intestinal peristalsis. These are the two
main types of prostate motion during a session. Pelvic muscle contraction can also
contribute to AP plan. Systematic and random motions are significant in the AP and Sl
axes, while they are less significant in the LR axis (26,38).

In our study, re-irradiation was the only factor who influenced prostate motion.
Several stereotactic radiation therapies exist in clinical routine and there are many
IGRT methods. Image tracking with InTempo®, Exatrac® (ExacTrac, BrainLAB AG,
Heimstetten, Germany) or transponders such as Calyspo® (Varian Medical Systems,

Palo Alto, CA) are another way to track intra-fractional motion of a target. Real-time
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image tracking is all the more significant if the treatment time is long since we know
that the movements can be more important (27,39).

Currently, the only truly real-time IGRT methods are presented by MRI-Linac and
Calypso® monitoring, however their accessibility is low worldwide. One of the
strengths of the Cyberknife is that it can adapt the time between each image according
to the motions previously recorded. It is therefore an adaptive discontinuous tracking
almost in real time (Kv imaging between 15 and 150 seconds). Using Linac, a cone-
beam-CT / Kilovoltage (Kv) follow-up can estimate the intra-fraction prostatic position
between each arc but cannot be used during treatment delivery to assess for
intrafraction organ motion especially because of prostate abrupt movements.

Some stereotactic irradiations are performed without real time tracking and we believe
that in the context of a re-irradiation, real time tracking should be privileged although
its clinical relevance is not established.

Finally, Choi et al. (14) showed that prostatic motion in the AP plane and global
deviation had a possible association with digestive and urinary toxicities during
Cyberknife® SBRT despite automatic correction. It therefore appears relevant to better
understand prostatic motion in a context of increased risk of toxicity due to re-irradiation
in order to better argue the practical management of the treatment.

The practices with regard to the implementation of the PTV in the context of re-
irradiation with SBRT differ, being 0 mm in the study by Fuller et al. (11), 3 mm for
Bergamin et al. (12), and 2 mm for Pasquier et al. GETUG 31 (37).

Reducing PTV margin is crucial since the reduction of the planned volume leads to
less exposure to toxicity for high-risk organs (40). PTV margin creates a fictitious
volume that provides an acceptable probability of the delivery of CTV or GTV

prescription dose. Although it is complex to calculate PTV margin in stereotactic
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radiotherapy, we can confirm that intra-factional motions are essential for its estimation
(41).

Since we observed less motion during re-irradiation its seems relevant to use a smaller
margin compared to the margins used in first irradiation, especially since organs at risk
are subject to strict constraints, dose gradient is high and the number of fraction is

limited.

6. Conclusion

This study analyzed intra-fractional prostate motions during stereotactic irradiation as
the first treatment and re-irradiation. Intra-fraction prostate motions persisted in the
setting of re-irradiation, although a significant reduction was observed when compared
to the first irradiation. The findings of our study make it possible to better understand
prostate behavior at a time where re-irradiation by SBRT is being evaluated as a

salvage therapy for intra-prostatic recurrence.
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7. Tables

Table 1: Patient and tumor characteristics at the time of SBRT (N=162)

Characteristics 1st irradiation N=104 Re-irradiation N=58 Total N =162
Age (years)
Median (min.; max.) 75 (54 — 85) 70 (51-87) 73 (51-87)
ECOG Performance Status (M=4)
0 77 77.0% 52 89.7% 129 81.6%
1 22 22.0% 6 10.3% 28 17.7%
2 1 1.0% 0 0.0% 1 0.6%
History of pelvic surgery
No 103 99.0% 52 89.6% 155 95.7%
Yes 1 1.0% 6 10.3% 7 4.3%
PSA (ng/mL)
Median (min.; max.) 8 (2.3-78.0) 5 (0.4 -39.0) 7 (0.4 -78.0)
Gleason score (M=7) (M=7)
<6 48 46.2% 7 13.7% 55 35.5%
3+4 40 38.5% 8 15.7% 48 30.1%
4+3 12 11.5% 8 15.7% 20 12.9%
28 4 3.9% 22 43.1% 26 16.8%
N/A! 0 0% 6 11.8% 6 4.9%
Prognostic group of Amico
Favorable 35 33.7%
Favorable intermediate 40 38.5%
Unfavorable intermediate 17 16.3%
High risk 12 11.5%

Abreviations : M= Missing data; N/A' = Anatomical pathology analysis not feasible; ECOG: Eastern Cooperative Oncology
Group; PSA: Prostate-Specific Antigen
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Table 2: Patient, tumor and treatments characteristics at the time of first irradiation in patients who had SBRT as
“re- irradiation” (N=58)

Characteristics

Neoplasia related to 1st irradiation

Prostate 49 84.5%
Rectum 6 10.3%
Other 3 5.2%
Technique used during the 1st irradiation
IMRT 4 6.9%
3D-CRT 40 69.0%
Brachytherapy 14 24.1%
Abdominal-pelvic amputation
Yes 0 0%
No 58 100%
Dose of the first radiation (Gy)
Median (min.; max.) 70.1 (45 —78)
D’AMICO prognostic group during the 1st irradiation (N=49) (M=2)
Favorable 16 34.0%
Favorable intermediate 8 17.0%
Unfavorable intermediate 2 4.3%
High risk 21 44.7%

TNM-staging of prostate cancer

for a first irradiation (N=49) (M=4)
cTla 1 2.2%
cT1lb 1 2.2%
cTlc 14 31.1%
cT2a 10 22.2%
cT2b 3 6.7%
cT2c 5 11.1%
cT3a 6 13.3%
cT3b 3 6.7%
cT3aN1 1 2.2%
cT3bN1 1 2.2%

Abreviations : M= Missing data; IMRT= Intensity-Modulated Radiation Therapy; 3D-CRT= three-dimensional
conformal Radiation Therapy
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Table S1: Results of the mixed linear regression of the deviation

Model without interaction term

Model with an interaction between group and time

Coefficient  1C95% Coefficient  1C95% P-value
P value P value . .
(mm) (mm) (mm) (mm) interaction
T - Group(re-
- Group (re-irradiation (-1.01; . . (-0.84;
. -0.71 ! <10-4 irradiation -0.53 ! 0.001
‘compar'ed to first -0.40) compared to first -0.22)
irradiation) . .
irradiation)
- Time (0.47; - Time (/10 min) (0.49;
. <10- . . <10-
- (/10 min) 0.49 0.50) 104 in the group of 0.51 0.53) 10-4
1st irradiation <10-4
- Time (/10 min) (0.40;
in the group of 0.43 0.45) <10-4
re-irradiation
Results of the model with the “time x group” interaction term are presented using contrasts, leading to the
estimate of time effect (slope of linear regression) separately in both groups. The difference of slopes between
both groups is tested by the interaction test.
8. Figures
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Figure S1: Histogram of session duration
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9. Abbreviations

SBRYT = Stereotactic Body Radiation Therapy ; SD = standard derivation ; HIFU = high
intensity focused ultrasound ; EBRT = External Beam Radiation Therapy ; GTV =
Gross Tumor Volume; CTV = Clinical Target Volume ; PTV = Planning Target Volume
; DRR = Digitally Reconstructed Radiograph ; LR = Left-Right ; S| = Superior-Inferior ;
AP = Anterior-Posterior ; AUC = area under the deviation curve ; IMRT = Intensity-
Modulated Radiation Therapy ; Kv = Kilovoltage ; MRI= Magnetic Resonance Imaging
; IGRT = Image Guided Radiation Therapy ; MRI-LINAC = Magnetic Resonance

Imaging Guided Linear Accelerator
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lll. Discussion générale

Il s’agit de la premiére étude ayant décrit les mouvements prostatiques aprés une
précédente radiothérapie. Nous avons choisi le Cyberknife car il permettait un tracking
précis puis un recueil des postions de la prostate au cours du temps.

Bien que lindication de ré-irradiation stéréotaxique de rattrapage soit a ce jour en
phase d’évaluation, ce traitement est de plus en plus utilisé notamment grace aux
innovations technologiques récentes. Ce travail a permis de mieux comprendre les
mouvements complexes de la prostate et de mettre en évidence un mouvement global
prostatique significativement moins important en ré-irradiation.

Concernant les mouvements en ré-irradiation, on retrouvait des mouvements de
translations concordants aux directions retrouvées lors d’une radiothérapie
stéréotaxique en premiére intention, c’est-a-dire orienté vers I'avant et le bas au cours
du temps. Sur le plan rotationnel, on observait également les correspondances de
rotation au cours du temps notamment sur le tangage.

A propos des composantes translationnelles LR, Sl et AP lors de la premiére irradiation
stéréotaxique par Cyberknife®, nous avons noté une homogénéité de nos résultats
par rapport aux différentes études déja réalisées. En effet, Koike et al. (21), sur la base
des dossiers de 16 patients, rapportait pour LR -0,09 £ 0,81 mm S1 0,15 + 2,06 mm et
AP 0,79 £ 1,99 mm, ainsi qu'un écart moyen de 2,53 + 1,77 mm. De méme, Choi et al.
(22), avec des données de 71 patients, a trouvé des moyennes de translation pour LR
de 0,12 £ 0,19 mm, Sl a 0,15 + 0,31 mm et AP 0,73 + 0,32 mm et une déviation
moyenne de 1,0 £ 0,35 mm. De méme, Xie et al. (20) a utilisé les données de 21
patients, trouvant ainsi 0,87 £ 1,17 mm 1,55 £ 1,28 mm et 1,80 = 1,44 mm pour les
directions RL, Sl et AP. Les données de la déviation moyenne sont cohérentes avec

les résultats de Xie et al, montrant une déviation de 2,61 mm (x 1,94 mm) lors de la
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premiére irradiation. En ce qui concerne les mouvements de rotation de la prostate,
dans les travaux de Wolf et al. (23), les données de rotation de 20 patients ont été
évaluées, trouvant des rotations de tanguage de 3,6 ° (SD 4,9 °), roulis 0.2° (SD 2.1°)
et de lacet a 0.1° (SD 2.1°). L'analyse de Cuccia et al. (24) a montré des rotations de
tangage a -0,04 + 0,33 °, de roulis 2 0,18 £ 0,15 et de laceta 0,09 £ 0,10 °.

On sait aujourd’hui que le remplissage rectal est le paramétre qui conditionne le plus
les mouvements prostatiques intra-fractions (26), il est donc important de rester vigilant
quant aux consignes de préparation lors de ces séances extrémement
hypofractionnées, méme si son influence n’a pas été démontrée dans le contexte
d’une ré-irradiation.

Des stratégies de préservation rectale ont été étudiées dans le cadre d’une irradiation
stéréotaxique. A propos, Cuccia et al. (24) s’est intéressé a l'influence du spacer en
hydrogel sur les mouvements intra-fractions au cours d’'une irradiation en RMI-LINAC
et il a été rapporté que le tangage avait significativement diminué grace a I'utilisation
de cette stratégie. L'utilisation du ballon endorectal ou du spacer en hydrogel en SBRT
sont des options possibles ayant montré des bénéfices, notamment dosimétriques
(27,28).

L’ajout d’'une marge de PTV crée un volume fictif qui permet d’obtenir une probabilité
acceptable de délivrance de la dose de prescription au CTV ou au GTV. Bien que son
calcul en radiothérapie stéréotaxique soit complexe, on peut affirmer que les
mouvements intra-fractions sont indispensables a son estimation (17). L’enjeu de la
réduction de cette marge est donc important puisqu’a travers la diminution du volume
traité, les organes a risque sont exposés a un risque de toxicité moindre (29).

A partir de nos résultats, il semble donc pertinent d’utiliser une marge moins importante

dans le cas d’'une ré-irradiation pelvienne par rapport aux marges utilisées lors d’'une
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premiére irradiation, d’autant que les contraintes aux organes a risques sont strictes,

que le gradient de dose est élevé et que le nombre de fractions est limité.

IV. Conclusion générale

Cette étude a analysé le mouvement intra-fraction de la prostate pendant l'irradiation
stéréotaxique comme premier traitement et ré-irradiation.

Les mouvements de la prostate pendant une ré-irradiation sont significativement plus
faibles par rapport au groupe traité en irradiation stéréotaxique premiére.

Les données présentées par notre analyse permettent de mieux comprendre le
comportement prostatique a I'heure ou la radiothérapie stéréotaxique est évaluée
comme une des principales méthodes thérapeutiques possibles de rattrapage aprés

radiothérapie.
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Résumé :

Introduction: Connaitre le mouvement intra-fraction prostatique est crucial pour la
radiothérapie stéréotaxique. Le Cyberknife® (Accuray, Sunnyvale, CA, USA) permet d’effectuer
un tracking de la cible au moyen de fiduciels. A ce jour, aucune étude ne s’est intéressée au
mouvement intra-fraction de la prostate pendant une ré-irradiation stéréotaxique. L’objectif de
ce travail était d’évaluer ces mouvements translationnels et de rotation chez des patients primo-
traités et dans un contexte de ré-irradiation.

Méthodes: De janvier 2011 a mars 2020, 162 patients atteints d’'un cancer de la prostate
histologiquement prouvé ont regu une radiothérapie stéréotaxique prostatique dont 58 dans le
cadre d’'une ré-irradiation. Le Cyberknife® utilise un systéme de suivi par double image
radiographique orthogonale permettant la surveillance des repéres en or implantés. Les
coordonnées des fiduciels ont ensuite été collectées. Les translations et les rotations étaient
alors calculées par rapport a un point de référence défini comme étant la position prostatique
lors du premier cliché de suivi. La déviation prostatique représentant son mouvement global
était définie comme étant la valeur du vecteur 3D.

Résultats: Au total, 858 fichiers de données ont pu étre analysés. L'écart au cours du temps
dans le groupe de patients en premiére irradiation était significativement plus important que celui
du groupe de ré-irradiation avec un écart moyen de 2,73 mm (sd = 1,00) versus 1,90 mm (sd =
0,79), p<0,001. Lors de la ré-irradiation, nous avons identifié un déplacement de 0,20 mm (sd =
1,46); -0,05 mm (sd = 1,53) et 0,42 mm (sd = 1,24) dans le plan gauche-droite, supérieur-
inférieur et antéro-postérieur. Globalement, nous avons observé un écart croissant sur les
premiéres minutes, avec une stabilisation par la suite liée aux mouvements dans les trois axes
de translation.

Conclusion: Il s’agit de la premiere étude ayant comparé les mouvements intra-fractions de la
prostate dans le cadre d’une radiothérapie stéréotaxique de novo et d’'une ré-irradiation. Cette
analyse a permis de mettre en évidence que les mouvements étaient Iégérement moins
importants lors d’'une radiothérapie stéréotaxique de rattrapage. Ces résultats permettront
notamment de mieux estimer I'erreur aléatoire au cours de la radiothérapie stéréotaxique de
rattrapage du cancer de la prostate.
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