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Abstract

Prostate cancer is the 2 nd most commonly occurring cancer in men and the 4 th most common cancer overall. More than 1.4 million new cases have been reported worldwide in 2020, representing the 20.2% of new cancer cases in men in Europe. Hypofractionated (HF) radiotherapy protocols (from 3 Gy per fraction) have shown their effectiveness in treating prostate cancer patients. However, these protocols require a high level of accuracy in dose delivery to allow treatment margins' reduction because of an increased risk of toxicity to the surrounding organs at risk (OARs). Using a monitoring device to control intrafraction motion would enable to improve the treatment accuracy and thus reduce treatment margins. The effect of geometric uncertainties is known to be one of the major concerns in prostate cancer. These are generally due to daily pelvic anatomical variations and inter and intrafractional prostate's movements. Prostate motion can be important (>1 cm) but also irregular, and sometimes unpredictable. Moreover, the observed shifts have little impact on dose distribution if the treatment is delivered with a high number of fractions (conventional fractionation), but this is not true for HF treatments.

The objective of this PhD thesis was to evaluate the dosimetric impact of prostate intrafraction motion on targets and OARs during HF radiotherapy protocols.

In the first part of the work, we quantified and characterized prostate's intrafraction motion during HF treatments, by using a transperineal-ultrasound (TP-US) probe on a large cohort of patients (61 patients, 951 fractions). A strongly nonisotropic and asymmetric (NI-AS) behavior of prostatic movements was observed, and increased displacements were detected for longer observation times.

In the second part, we proposed minimum time-dependent NI-AS treatment margins to take intrafraction motion into account. The robust evaluation of NI-AS margins was performed, and the results showed that treatment margins could be reduced in all directions but posteriorly, ensuring a correct CTV coverage all along the treatment.

Finally, because the impact of prostate intrafraction motion increases moving toward ultra hypofractionated (UHF) protocols (from 7 Gy per fraction), we assessed the differences between planned and delivered dose distributions by accounting for daily anatomical variations and real-time intrafraction motion. We showed that the dosimetric effect of prostate intrafraction motion on targets' coverage and organs at risk predominated over anatomical variations alone.

In conclusion of this thesis work, we were able to evaluate the dosimetric impact of uncertainties sources (prostate intrafraction motion and daily anatomical variations) during HF protocols (from moderately to UHF). An alternative margin strategy accounting for both the characteristics of HF protocols, and the NI-AS nature of prostate motion was proposed, and a workflow to account for the effect of real-time prostate intrafraction motion, by synchronizing it with beam geometry was set up.

Résumé

Le cancer de la prostate est le 2 ème cancer le plus fréquent chez l'homme et le 4 ème cancer le plus fréquent en général. Plus de 1,4 million de nouveaux cas de cancer de la prostate ont été enregistrés dans le monde en 2020 (20,2% des nouveaux cas en Europe). Les protocoles de radiothérapie hypofractionnée (HF) (à partir de 3 Gy par fraction) ont prouvé leur efficacité pour la prise en charge de ces cancers. Cependant ces protocoles nécessitent un haut niveau de précision dans la délivrance de la dose pour permettre la réduction des marges de traitement, en raison d'un risque majeur de toxicité pour les organes à risque (OARs). L'utilisation d'un dispositif pour contrôler les mouvements intrafractions de la prostate pourrait contribuer à réduire ces marges de traitement, diminuant ainsi le risque de toxicité. Les incertitudes géométriques liées aux changements anatomiques et aux mouvements inter et intrafractions de la prostate peuvent impacter de manière significative la précision du traitement. En particulier, les mouvements de la prostate peuvent être importants (>1 cm) mais aussi irréguliers, et parfois imprévisibles. Certaines études ont également montré que plus les séances de traitement durent, plus les mouvements observés sont importants. Ceux-ci ont toutefois peu d'impact sur la distribution de la dose si le traitement est délivré avec un nombre élevé de fractions (fractionnement conventionnel), ce qui n'est pas le cas pour les traitements HF.

L'objectif de cette thése était d'évaluer l'impact dosimetrique des mouvements intrafraction de la prostate sur la distribution de dose au volume cible est aux OARs lors de traitements par radiothérapie HF.

Dans la première partie du travail, nous avons quantifié et caractérisé les mouvements intrafraction de la prostate durant les traitements HF, en utilisant une sonde d'échographie transpérinéale (TP-US) sur une large cohorte de patients (61 patients, 951 fractions). Un comportement fortement non-isotrope et asymétrique (NI-AS) des mouvements prostatiques a été observé, et des déplacements plus importants ont été détectés pour des temps d'observation plus longs.

Dans la deuxième partie, nous avons proposé des marges de traitement NI-AS minimales en fonction du temps pour prendre en compte les mouvements intrafraction. L'évaluation robuste des marges NI-AS a été réalisée, et les résultats ont montré que les marges de traitement pouvaient être réduites dans toutes les directions sauf postérieurement, assurant une bonne couverture du CTV tout au long du traitement.

Enfin, étant donné que l'impact du mouvement intrafraction de la prostate est plus important pour des protocoles ultra-hypofractionnés (UHF) (à partir de 7 Gy par fraction), nous avons évalué les différences entre les distributions de dose planifiées et délivrées en tenant compte des variations anatomiques quotidiennes et des mouvements intrafraction en temps réel.

En conclusion de ce travail de thèse, nous avons pu évaluer l'impact dosimétrique des sources d'incertitudes (mouvements intrafraction de la prostate et variations anatomiques quotidiennes) lors des protocoles HF (de modéré à UHF). Une stratégie alternative de marge prenant en compte à la fois les caractéristiques des protocoles HF, et la nature NI-AS du mouvement de la prostate a été proposée, et un workflow permettant de prendre en compte l'effet du mouvement intrafraction de la prostate en temps réel, en le synchronisant avec la géométrie du faisceau a été mis en place. 

Introduction

Prostate cancer is the second most commonly diagnosed cancer, and the fifth leading cause of cancer death among men worldwide, with approximately 1,414,000 new cancer cases and 375,304 deaths in 2020. In Europe, prostate cancer accounts for 20.2% of total cancer cases in men [START_REF] Sung | Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. Depending on the patient's age, life expectancy, and the extent and aggressiveness of the cancer, several treatment alternatives are available, and one of the most commonly used is external beam radiotherapy (RT) [START_REF] Begg | Strategies to improve radiotherapy with targeted drugs[END_REF]. Radiotherapy's principle is to deliver high energy ionizing radiation (megavolt (MV)) with a linear accelerator (LINAC) to damage the DNA of cancer cells, and thus stop their proliferation ability. For conventional prostate cancer treatments, the total delivered dose ranges between 60 and 80 Gy delivered in 2 Gy per fraction. Fractionation allows sufficient recovery time for healthy tissues, minimizing the toxicity induced by the treatment. The advent and the consequent use of intensity-modulated radiotherapy (IMRT) or volumetric-modulated arc therapy (VMAT) techniques, allow the delivery of higher doses to the target [3] [4]. This is why hypofractioanted (HF) RT protocols arise, delivering daily fractions of 2.5-10 Gy in less than 4 weeks. Depending on the amount of dose per fraction, HF protocols can be divided in: moderately HF (2.5-6 Gy per fraction), and extremely (or ultra) HF (7-10 Gy per fraction) protocols. The biologic rationale for applying HF to prostate cancer is based on the slow proliferation of its cell (estimated prostate's α/β is 1.4-1.9 Gy compared to 3-5 Gy for rectum and bladder) [START_REF] David | Fractionation and protraction for radiotherapy of prostate carcinoma[END_REF] [START_REF] Miralbell | Dose-fractionation sensitivity of prostate cancer deduced from radiotherapy outcomes of 5,969 patients in seven international institutional datasets: α/β= 1.4 (0.9-2.2) Gy[END_REF], resulting in a high reparation ability of radiation damage over time. High doses per fraction are more effective for slowly proliferating cells, because of immediate cell death caused by the high number of DNA double-strand breaks during each fraction.

However, high-precision RT techniques (IMRT and VMAT) in combination with high-dose protocols (HF), have made the treatment application more susceptible to inaccuracies due to changes in the pelvic anatomy [START_REF] Chen | Dosimetric impact of different bladder and rectum filling during prostate cancer radiotherapy[END_REF], and to the occurrence of inter and intrafractional prostate motion [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF] [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF]. Moreover, HF protocols require a high level of accuracy in dose delivery because of an increased risk of toxicity to the surrounding organ at risk (OAR)s. In this direction, Clinical Target Volume (CTV)-to-Planning Target Volume (PTV) margins should ideally be reduced, which is contradictory to the strong dose gradients in the OARs' proximity, generated by VMAT techniques. Thus, the implementation of HF treatments should require a strong and efficient image-guided radiotherapy (IGRT) protocol to minimize setup errors, to control intrafraction motion, and to reduce CTV-to-PTV margins, even during longer treatment sessions.

The objective of this PhD thesis was to evaluate the dosimetric impact of prostate intrafraction motion on the dose delivered to the target and OARs during HF RT treatments. In particular, we wanted to evaluate the dosimetric impact of intrafraction motion on the dose distribution to the targets and OARs in the absence of an IGRT device and in the context of HF and ultra hypofractionated (UHF) treatments.

This manuscript contains the work done during the last three years, and it is divided in three chapters.

The first chapter presents the medical and scientific context of the research activities. An overview of external beam RT is presented in the first part of the chapter, while the second part focuses on IGRT techniques. In particular, ultrasound (US) IGRT technique is presented, describing the Clarity 3D transperineal (TP)-US probe (Elekta AB, Stockholm) used during the thesis work to record prostate shifts [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF].

To conclude, a digression on the sources of uncertainty during prostate cancer RT treatments was made, and a brief description of robust optimization and adaptive radiotherapy techniques has been proposed.

The second chapter of the manuscript details the work carried out for the first contribution made during this thesis, to investigate the impact on dose distribution of intrafraction motion during moderately HF prostate cancer treatments, and to estimate minimum time-dependent non-isotropic and asymmetric (NI-AS) treatment margins taking motion into account. This work has been published in the European Journal of Medical Physics (EJMP) [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF].

The third chapter provides the results of the second contribution made during this thesis on the dosimetric impact of both daily anatomical variations and real-time prostate intrafraction motion during UHF RT treatments. At the time of writing this thesis, this contribution has been submitted for publication in Medical Physics journal.

Finally, the last part of the thesis proposes a synthesis of the work carried out, its main conclusions, and some possible research perspectives.

The work done during these three years of thesis was financed by Elekta LTD, and has been conducted at the radiotherapy department of the Léon Bérard Cancer Center, in the TOMORADIO team of the CREATIS laboratories.

Chapter 1

State of the art: clinical and technical context 1.1 Prostate cancer 1.1.1 Incidence and mortality

Prostate cancer is the second most commonly diagnosed cancer (figure 1.1A and figure 1.2A) and the fifth leading cause of cancer death among men worldwide (figure 1.1B and figure 1.2B), with approximately 1,414,000 new cancer cases and 375,304 deaths in 2020 [START_REF] Sung | Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. In Europe, prostate cancer accounts for 20.2% of total cancer cases in men [START_REF] Sung | Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF].

Figure 1.1: Distribution of new cancer cases (A) and deaths (B) for the top 10 most common cancers in 2020 for men (figure from [START_REF] Sung | Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]).

The incidence increases with age, and the incidence rate is nearly 60% in men over the age of 65 years, but it is highly variable worldwide [START_REF] Rawla | Epidemiology of prostate cancer[END_REF]. The reason for these differences is not entirely clear: family history is an high-impact risk factor. Moreover, the worldwide incidence variation might also be attributed to Prostate-Specific Antigen (PSA) testing. After studies published by Stamey et al. in 1987 [START_REF] Thomas A Stamey | Prostate-specific antigen as a serum marker for adenocarcinoma of the prostate[END_REF], PSA screening became the most important means of prostate cancer diagnosis, becoming prevalent among the higher socioeconomic status groups as a result of their access to health care [START_REF] Liu | Changing relationship between socioeconomic status and prostate cancer incidence[END_REF]. These differences suggest that variations in incidence may also be due to underdiagnosis, because of disparities in healthcare access.

Regarding mortality, in 2020, the highest mortality rate has been recorded in Central America (28 per 100,000 people), followed by middle Africa [START_REF] Webb | The physical basis of IMRT and inverse planning[END_REF] and southern Africa [START_REF] Tyldesley | Estimating the need for radiotherapy for patients with prostate, breast, and lung cancers: verification of model estimates of need with radiotherapy utilization data from British Columbia[END_REF] (figure 1.2B) [START_REF] Gandaglia | Epidemiology and prevention of prostate cancer[END_REF]. Conversely, the lowest rate has been reported in Asia (south-central: 3.1; eastern: 4.6 and south-eastern, 5.4) (figure 1.2B) [START_REF] Gandaglia | Epidemiology and prevention of prostate cancer[END_REF]. The mortality rate rises with age, and almost 55% of all deaths occur after 65 years [START_REF] Rawla | Epidemiology of prostate cancer[END_REF]. The evolution of this cancer is generally slow, and the first symptoms appear many years after (10 to 15) the appearance of the first cancer cells in most patients.

Prostate anatomy

Prostate is a gland belonging to the male genital system, made up of fibrous and muscular tissue, whose main task is to produce and store seminal fluid (figure 1.3). Its common size is about 3 cm high and 4 cm wide, with a volume of 20 cm 3 for around 20 g. Around the age of 40, prostate gland begins to grow (prostate hyperplasia) increasing its initial size by 4 or 5 times.

The prostate lies below the bladder, posteriorly is in contact with the rectum, and with the urethra passing through it.

Traditionally, the prostate is divided into anatomical lobes (inferoposterior, inferolateral, superomedial, and anteromedial) by the urethra and the ejaculatory ducts. However, the histological division into three zones is clinically more relevant [START_REF] Mcneal | Normal histology of the prostate[END_REF] (figure 1.4):

• Central zone: comprising 25% of the prostate volume, it surrounds the ejaculatory ducts. This zone accounts for roughly 2.5% of prostate cancers that generally tend to be more aggressive, and to invade the seminal vesicles.

• Transitional zone: comprising quite the 10% of prostate volume, it is located centrally, and surrounds the urethra. Approximatively, between 10 and 20% of prostate cancers originate in this zone. • Peripheral zone: comprising the majority of the prostate volume ( 65%), it is located posteriorly. This zone is prone to urine reflux and this may be connected to the high incidence of prostate carcinoma ( 70-80% of prostatic cancers).

Finally, the fibromuscular stroma, situated anteriorly and made up of muscle and fibrous tissue, is not considered in the previous division [START_REF] Mcneal | Normal histology of the prostate[END_REF]. 

Detection and diagnosis

To estimate the advancement state of prostate cancer, and the probability of seminal vesicles invasion, the Gleason score calculation in combination with other clinical tests such as PSA, are used. Cancer is suspected if there is an increase in the PSA value, normally between 2.5 ng/mL and 6.5 ng/mL depending on the patient's age. An US-guided biopsy is performed to analyze several fragments of the prostate, and to evaluate the Gleason score, based on the aggressiveness of the tumor. Theoretically, the Gleason score range is between 2 and 10. However, pathologists generally assign values from 6 to 10, with 6 being the lowest grade cancer. The higher is the score, the more aggressive is the tumor.

If the biopsy reveals cancerous cells, additional tests (often imaging), are prescribed to determine the extent of the cancer. magnetic resonance imaging (MRI) is used to detect a possible capsular protrusion and to look for lymph node extension. As the sensitivity of this detection is low (35%), lymph node dissection may be proposed when the PSA level is higher than 10 ng/ml, and/or when the Gleason score is greater than 7. Moreover, bone scans may also be performed to detect possible metastases.

These different examinations make it possible to identify three prognostic groups according to the D'Amico classification [START_REF] Anthony | Biochemical outcome after radical prostatectomy or external beam radiation therapy for patients with clinically localized prostate carcinoma in the prostate specific antigen era[END_REF], and to choose the appropriate therapy:

• Low risk cancer T1-T2a and PSA <10 ng/mL and Gleason <6 Biological recurrence-free survival greater than 90% at 5 years after prostatectomy

• Intermediate risk cancer

T2b or PSA between 10 and 20 ng/mL or Gleason = 7 Biological recurrence-free survival around 70% at 5 years after prostatectomy

• High-risk cancer

T2c-T3 or PSA >20 ng/mL or Gleason >7 Biological recurrence-free survival around 50% at 5 years after prostatectomy

Treatment overview

Depending on the patient's age, life expectancy, and the extent and aggressiveness of the cancer, the treatment is chosen among several therapeutic options that may be combined. The main proposed treatments are active surveillance, surgery, radiotherapy, and hormone therapy. Moreover, other recent treatment modalities are being evaluated, such as radioligand therapies, cryotherapy or high-intensity focused US.

• Watchful waiting: it consists of monitoring prostate cancer that isn't causing any symptoms or problems, avoiding testing and treatment unless necessary. ). Following the Tumor, Nodes, Metastases (TMN) system [START_REF] Leslie | TNM classification of malignant tumors[END_REF], the degree of tumor extension can be classified in four categories: T1 (tumor not palpable or visible on imaging); T2 (tumor limited to the prostate); T3 (tumor extended beyond the prostate); T4 (extension to adjacent organs).

• Active surveillance: it consists of monitoring patient's and cancer conditions (by performing regular PSA tests or biopsies) but avoiding treatment, unless symptoms arise.

• Surgery: it consists of a total ablation (prostatectomy) of the prostate gland, as well as the surrounding tissues (seminal vesicles).

• External-beam radiotherapy: it consists of using high-energy ionizing radiation beams (X-rays) produced by LINACs to kill cancer cells.

• Brachytherapy: it consists of placing short-range radiation-sources (radioisotopes) inside or closer to the tumor. The irradiation only affects a localized area, reducing the exposure of healthy tissues far away from the tumor.

• Hormone therapy: it consists in assuming drugs that can stop testosterone production or directly block it from acting on prostate cancer cells.

• Radioligand therapies (Lutetium-177-PSMA-617): it consists of delivering beta-particle radiation selectively to prostate-specific membrane antigen (PSMA)-positive cells and to the surrounding environment for castrationresistant prostate cancer.

• High-intensity focused US therapy: it consists of using high frequency US waves to raise the tissue temperature (65°C), and destroy cancerous cells, by inducing a coagulative necrosis.

• Cryotherapy: it consists in using very cold temperatures (-40°C) to freeze and kill cancerous cells.

Finally, table 1.1 summarizes the cancer's stages based upon their Gleason score, and the suggested treatment options [START_REF]Initial Treatment of Prostate Cancer, by Stage and Risk Group[END_REF]. Radiotherapy is one of the most cost-effective cancer treatment modalities. Approximately 50% of all cancer patients receive radiation therapy [START_REF] Begg | Strategies to improve radiotherapy with targeted drugs[END_REF] estimating that it contributes to around 40% of curative treatments [START_REF] Barnett | Normal tissue reactions to radiotherapy: towards tailoring treatment dose by genotype[END_REF].

Radiotherapy treatments deliver ionizing radiation to the tumor to stop the proliferation of cancer cells. The radiation dose to a tissue is expressed in Gray (Gy), and represents the amount of energy absorbed per unit of mass. For conventional prostate cancer treatments, the total delivered dose ranges between 60 and 80 Gy, 2 Gy per fraction. Fractionation allows sufficient recovery time for healthy tissues, minimizing the toxicity induced by the treatment. Radiotherapy alone is extensively used in the management of prostate cancer [START_REF] Tyldesley | Estimating the need for radiotherapy for patients with prostate, breast, and lung cancers: verification of model estimates of need with radiotherapy utilization data from British Columbia[END_REF], but it is frequently combined with other treatment modalities. Over the past few decades, substantial technological advancements in three dimensional (3D) conformal radiation treatments, such as Stereotactic Body Radiation Therapy (SBRT), IMRT, VMAT or improved imaging systems (i.e., IGRT), enabled an higher dose conformity to the tumor while minimizing radiation exposure of surrounding normal tissues, improving the treatment efficacy.

Radiotherapy workflow

A radiation therapy treatment consists of 4 basic steps, going from the clinical prescription, to the end of the treatment.

• Treatment simulation: this first step is essential in order to define the exact anatomy and location of the tumor, and to perform dose calculation. To do this, a 3D computed tomography (CT) scan is acquired. CT imaging is crucial in RT treatment planning for two important reasons. First, it allows to define the exact anatomy and location of the tumor, OARs, and surrounding tissues. Second, it provides a tissues' electron density map, to be used in the treatment planning system (TPS) for dose calculation. During the CT scan, the patient is immobilized in its treatment position with a restraint system. Markers (tattoos) are positioned on the patient's skin thanks to fixed lasers installed in the room. These lasers are also present in the treatment room to facilitate patient's pre-treatment repositioning.

• Organs delineation: the radiation oncologist contours the target volumes and the OARs on the CT image. To carry out this step, a secondary imaging, offering a better contrast than the CT, is often used. For example, MRI offers better contrast in soft tissue, while positron emission tomography (PET) imaging provides a functional image of the tumor, by identifying the most active areas. Secondary and CT images are registered (rigidly or deformably) to be in the same coordinate system, allowing the projection of the lesion's contour drawn on the secondary imaging onto the simulation CT.

• Treatment planning: this step is performed by medical physicists (or medical dosimetrists) on CT images by using specialized TPS to produce a treatment plan. The treatment plan models the placement of radiation beams (technique, geometry, field incidences, and irradiation time), and their dose contribution to ensure that the prescribed dose is delivered to the target, while minimizing the dose to healthy tissues. Finally, dose-volume histogram (DVH) are calculated to evaluate the treatment's quality.

• Treatment delivery: this step is carried out in several fractions. At each session, the patient is re-positioned by using skin markers and lasers. Then, a pre-processing image (two dimensional (2D) or 3D) is acquired and compared to the reference CT image, with the 2 images being re-aligned. The differences in translation are then applied to the treatment table to reposition the patient in accordance with the simulation. The treatment is then performed. In some cases, intrafraction movements are also monitored.

Radiotherapy technologies

In this section, a brief description of different RT technologies routinely used for conventional treatments is provided.

LINAC

In a clinical LINAC (figure 1.6), electrons gain energy (>6 MeV) by interacting with a synchronized radiofrequency electromagnetic field. First electrons are emitted by heating a filament in an electron gun, then they are injected into a series of cavities where very high magnetic fields are created by a high frequency wave (3000 MHz), produced by a magnetron or a klystron. The voltages necessary to operate these assemblies are produced in pulsed form by a so-called modulator. The high-energy electron beam can be used for radiotherapy, after passing through lead scatters, to treat superficial lesions (up to about 70 mm deep) [START_REF] Mayles | Handbook of radiotherapy physics: theory and practice[END_REF]. Conversely, to treat deeper tumors, it is better to use photon beams, generated as a result of the collision of the electron beam on a target (tungsten). Modern LINACs can be equipped with multi leaf collimator (MLC) that incorporate approximately 164 tungsten leaves, used to shape the beam. Each leaf is individually motorized and computer controlled, allowing positioning with an accuracy better than 1 mm [START_REF] Ervin B Podgorsak | Radiation oncology physics[END_REF]. After the introduction of MLC, the treatment techniques underwent a rapid evolution. Older techniques were replaced with 3D conformal RT, and technological advancements in radiation imaging, planning, and delivery allowed the introduction of IMRT, and VMAT techniques. IMRT uses 3D imaging to guide radiation beams to the tumor from many different angles while modulating the intensity and shape of the beam to match the shape of the tumor. This is achieved by dividing each radiation beam into smaller radiation beamlets and varying the individual intensities. This results in a dose distribution that accommodates complex geometries with isodoses that can be concave or convex [START_REF] Webb | The physical basis of IMRT and inverse planning[END_REF]. The advantages of this technique are improved target volume conformity, and OARs sparing, resulting in reduced acute and late toxicities [START_REF] Veldeman | Evidence behind use of intensity-modulated radiotherapy: a systematic review of comparative clinical studies[END_REF]. For prostate cancer, the use of IMRT technique have shown an improved tumor control, and dose reduction to bladder and rectum [START_REF] Michael J Zelefsky | Clinical experience with intensity modulated radiation therapy (IMRT) in prostate cancer[END_REF] [28] [START_REF] David P Dearnaley | Escalated-dose versus standard-dose conformal radiotherapy in prostate cancer: first results from the MRC RT01 randomised controlled trial[END_REF]. Although widely used in RT centers, this technique results in high irradiation times: 15 to 20 minutes on average. For this reason, in 1995, Yu [START_REF] Yu | Intensity-modulated arc therapy with dynamic multileaf collimation: an alternative to tomotherapy[END_REF] proposed to combine IMRT with arm rotation in order to optimize both the dose deposit and the duration of an irradiation session [START_REF] Yu | Intensity-modulated arc therapy with dynamic multileaf collimation: an alternative to tomotherapy[END_REF]. Finally in 2008, a powerful method, allowing to apply in clinic this new modality, was developed under the name of VMAT [START_REF] Otto | Volumetric modulated arc therapy: IMRT in a single gantry arc[END_REF]. The treatment is delivered by varying four dynamic parameters: dose rate, arm rotation speed, and MLC's shape and speed [START_REF] Otto | Volumetric modulated arc therapy: IMRT in a single gantry arc[END_REF]. A major advantage of this technique is that it reduces the irradiation time (factor 2 to 5), decreases the number of monitor units (MU), the influence of intrafraction motion, and maintains a better target coverage and dose conformity with respect to IMRT [START_REF] Muhammad | Dosimetric and radiobiological characterizations of prostate intensity-modulated radiotherapy and volumetricmodulated arc therapy: A single-institution review of ninety cases[END_REF] [START_REF] Kawashima | Comparison of total MU and segment areas in VMAT and step-andshoot IMRT plans[END_REF]. Several studies comparing the plan quality between IMRT and VMAT have shown that VMAT has better treatment efficiency, and better dosimetric outcomes for both target and OARs [START_REF] Enzhuo M Quan | A comprehensive comparison of IMRT and VMAT plan quality for prostate cancer treatment[END_REF] [START_REF] Muhammad | Dosimetric and radiobiological characterizations of prostate intensity-modulated radiotherapy and volumetricmodulated arc therapy: A single-institution review of ninety cases[END_REF] [33] [START_REF] Sale | Dose comparisons for conformal, IMRT and VMAT prostate plans[END_REF].

Tomotherapy

Tomotherapy ® (Accuray ® , USA) unit merges several features of a conventional LINAC with those of a helical CT scanner (figure 1.7) [START_REF] James S Welsh | Helical tomotherapy: an innovative technology and approach to radiation therapy[END_REF] . During treatments, the patient lies on a couch that moves continuously through a rotating ring. Radiation is delivered from all angles as the ring turns and the couch moves through the gantry. The images are made with the processing beam having an energy of 3.5 MV. The LINAC-detector system rotates around the patient in a circular path of 85 cm in diameter while the table moves along its length, the treatment beam forms a helical shape as for a CT acquisition. The beam is modulated by an MLC, whose leaves (of 0.625 mm width) open and close, without moving in the beam, unlike a conventional LINAC. The height of the irradiation field is fixed (1cm, 2.5cm, or 5cm), and, with respect to VMAT treatments, Tomotherapy ® can treat larger lesions.

Cyberknife

The CyberKnife ® system (Accuray, USA) mounts a 6 MV LINAC on a robotic arm that accurately delivers RT treatments with non-coplanar mini-beams while being guided in real-time by an image tracking technology device that allows to follow the tumor throughout the treatment session (figure 1.8) [START_REF] John S Kuo | The CyberKnife stereotactic radiosurgery system: description, installation, and an initial evaluation of use and functionality[END_REF]. The current CyberKnife system reaches a very high precision, thanks to its computer-driven robot arm with six degrees of freedom, two ceiling-mounted diagnostic x-ray cameras with corresponding orthogonal, floor-mounted amorphous silicon detectors for real-time digital imaging, and a treatment couch with electronic controls (5 degrees of freedom: x, y, and z axes, head tilt, and left-right rotational axes) having one manually adjusted rotational degree of freedom that is based on the patient's position [START_REF] John S Kuo | The CyberKnife stereotactic radiosurgery system: description, installation, and an initial evaluation of use and functionality[END_REF]. CyberKnife ® systems are used for HF treatments and, contrary to other technologies, treatment sessions are longer (from 30 minutes up to 2 hours). The Halcyon (Varian ® , USA) system is a combination of the technologies used on Tomotherapy, and on a conventional LINAC. The shape is similar to a Tomotherapy system, but the MLC is from a LINAC technology, with the leaves moving in the beam, and the table remaining stationary during irradiation (figure 1.9). The photon beam energy is 6 MV. As for Tomotherapy ® , MV imaging is possible with the Halcyon, but it also integrates a cone beam CT (CBCT) imaging device. In this direction, the Ethos system (Varian®, USA) has been developed. It is a novel commercial linear accelerator integrating an online adaptive radiotherapy (ART) workflow based on high quality iterative cone beam CT (iCBCT) images [START_REF] Ethos | Varian Medical Systems[END_REF] [START_REF] Moazzezi | Prospects for daily online adaptive radiotherapy via ethos for prostate cancer patients without nodal involvement using unedited CBCT auto-segmentation[END_REF].

MRI-LINAC

Magnetic Resonance Imaging Guided Linear Accelerator (MRI-LINAC) combines MRI, and a LINAC to treat cancers throughout the body, with specific advantages for soft-tissue tumors. The radiation delivery on the MRI-LINAC is fully integrated with the MRI, so the system can deliver treatment radiation beams and monitor the target area at the same time. Following the paper by Liney et al. [START_REF] Gary P Liney | MRIlinear accelerator radiotherapy systems[END_REF], there are four different MRI-LINAC systems at various stages of implementation around the world (figure 1.10). [START_REF] Gary P Liney | MRIlinear accelerator radiotherapy systems[END_REF]). (C) Viewray's MRIdian system (commercially available, field strength: 0.35T). (D) MagnetTx's Aurora-RT (commercially available, field strength: 0.5T).

Image-guided radiation therapy

Image-guided radiation therapy (IGRT), allows for the adjustment of patient daily interfraction motion, as well as intrafraction motion during the radiation delivery. Failure in accounting for variations of the prostate gland position due to anatomical variations of the surrounding normal gastrointestinal and genitourinary organs during the course of RT may compromise target coverage, and expose OARs (rectum and bladder) to higher doses. In this direction, the use of IGRT protocols enables reducing the geometric uncertainty of the treatment [START_REF] Michael J Zelefsky | Improved clinical outcomes with high-dose image guided radiotherapy compared with non-IGRT for the treatment of clinically localized prostate cancer[END_REF], and it is considered as an essential tool in ensuring the safe clinical application of the modern RT techniques, also allowing for treatment margin reduction.

The next sections will describe the main imaging modalities routinely used for the pre-treatment repositioning, and to control motion during the treatment.

Electronic Portal Digital Imaging

The electronic portal device imaging (EPID) system is used to measure the x-ray intensity transmitted through a patient from a radiation port during the treatment session. The radiation signal is converted electronically into a 2D digital radiographic image to verify the correct beam placement with respect to patient's anatomy, and compare daily and simulation position. This technique has the advantage of being fast and reliable to reposition on the bone structures, but a non-negligible additional dose delivered of about 6.6 cGy for each image pair acquisition is delivered to the patient [START_REF] Walter | Phantom and in-vivo measurements of dose exposure by image-guided radiotherapy (IGRT): MV portal images vs. kV portal images vs. cone-beam CT[END_REF]. Regarding prostate treatments, a major disadvantage of this technique is that it does not provide any information on the soft tissues without surgical implantation of fiduciary markers. Moreover, in addition to the invasive nature of the process, the markers are likely to migrate during the treatment [START_REF] Delouya | Migration of intraprostatic fiducial markers and its influence on the matching quality in external beam radiation therapy for prostate cancer[END_REF].

Cone Beam Computed Tomography

During CBCT imaging, an x-ray tube and a detector panel rotate around the patient capturing data with a cone-shaped X-ray beam, reconstructing an entire image volume from a single gantry rotation. The acquisition system rotates partially or totally around the patient, at a constant speed, which allows obtaining a 3D image thanks to the acquisition of a large number of 2D projections at different angles of incidence. The patient's position on the day of treatment is corrected thanks to a registration of this CBCT image on the planning CT image. A significant advantage is that this technique allows soft tissue visualization to control both the target volume position, and the OARs, although the image contrast is lower than that of a CT image. There is also the possibility of performing a CBCT during (or before) VMAT treatment, to verify patient's motion. However, this imaging modality is irradiating (between 10 and 30 mGy per examination), and the time needed for acquisition (about 1min30s) and analysis can be a limiting point. Regarding prostate cancer treatments, CBCT imaging is used as the reference image for patient's pre-positioning before the treatment start. In addition, in recent years, thanks to deformable image registration (DIR) techniques, CBCT images are being used for ART strategies (paragraph 1.5).

Electromagnetic Transponders

Systems based on the detection of electromagnetic transponders are mainly used for the detection of prostate's intrafractional movements. Various studies have investigated the Calypso (Varian Medical Systems, Palo Alto, CA), and RayPilot (Micropos, Gothenburg, Sweden) systems based on electromagnetic transponders. The Calypso transponders are implanted instead of fiducial markers (FM), and an external receiver detects their position at a rate of 25 Hz [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF]. Conversely, RayPilot incorporates a single catheter based transponder deployed via the urethra to the prostate, with a 30 Hz frequency [START_REF] Ravkilde | Time-resolved dose distributions to moving targets during volumetric modulated arc therapy with and without dynamic MLC tracking[END_REF] [START_REF] Kindblom | High precision transponder localization using a novel electromagnetic positioning system in patients with localized prostate cancer[END_REF]. The advantages of RayPilot and Calypso are twofold: they allow real-time prostate monitoring, and are non-irradiating. On the other hand, these devices are invasive, adapted to a limited number of indications, and do not offer any information on the patient's internal anatomy. Moreover, they are likely to migrate from one session to another, and are therefore difficult to use for pre-treatment repositioning.

Optical Surface Imaging

Optical surface imaging systems perform surface recognition of the patient by stereoscopic vision called stereovision [START_REF] Gopan | Evaluation of the accuracy of a 3D surface imaging system for patient setup in head and neck cancer radiotherapy[END_REF]. A commercial 3D surface imaging system is AlignRT (VisionRT Ltd., London, UK). It is a video-based camera system designed to assist with initial patient setup and intrafraction motion monitoring during RT. Using active stereo photogrammetry, up to three ceiling-mounted cameras can reconstruct the patient's surface and register it to a reference surface in real time. This registration information is provided to the user in the form of three translational and three rotational real-time delta values, indicating the displacement of the patient from the intended position. This technique can be used both for patient repositioning, and intrafraction monitoring. It has the advantage of being non-irradiating, and helps in verifying patient position before each treatment session, but it do not give any information on the internal anatomy (it is not possible to follow prostate shifts inside the patient).

Magnetic Resonance Imaging

As described in section 1.2.3.5, MRI is available on MRI-LINAC systems, allowing to integrate MRI with LINAC systems to facilitate adaptive treatments and motion management [START_REF] De | Prostate intrafraction motion during the preparation and delivery of MR-guided radiotherapy sessions on a 1.5 T MR-Linac[END_REF]. This technique allows to reposition the patient thanks to the registration of the reference CT image on the pre-processed MRI image. The advantage of this technology is the good soft tissues' contrast, and the possibility of controlling intrafraction motion, without additional dose to the patient [START_REF] De | Prostate intrafraction motion during the preparation and delivery of MR-guided radiotherapy sessions on a 1.5 T MR-Linac[END_REF]. The major disadvantage is the high cost of this technology which makes it accessible to a small number of treatment centers. Regarding prostate cancer treatments, MRI-LINAC systems permit the implementation of ART strategies (paragraph 1.5). Finally, for patients with critical OARs volume variations, MRI-LINAC systems demonstrated the potential for a target dose coverage improvement compared to C-arm LINAC treatments [START_REF] Dunlop | Daily adaptive radiotherapy for patients with prostate cancer using a high field MR-linac: Initial clinical experiences and assessment of delivered doses compared to a C-arm linac[END_REF].

3D MV Imaging

This technique is associated with the Tomotherapy treatment device (section 1.2.3.2). The treatment X-ray source faces a detector, thus allowing to realize images with the treatment beam at an energy of 3.5 MV. The source rotates around the patient at a fixed speed while the table advances at a constant speed. A 3D-MV acquisition is obtained, which is then registered onto the reference CT image. This imaging technique has the advantage of being robust for bone registration, or in presence of material that can produce artifact in the image (prosthesis). However, due to the used energy, the contrast in soft tissues is lower than for CBCT imaging. In addition, the dose required is also higher than with low energy, between 3.7 and 8.5 cGy [START_REF] Delpon | In room delivered doses during image-guided radiotherapy courses[END_REF].

Ultrasound imaging

Ultrasound imaging for IGRT is the main theme of the following thesis, for this reason it will be detailed in the next section.

Ultrasound IGRT imaging

In recent years, US imaging has resulted as an accurate, non-invasive, and nonirradiating real-time imaging modality for inter and intrafraction motion management [START_REF] Fontanarosa | Review of ultrasound image guidance in external beam radiotherapy: I. Treatment planning and inter-fraction motion management[END_REF]. This modality is also of economic interest because its costs is lower than that of other available techniques (i.e. MRI-LINAC). Initially applied to prostate cancers, the development of US for RT is currently focused on abdominopelvic localizations (prostate cancer, cervix, endometrium, liver...), but also on breast irradiation. On the other hand, this technique is not suitable for imaging structures such as lungs or bones. In addition, the image quality also depends on patient's anatomical conditions.

In the first part of this session, after a brief introduction on the physics of US imaging, an overview will be given on the accuracy of US imaging systems used for prostate intrafraction monitoring during RT treatments. In the second part, we will focus on the Clarity (Elekta AB Stockholm) Transperineal US (TP-US) probe [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF] used during this thesis to retrieve prostate intrafraction shifts during the treatment session.

Introduction to the physics of ultrasound imaging

Ultrasounds are sound waves whose frequencies exceed the upper audible limit of human hearing (figure 1.11). US frequencies used for diagnostic applications typically range from 2 to 20 MHz depending upon the used probe, and the desired application (figure 1.11). The greater the frequency used, the lower the penetration, but the greater the image's resolution [START_REF] John | Physics and instrumentation of ultrasound[END_REF].

In conventional US imaging, the acoustic properties of the body are used to produce an image from stationary and moving tissues. Brief pulses of energy are transmitted into the body and propagate as longitudinal waves (sound propagation in the direction of particle motion). Waves speed through tissues is a crucial value to determine the distance of a reflecting interface, and it depends on the physical properties of the tissue itself (medium's density and elasticity) (figure 1.12).

The echo-ranging principle is used to generate a 2D US image: it determines the position (or depth) of a structure by measuring the time interval between the transmitted and the received signal. To produce an echo, a reflecting interface must be present. The junction between tissues with different physical properties produces an acoustic interface. Considering that US waves cannot travel through air, probes must contact patients' skin through a coupling medium (generally US gel) to engage with tissues. Thus, when US waves pass from one tissue to another, some of the incident energy is reflected. The amount of reflected energy is determined by the difference in the acoustic impedance (Z), depending on both propagation speed, and tissue's density (ρ). Interfaces with large acoustic impedance differences (tissueair or tissue-bone) reflect almost all the incident energy, whereas, interfaces with smaller differences (muscle-fat interface), reflect only part of the incident energy. US production is achieved by piezoelectric transducers, materials allowing the conversion of electrical into mechanical energy and vice versa. If piezoelectric materials are mechanically deformed, they produce an electric field that tries to restore their shape. Conversely, if an electric field is applied to a piezoelectric material (typically a voltage pulse of few hundred volts), then the material will physically deform. Nowadays, the transducers used in clinics (such as those for echography) are made up of piezoelectric probes allowing to emit and receive US waves. The Lead Zirconate Titanate (PZT) is the most commonly used piezoelectric ceramic in US transducers, having the highest piezoelectric stress coefficient (9.2 N/V m) which yields higher acoustic power with the same electrical input. 

Ultrasound imaging in prostate cancer radiotherapy

In comparison with other imaging modalities, US imaging typically provides a good soft-tissue contrast without additional radiation to the patient. Currently available Figure 1.12: In the body, longitudinal waves' propagation speed is considered constant for a given tissue, and is not affected by sound's frequency or wavelength. The assumed average soft tissue propagation speed is 1540 m/s (figure from [START_REF] Christopher | Vascular Surgery: Basic Science and Clinical Correlations[END_REF]).

US systems allow for real-time volumetric imaging and soft-tissue tracking [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. The combination of these characteristics makes US imaging a suitable modality for inter and intrafraction management. As previously underlined, patient's setup prior to each fraction is a crucial step during prostate cancer workflow. This procedure should reproduce as much as possible, patient setup at the simulation stage. Thus, monitoring prostate's position and shape during the treatment course can improve the accuracy in dose delivery, potentially allowing for margin reduction. In this direction, US imaging is a suitable modality for this purpose.

To image the prostate and OARs during the RT workflow, three US imaging techniques are used in clinical practice.

• Transrectal US imaging: the probe is positioned through the anus inside the rectum, and allows imaging the prostate with a good image quality. Challenges are linked to rectal filling and to the presence of air. In external beam US, it is used to guide FM placement during the simulation stage. However, placed inside the rectum, the probe is in the path of the radiation beam. For this reason, it is not used for inter and intrafraction organ motion monitoring.

• Transabdominal US (TAUS) imaging: the probe is positioned on the abdomen, and uses the acoustic window of the bladder for prostate visualization, requiring a full bladder which might lead to patient discomfort. Challenges are linked to probe location, relatively far from the prostate, which might influence image quality. Moreover, image quality can also be impacted by adipose tissue that attenuates the US waves, increasing artifacts. This imaging modality is only suitable for interfraction monitoring. In the past 20 years, three TAUS systems allowing for interfraction prostate monitoring during the RT workflow have been developed: SonArray system (Varian Medical Systems, USA) [START_REF] Todd | Comparison of ultrasound and implanted seed marker prostate localization methods: Implications for image-guided radiotherapy[END_REF], B-Mode Acquisition and Targeting (BAT) system (Best Nomos, Pittsburgh, PA, USA) [START_REF] Christopher F Serago | Initial experience with ultrasound localization for positioning prostate cancer patients for external beam radiotherapy[END_REF], and the Clarity system (Elekta AB Stockholm).

• Transperineal US imaging: the probe is positioned on patient's perineum requiring a less strict bladder filling protocol. As the distance between prostate and perineum is smaller, a relatively good image quality can be achieved. Finally, the probe setup does not interfere with the radiation beam, so TP-US imaging can be used for intrafraction prostate monitoring. The Clarity Autoscan system (Elekta AB Stockholm) [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF] uses the transperineal configuration for inter and intrafractional prostate monitoring (section 1.3.4).

Clarity Autoscan system 1.3.3.1 Transperineal ultrasound probe

The Clarity system (Elekta AB Stockholm) is based on a 2D TP-US (figure 1.13) probe located in the room coordinates thanks to 4 reflectors fixed on the top of the probe which are tracked by an infrared camera fixed on the ceiling. The transperineal probe is made up of 128 piezoelectric elements, with a frequency of 5.0 ± 0.5 MHz [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. It is also mechanized: the volumetric acquisition is carried out thanks to an automated rotation able to scan a complete 75º sweep in 0.5 seconds [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. The patient does not sense any motion other than a slight vibration, as all motion is internal to the probe housing. Moreover, the probe has an integrated homing sensor which triggers as it passes through the center. This allows every sweep to be checked for geometrical accuracy. The accuracy of the system is checked daily by performing a quality control to have an uncertainty inferior to 1 mm and 2 mm for the reference and the daily US systems, respectively [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF]. For each acquisition, hundreds of 2D US slices are acquired thanks to the automated probe sweep and merged into a 3D image [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. The sweep time is 2.5 seconds which gives a resolution of 0.35 mm (for a voxel size of 0.583 mm 3 ) in the middle of the prostate, assuming a typical prostate depth of 5 cm [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. 

Calibration process

The Clarity system must be calibrated to the coordinate system of the CT and treatment room, respectively. Three calibration process provide a relationship between each ultrasound pixel and their corresponding position in room coordinates. The first calibration (tilt detection) determines a stable camera position. If the camera moves, this calibration would fail and the device could not be used.

To define the other two calibration process, four coordinate systems have to be defined: the room coordinate system (R), the tracker coordinate system (T), the coordinate system of a given 2D US frame (F), and the probe coordinate system (P). As illustrated in figure 1.14, a pixel in ultrasound "frame" coordinates r F can be transformed to room coordinates r R by the equation:

r R = R T T T T P P T F r F (1.1)
where P T F is the 4×4 frame-to-probe transformation matrix, T T P is the probeto-tracker transformation matrix, and R T T is the tracker-to-room transformation matrix.

Room calibration is defined as finding the transformation R T T that establishes the relationship between the camera and the room coordinate systems. It is carried out by aligning etchings on the Clarity calibration phantom (figure 1.15) to the isocentric room lasers, and pressing a calibration button on-screen. The tracking system detects the infrared markers affixed to the front plate of the phantom, and since the relationship between these markers and the etchings on the phantom is known, the room calibration matrix can be calculated.

The third calibration is the probe calibration procedure, defined as finding the transformation P T F . It is performed by acquiring a 3D image of the calibration phantom with the autoscan probe. The phantom contains rods and spheres at known positions. The positions are known a priori but are adjusted by measurements of the distances on a CT phantom. The rods and spheres are automatically detected in the US images, and an optimization algorithm is used to find the optimal P T F that best fits the detected positions to their known positions in the phantom. This is saved in the Clarity system as the probe calibration, which along with the room calibration is used to convert all ultrasound images along with their tracking system readings T T P into room coordinates using equation (1.1) [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF].

Calibration is performed upon installation, and in theory would not change. This is verified daily and monthly by a quality control procedure. The monthly control consists in acquiring a US and CT image of the calibration phantom. A sphere with a known centroid position is segmented on the US image. The difference between the known and measured position must be less than 1 mm. The CT image is used to check the condition of the phantom, which can be degraded over time due to a loss of sealing. The US and CT quality control images are exported and follow the same protocol as the patient images [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF].

IGRT workflow

During the planning CT session, an US reference image (US ref ) is acquired with the patient in the same position as during the CT acquisition. For patient's positioning, a specific immobilization device made of a base plate and 2 cushions for the knees enables the TP-US probe to be fixed between patient's legs (figure 1.13). In particular, the probe is positioned on the patient's perineum and remains in place during the entire session.

CT and US ref images are acquired in the same coordinate system. The CT image and the associated structures are then exported to the US workstation. Moreover, during the planning phase, the CT image is shifted so that the origin of the im-age corresponds to the barycenter of the target volume. The distance between the barycenter and the coordinate system of the CT room is defined by the TPS, so that it can be applied to the US ref image as well. By this process, the US ref and CT images are superimposed without needing manual registration.

For non-operated patients, the target volume (prostate) is then segmented on the US ref image and it is called Reference Positioning Volume (RPV). Conversely, for operated patients, the RPV corresponds to the bladder neck plus the urethra (figure 1.16). Finally, the US plan is validated and exported to the US scanner. During the treatment session, the patient is placed at the treatment isocenter in the same position as during the simulation CT, then a daily US image (US daily ) is acquired and reconstructed in 3D. The registration process between US ref and US daily is manual and based on RPV projection. Only translations and no rotations are corrected using this software.

Once the alignment is done, before the treatment start, a CBCT acquisition is performed for pretreatment positioning, to account for intrafractional variations. The CBCT is the reference modality for patient positioning whereas the TP-US probe is used for managing intrafraction motion. After the CT-CBCT registration, the table is moved to finalize patient positioning. Moreover, the table position is tracked in the treatment room using both the infrared camera and an indicator called couch position indicator (CPI). Finally, the treatment can start and the target volume monitoring mode is activated to follow prostate intrafraction motion.

During the monitoring phase, the TP-US sweeps back and forth continuously. The image is continuously refreshed as the autoscan probe sweeps the region of interest. An intensity-based image-to-image registration finds an optimal fit between the current image and the monitoring reference image. In this way, intrafraction movements are calculated [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. During monitoring, sagittal and coronal views, along with the real-time acquisition are visible on the probe screen (figure 1.17). Each view shows a contour overlay of the prostate as calculated by the registration. Graphs showing the motion in each Cartesian direction are plotted. The system provides an alert when the threshold has been exceeded by a certain amount of time: the treatment is interrupted and a couch correction is performed before restarting the treatment. Thresholds in each direction, as well as time-out-of-threshold values, are pre-determined by the physician prior to the first treatment fraction. Moreover, the table is also followed in real time with the CPI, which makes it possible to detect any movement of the table or a change in the position of the probe. 

Prostate monitoring accuracy using US imaging

The clinical implications of prostate motion become increasingly important as we move toward hypofractionation (see paragraph 1.4.1.2), increasing both the dose per fraction and the treatment time. Hence, for accurate dose delivery, a robust pretreatment imaging device combined with a real-time prostate monitoring system for correcting inter and intrafraction motion is of great importance. The high accuracy of the Clarity TP-US probe has been demonstrated in phantom studies [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. Lachaine and Falco [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF] reported a mean error ≤ 0.2 mm, and standard deviation ≤ 0.4 mm for an anthropomorphic pelvic phantom moving with an amplitude ≤ 20 mm.

Uncertainties related to the use of the US imaging can be distinguished into four categories:

• Speed of sound aberration: in most of the US devices, the pulse-echo technique is used: the transducer emits a very short pulse and receives the echoes reflected from the target volume. The echoes' time of flight (TOF) is used to establish the distance between the transducer and the reflecting volume. Thus, the TOF depends on the speed of sound (SOS) in the traversed tissues [START_REF] Fontanarosa | A CT based correction method for speed of sound aberration for ultrasound based image guided radiotherapy[END_REF]. Conventionally, the standard US practice assumes an average soft tissue SOS of 1540 m/s. However, as showed in figure 1.12, the average SOS changes depending on the crossed tissue. Speed of sound variations leads to lateral defocusing and blurring, loss of image contrast due to increased acoustic clutter, calculation inaccuracies, and limits the application of US imaging for overweight patients. For example, SOS in fat tissue is 4% lower than the conventional 1540 m/s, so distances in a US scan will appear longer by a few millimeters [START_REF] Fontanarosa | A CT based correction method for speed of sound aberration for ultrasound based image guided radiotherapy[END_REF]. In literature are reported several cases of differences (up to 5 mm) in measured organ positions determined between US and CT imaging [START_REF] Todd | Comparison of ultrasound and implanted seed marker prostate localization methods: Implications for image-guided radiotherapy[END_REF] [59] which can be explained by the SOS aberration [START_REF] Fontanarosa | A CT based correction method for speed of sound aberration for ultrasound based image guided radiotherapy[END_REF]. Fontanarosa et al.

proposed an algorithm for SOS aberration correction in 3D US imaging systems for small and systematic positioning errors in IGRT applications, in presence of a spatially-registered CT scan [START_REF] Fontanarosa | A CT based correction method for speed of sound aberration for ultrasound based image guided radiotherapy[END_REF]. Applying this method to phantom images, the spatial registration between US and CT scans was improved to less than one millimeter [START_REF] Fontanarosa | A CT based correction method for speed of sound aberration for ultrasound based image guided radiotherapy[END_REF]. Moreover, regarding clinical cases (breast and prostate), small shifts (up to 3 mm) in anatomical structures' position were found after correction [START_REF] Fontanarosa | A CT based correction method for speed of sound aberration for ultrasound based image guided radiotherapy[END_REF].

• Image quality: it is well known from literature that image quality is a limiting factor when using the TAUS probe since it requires an adequate acoustic window, provided by a full bladder [START_REF] Molloy | Quality assurance of US-guided external beam radiotherapy for prostate cancer: Report of AAPM Task Group 154[END_REF]. Following the work by Fargier-Voiron et al. [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF] they found that by using the TP-US probe, 100% of the US images were of sufficient quality to be analyzed, versus 80% for the TAUS. In a recent publication, Grimwood et al. [START_REF] Grimwood | Factors affecting accuracy and precision in ultrasound guided radiotherapy[END_REF] studied the effect of image quality as one of the factors affecting TP-US motion estimation accuracy and precision. By analyzing 330 fractions from 22 prostate cancer patients, they showed that poor image quality reduced consistently interobserver agreement, and listed the sources of poor image quality in three categories [START_REF] Grimwood | Factors affecting accuracy and precision in ultrasound guided radiotherapy[END_REF]:

-•Poor probe placement: the prostate appears partially outside the field of view, or anatomical structures appear inconsistent between different acquisitions.

-•Inadequate scan optimization, probe coupling, or unfavorable imaging conditions (high tissue density, scarring, limited acoustic window).

-•Changes in probe pressure or filling variations: important changes in the position or in the appearance of anatomical structures.

• Inter and intra-operator variability: at the moment, there is no tool on the Clarity Software to automatically register the RPV volume on the daily image. This requires a manual positioning of the RPV volume, which can be time-consuming, and user-dependent [START_REF] Grimwood | Improving 3D ultrasound prostate localisation in radiotherapy through increased automation of interfraction matching[END_REF]. Hence differences in prostate localization performed by different users may be significant in some clinical situations [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF] [63] [64] [START_REF] Fuss | Daily stereotactic ultrasound prostate targeting: inter-user variability[END_REF]. Moreover, as stated by Grimwood et al., staff continuity is paramount and experienced operators are essential: radiographers should scan the same patient all along the treatment to improve consistency in probe placement and image interpretation [START_REF] Grimwood | Factors affecting accuracy and precision in ultrasound guided radiotherapy[END_REF].

• Impact of probe pressure: the impact of probe pressure on prostatic movements is a widely discussed topic in literature, presenting several results that differ from each other [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF] [66] [67] [START_REF] Fargier-Voiron | Impact of probe pressure variability on prostate localization for ultrasound-based imageguided radiotherapy[END_REF]. Mantel et al. [START_REF] Mantel | Changes in penile bulb dose when using the Clarity transperineal ultrasound probe: A planning study[END_REF] reported the effect of TP-US probe pressure on a dataset of 10 patients: no relevant prostate shifts or volume changes were observed. Conversely, Li et al. [START_REF] Li | Prefraction displacement and intrafraction drift of the prostate due to perineal ultrasound probe pressure[END_REF], on a cohort of 10 prostate patients, found that the pressure applied by the TP-US probe had a quantitatively similar impact on prostate displacements as the TAUS probe.

A systematic intrafraction prostate drift in the cranial (2-4 mm), and anterior (<1mm) directions was reported [START_REF] Li | Prefraction displacement and intrafraction drift of the prostate due to perineal ultrasound probe pressure[END_REF]. Prostate drift was thought to be caused by the relaxation of the compressed tissue between the prostate and the probe [START_REF] Li | Prefraction displacement and intrafraction drift of the prostate due to perineal ultrasound probe pressure[END_REF]. Following the work by Fargier-Voiron et al. [START_REF] Fargier-Voiron | Impact of probe pressure variability on prostate localization for ultrasound-based imageguided radiotherapy[END_REF], it was first shown that by using the TAUS system, probe pressure can vary from one session to the other [START_REF] Fargier-Voiron | Impact of probe pressure variability on prostate localization for ultrasound-based imageguided radiotherapy[END_REF]. By using the TP-US probe, instead, the pressure is kept constant during the whole treatment, thanks to the availability of interactive guidance of probe placement. The software projects the reference volume's acquisition cone allowing both to position the probe at the same height as during the CT acquisition, and also to reproduce the initial pressure. This limits the pressure's variability during the treatment sessions. In contrast to Li et al. [START_REF] Li | Prefraction displacement and intrafraction drift of the prostate due to perineal ultrasound probe pressure[END_REF], Fargier-Voiron et al. [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF], studied the impact of TP-US probe pressure by performing 3 acquisitions with increasing pressure levels (soft, moderate, and strong) on a cohort of 8 prostate (A), and 7 post-prostatectomy (B) patients.

On both cohorts, negligible displacements were noticed, except in the superior direction when applying strong pressure. Displacements >5 mm due to strong pressure levels were found in 4 and 6 patients in A and B cohorts, respectively [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF]. However, strong pressure levels are rarely replicated during the treatment [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF].

The in-vivo validation of the Clarity device was performed by Fargier et al. [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF] comparing the differences between CBCT/CT and TP-US/TP-US registrations on a cohort of 27 patients, founding an high concordance between CBCT/CT and TP-US/TP-US localization of prostates or prostatic beds [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF]. Furthermore, Grimwood et al. [START_REF] Grimwood | In vivo validation of elekta's clarity autoscan for ultrasound-based intrafraction motion estimation of the prostate during radiation therapy[END_REF], performed the in-vivo validation of the Clarity probe against manual localization of intraprostatic markers in electronic portal device (EPI) images. The median difference between Clarity-based and EPI-based prostate marker positions was 0.6 mm (with 95% limit of agreement at 2.5 mm) [START_REF] Grimwood | In vivo validation of elekta's clarity autoscan for ultrasound-based intrafraction motion estimation of the prostate during radiation therapy[END_REF]. The motion estimation confidence of the Clarity system was not reliant on the presence of intraprostatic markers [START_REF] Grimwood | In vivo validation of elekta's clarity autoscan for ultrasound-based intrafraction motion estimation of the prostate during radiation therapy[END_REF]. Moreover, no significant relationship between estimation confidence and image quality was observed [START_REF] Grimwood | In vivo validation of elekta's clarity autoscan for ultrasound-based intrafraction motion estimation of the prostate during radiation therapy[END_REF]. Biston et al. [START_REF] Biston | Comparison of electromagnetic transmitter and ultrasound imaging for intrafraction monitoring of prostate radiotherapy[END_REF] demonstrated the correlation between the results obtained by using two prostate monitoring devices: the Clarity TP-US probe, and the intra-prostatic electromagnetic transmitters (EM-T) (RayPilot, Micropos Medical, Sweden) [START_REF] Biston | Comparison of electromagnetic transmitter and ultrasound imaging for intrafraction monitoring of prostate radiotherapy[END_REF]. The two devices were used concomitantly, both in a phantom study, and on patients. Results on phantom showed deviations <0.5 mm when translations were applied. In presence of rotations, however, both systems displayed systematic shifts up to 6.9 and 3.8 mm for the TP-US and the EM-T, respectively [START_REF] Biston | Comparison of electromagnetic transmitter and ultrasound imaging for intrafraction monitoring of prostate radiotherapy[END_REF]. Regarding patients, absolute mean displacements differences were 0.55 mm in all directions except for one patient (1.77 mm). A strong correlation was found in the left-right direction: differences >2 mm in less than 0.22% of total time (on average 164 minutes). Conversely, maximum differences were found in the supero-inferior direction: differences >2 mm in more than 6.5% of total time for 3 patients. Such differences may be due to rotations, presence of gas, and also to the presence of the EM-T into the prostate [START_REF] Biston | Comparison of electromagnetic transmitter and ultrasound imaging for intrafraction monitoring of prostate radiotherapy[END_REF].

In conclusion, the TP-US probe proves to be extremely reliable to ensure an accurate delivery of treatment plans during IGRT treatments. It has the advantage of being non-invasive, non-ionizing, and it can be well integrated with any treatment machine. In my opinion, one of the biggest disadvantages related to the use of US imaging is the user-dependency. Regarding RPV positioning, there are specialized people who do this, and despite their experience this process can be prone to errors and extremely time-consuming. The ability of automating image interpretation and registration could be a big advantage in improving the IGRT-US workflow, and could be a future research perspective. Nowadays, there is a great interest related to the use of machine learning algorithms to help guide the US users [START_REF] Akkus | A survey of deep-learning applications in ultrasound: Artificial intelligence-powered ultrasound for improving clinical workflow[END_REF]. However, machine learning training is very sensitive to the field of view, and automating US image acquisition and interpretation is complicated, due to its inherent complexity in imaging interfaces [START_REF] Antico | Bayesian CNN for segmentation uncertainty inference on 4D ultrasound images of the femoral cartilage for guidance in robotic knee arthroscopy[END_REF]. Further improvements in this direction are needed. Lastly, an interesting perspective will be the possibility of extracting from the TP-US probe good-quality US images to generate daily pseudo-CT images for dose accumulation [START_REF] Skadi Van Der Meer | Simulation of pseudo-CT images based on deformable image registration of ultrasound images: A proof of concept for transabdominal ultrasound imaging of the prostate during radiotherapy[END_REF].

Prostate IGRT at the Léon Bérard Cancer Center

The Clarity TP-US probe was installed in July 2013 at the Leon Berard Cancer Center, while the first patient was scanned and included in an IGRT TP-US-based clinical protocol in October 2013. The use of this new IGRT protocol was not immediate on all patients because it implied an increase of at least 10 minutes of the treatment session time. A maximum of five patients per day were treated. At the end of March 2015, 38 patients were included in the IGRT protocol. First protocols including Clarity used the TP-US and CBCT modalities for the first five fractions, and then the average difference in repositioning was applied to the reference TP-US image. Subsequently, a pre-treatment positioning with the TP-US probe was performed, unless the measured displacement was important (up to 10 mm). In this case the position was checked by a CBCT. During the monitoring phase, treatment was stopped if shifts >3 mm were revealed for at least 15 s, and CBCT imaging was used as a control. Nowadays, CBCT acquisition is the reference modality for patient pre-treatment positioning, whereas the TP-US probe is only used for monitoring prostate's intrafraction motion, without CBCT validation. Currently, about 160 patients have been treated using Clarity IGRT in our institution. Moreover, clinical protocols for prostate cancer were implemented, moving from conventional RT (80-70 Gy/2 Gy per fr.) to moderately HF protocols (60 Gy/3 Gy per fr.). Starting from December 2020, a new UHF protocol has been introduced into clinical practice (36.25 Gy/7.25 Gy per fr.) and 25 patients have been treated until now. The IGRT protocol gave us the possibility of margin reduction going from the 7 mm used in conventional and moderately HF to 5 mm in UHF protocols. The standard fractionation during external beam RT for localized prostate cancer is delivered in 1.8 to 2 Gy per fraction, 5 days per week, over 7-9 weeks for a total dose of 66-80 Gy. This prescription is based on classical radiobiology experiments in which this relatively small dose-per-treatment allows preferential recovery of radiation-induced damage within normal tissues compared to fast-growing tumors. However, this is not necessarily the optimum schedule for all types of tumor, and a correction should be made regarding the dose-per fraction. This correction depends on the type of tissue being irradiated, especially on its proliferation rate, and can be adequately described by the linear-quadratic (LQ) model, which defines the shape of cell survival curves as a function of radiation dose. The LQ formula describes the survival probability of a cell following exposure to a single dose of radiation (S):

S = e -αD-βD 2 (1.2)
where α and β parameters describe the cell's radiosensitivity, and D is the dose. When survival is typically plotted on a log scale, this gives a quadratic response curve (figure 1.18), often referred to as a 'shouldered' dose response curve with an initial region dominated by the linear α term at low doses, followed by increasing curvature as the quadratic β term becomes more significant.

The degree of curvature is frequently defined in terms of the α/β ratio. This has units of Gray, and corresponds to the dose at which the linear α and quadratic β contributions are equal. Thus, cells with high α/β ratios have a relatively constant cells killing rate with increasing dose, while those with a low α/β ratio show a pronounced curvature. An intuitive interpretation of α and β contributions to cell killing is that the α term reflects death from 'single hit' events (lethal damage caused by a single incident particle), while the β term represents 'multiple hit' cell death resulting from the interaction of damage from different radiation tracks, which scales in proportion to the square of the dose.

This shouldered response is particularly effective when the dose is fractionated. If cells have sufficient time to recover after irradiation (6-24h), sub-lethal damage from the initial exposure will be fully repaired, repeating the 'shouldered' part of the curve. This enables the level of cell killing in different populations to be tailored by adjusting the fractionation schedule. In 1999, a study published by Brenner et al. [START_REF] David | Fractionation and protraction for radiotherapy of prostate carcinoma[END_REF] estimated the α/β ratio for prostate cancer cells to be approximately 1.5 Gy. In Figure 1.18: Linear quadratic model: responses for cell lines with high and low α/β ratios. High α/β cell lines have nearly-constant rates of cell killing with increasing dose, while low α/β lines show a pronounced curvature, with greater killing per unit dose.

2012, a study by Miralbell et al. [START_REF] Miralbell | Dose-fractionation sensitivity of prostate cancer deduced from radiotherapy outcomes of 5,969 patients in seven international institutional datasets: α/β= 1.4 (0.9-2.2) Gy[END_REF] adjusted this value to to 1.4 Gy. Multiple clinical and preclinical studies showed that the α/β ratio for prostate cancer is significantly lower than that of most other malignancies, suggesting the possibility of increase the dose per fraction and the consequent therapeutic effect [START_REF] Miralbell | Dose-fractionation sensitivity of prostate cancer deduced from radiotherapy outcomes of 5,969 patients in seven international institutional datasets: α/β= 1.4 (0.9-2.2) Gy[END_REF] [START_REF] Dasu | Prostate alpha/beta revisited-an analysis of clinical results from 14 168 patients[END_REF].

Hypofractionation

Hypofractionated RT protocols consist in delivering daily fractions of 2.5-10 Gy in less than 4 weeks. They can be divided in two types depending on the amount of dose per fraction: moderately HF (2.5-6 Gy per fraction), and UHF (7-10 Gy per fraction). The biologic rationale for applying HF to prostate cancer is based on the slow proliferation of its cells, resulting in a high reparation ability of radiation damage over time. For this reason, the standard fractionation given in small increments over a long time period may not be optimal in damaging prostate cancer cells [START_REF] David P Dearnaley | Escalated-dose versus standard-dose conformal radiotherapy in prostate cancer: first results from the MRC RT01 randomised controlled trial[END_REF]. Indeed, high doses per fraction are more effective for slowly proliferating cells, because of immediate cell death caused by the high number of DNA double-strand breaks during each fraction. As previously stated, following the LQ model, if tumor cells have a lower α/β ratio than nearby normal tissues, few fractions with high doses result in an improved damage to cancer cells. Moreover, rectum and bladder have an estimated α/β ratio of 3-5 Gy, higher than the prostate's one (α/β = 1.4 Gy). Beyond biology, hypofractionation for prostate cancer has the advantages of increased convenience for the patient and a lower cost for the health care system. Recently, a study conducted by Zhou et al. [START_REF] Zhou | Cost-effectiveness of hypofractionated versus conventional radiotherapy in patients with intermediate-risk prostate cancer: an ancillary study of the PROstate fractionated irradiation Trial-PROFIT[END_REF], including 222 patients from six french cancer centers, have shown that, for intermediate-risk prostate cancer patients, HF treatments are cost-effective compared to the conventional ones [START_REF] Zhou | Cost-effectiveness of hypofractionated versus conventional radiotherapy in patients with intermediate-risk prostate cancer: an ancillary study of the PROstate fractionated irradiation Trial-PROFIT[END_REF]. In the last ten years, three large randomized trials (CHHiP, RTOG and PROFIT) evaluating the equivalence of moderately HF and conventional treatments, have been conducted (table 1.2).

The largest non-inferiority randomized study of moderately HF treatments is the CHHiP study [START_REF] Dearnaley | Conventional versus hypofractionated high-dose intensity-modulated radiotherapy for prostate cancer: 5-year outcomes of the randomised, noninferiority, phase 3 CHHiP trial[END_REF]. It enrolled 3216 patients from 71 centers in the United Kingdom (UK), Ireland, Switzerland and New Zealand. Patients were randomized to 74 Gy/37 fractions/7.4 weeks, 60 Gy/20 fractions/4 weeks, or 57 Gy/19 fractions/3.8 weeks, using IMRT technique. Twelve, 73, and 15% of patients in this study had high-, intermediate-or low-risk disease, respectively. Short-course hormonal therapy was mandated for patients with intermediate-or high-risk disease [START_REF] Dearnaley | Conventional versus hypofractionated high-dose intensity-modulated radiotherapy for prostate cancer: 5-year outcomes of the randomised, noninferiority, phase 3 CHHiP trial[END_REF]. After a median follow-up of 62.4 months, HF RT using 60 Gy in 20 fractions was found non-inferior to conventional fractionation (74 Gy in 37 fractions) and recommended as a new standard of care for external beam RT for localized prostate cancer [START_REF] Dearnaley | Conventional versus hypofractionated high-dose intensity-modulated radiotherapy for prostate cancer: 5-year outcomes of the randomised, noninferiority, phase 3 CHHiP trial[END_REF].

The RTOG trial was designed to assess whether the efficacy of a HF RT treatment schedule was no worse than a conventional schedule in men with low-risk prostate cancer [START_REF] Lee | Randomized phase III noninferiority study comparing two radiotherapy fractionation schedules in patients with low-risk prostate cancer[END_REF]. A total of 1115 patients with low-risk prostate cancer were randomly assigned to conventional (73.8 Gy/41 fractions/8.2 weeks) or HF (70 Gy/28 fractions/5.6 weeks) treatments. After 5 years of follow-up, the study showed that the efficacy of the HF protocol is not inferior to the conventional fractionation, although an increase in late genitourinary adverse events [START_REF] Lee | Randomized phase III noninferiority study comparing two radiotherapy fractionation schedules in patients with low-risk prostate cancer[END_REF].

Finally, the PROFIT trial recruited 1206 men with intermediate-risk prostate cancer, randomizing them to 60 Gy/20 fractions/4 weeks or 78 Gy/39 fractions/7.8 weeks [START_REF] Charles N Catton | A randomized trial of a shorter radiation fractionation schedule for the treatment of localized prostate cancer[END_REF]. After a median follow-up of 6 years, no significant difference in 5-year biochemical failure, acute genitourinary toxicity, or overall survival have been reported. Interestingly, the PROFIT trial found a lower rate of late toxicity in the HF schedule [START_REF] Charles N Catton | A randomized trial of a shorter radiation fractionation schedule for the treatment of localized prostate cancer[END_REF].

Moreover, one of the latest systematic review comparing moderately HF with conventional radiotherapy showed that, comparing 10 different studies with 8287 patients, the HF schedule resulted in little or no increase in toxicity [START_REF] Hickey | Hypofractionation for clinically localized prostate cancer[END_REF]. Indeed, moderately HF treatments stand as a strong recommendation for intermediate-risk prostate cancer in the 2021 EAU-EANM-ESTRO-ESUR-SIOG guidelines [START_REF] Mottet | EAU-EANM-ESTRO-ESUR-SIOG guidelines on prostate cancer-2020 update. Part 1: screening, diagnosis, and local treatment with curative intent[END_REF], based on its comparable effectiveness to conventional treatments without increasing toxicity [START_REF] Hickey | Hypofractionation for clinically localized prostate cancer[END_REF], or altering patients' quality of life [START_REF] John N Staffurth | Impact of Hypofractionated Radiotherapy on Patientreported Outcomes in Prostate Cancer: Results up to 5 yr in the CHHiP trial (CRUK/06/016)[END_REF]. While the LQ model predicts an improvement in therapeutic ratio with moderate hypofractionation, its applicability to ultrahypofractionation has been questioned because it does not account for vascular and stromal tissue injury [START_REF] John P Kirkpatrick | The linearquadratic model is inappropriate to model high dose per fraction effects in radiosurgery[END_REF]. However, this criticism relates to doses above 10 Gy per fraction, which are not used during prostate cancer RT [START_REF] David | The linear-quadratic model is an appropriate methodology for determining isoeffective doses at large doses per fraction[END_REF]. Below 10 Gy per fraction, the LQ model seems to predict well the tumor control, without the need for additional factors [START_REF] Brown | The tumor radiobiology of SRS and SBRT: are more than the 5 Rs involved?[END_REF].

In 2019, Widmark et al. [START_REF] Widmark | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial[END_REF] published the first phase 3 study where between 2005 and 2015, 1200 patients (intermediate and high risk) were randomly assigned to conventional fractionation (n=602) or ultrahypofractionation (n=598) [START_REF] Widmark | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial[END_REF]. After 5 years of follow-up, UHF protocols were found non-inferior to conventional ones for intermediate-to-high risk prostate cancer [START_REF] Widmark | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial[END_REF]. Early side effects were more pronounced with ultrahypofractionation compared with conventional fractionation whereas late toxicity is similar in both treatment groups. The results support the use of UHF treatments for prostate cancer [START_REF] Widmark | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial[END_REF].

In addition to the previous study, the PACE-B phase 3 trial, accounting 37 centers in three countries (UK, Ireland, and Canada), aimed to compare and assess the noninferiority of UHF protocols compared to conventionally fractionated or moderately HF protocols [START_REF] Douglas H Brand | Intensity-modulated fractionated radiotherapy versus stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings from an international, randomised, open-label, phase 3, non-inferiority trial[END_REF]. Between 2012, and 2018, 874 men with low-or intermediate risk prostate cancer were randomly assigned to conventionally fractionated (78 Gy in 39 fractions) or moderately HF (62 Gy in 20 fractions) (n=441) or UHF RT (36.25 Gy in 5 fractions) (n=433) [START_REF] Douglas H Brand | Intensity-modulated fractionated radiotherapy versus stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings from an international, randomised, open-label, phase 3, non-inferiority trial[END_REF]. Results regarding acute toxicity showed similar rates of acute toxicity between the three protocols. Incidence of gastrointestinal toxicity was 12% for conventional and moderately HF treatments versus 10% for UHF [START_REF] Douglas H Brand | Intensity-modulated fractionated radiotherapy versus stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings from an international, randomised, open-label, phase 3, non-inferiority trial[END_REF]. Regarding genitourinary toxicity rates:grade 2 or worse toxicity in 27% of patients for conventional and moderately HF treatments, versus 23% of patients for UHF [START_REF] Douglas H Brand | Intensity-modulated fractionated radiotherapy versus stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings from an international, randomised, open-label, phase 3, non-inferiority trial[END_REF].

Moreover, a recent study by Leher et al. [START_REF] Lehrer | Ultrahypofractionated versus hypofractionated and conventionally fractionated radiation therapy for localized prostate cancer: A systematic review and meta-analysis of phase III randomized trials[END_REF] aimed to characterize both efficacy and safety of UHF versus moderate HF and conventionally fractionated RT [START_REF] Lehrer | Ultrahypofractionated versus hypofractionated and conventionally fractionated radiation therapy for localized prostate cancer: A systematic review and meta-analysis of phase III randomized trials[END_REF]. 6795 patients coming from 7 studies were considered. The 5-year disease-free survival was 85.1% for conventional fractionation, 86% for moderate hypofractionation, and 85% for ultrahypofractionation. Regarding gastrointestinal toxicity: 12.1%, 14.6%, and 10% for conventional, moderate and UHF treatments [START_REF] Lehrer | Ultrahypofractionated versus hypofractionated and conventionally fractionated radiation therapy for localized prostate cancer: A systematic review and meta-analysis of phase III randomized trials[END_REF]. Similar results were obtained for late genitourinary toxicity: 19.4%, 20.4% and 18% for conventional, moderate, and UHF treatments [START_REF] Lehrer | Ultrahypofractionated versus hypofractionated and conventionally fractionated radiation therapy for localized prostate cancer: A systematic review and meta-analysis of phase III randomized trials[END_REF]. Finally, UHF regimens had similar levels of safety and efficacy compared to conventional and HF protocols [START_REF] Lehrer | Ultrahypofractionated versus hypofractionated and conventionally fractionated radiation therapy for localized prostate cancer: A systematic review and meta-analysis of phase III randomized trials[END_REF].

Uncertainties associated with prostate cancer treatment

The main objective of the PhD project was the evaluation of the impact of prostate motion during HF prostate cancer RT. In particular, during HF protocols higher doses per fraction are involved (compared to conventional fractionation) so it is crucial to increase the precision of dose delivery. The use of sophisticated IGRT workflows at various stages of treatment should enable to move towards personalized dosimetry, and therefore to the use of smaller treatment margins. In this section, the sources of uncertainty related to the preparation and delivery of RT treatments will be reviewed. Then, the methodology for calculating treatment margins will be discussed and reviewed both for conventional and HF treatments. Finally, we will see the limitations of these theoretical models.

Target volumes definition

According to the International Commission on Radiation Units (ICRU) reports [START_REF] Jones | ICRU report 50-prescribing[END_REF] [91] several volumes (targets and OARs) have been defined to homogenize the dose prescriptions, and to facilitate inter-comparisons. The definition of these volumes is a mandatory step in the planning process (figure 1.19):

• Gross Tumor Volume (GTV): defined as the gross palpable or visible (on CT or diagnostic images) extent and location of malignant growth [START_REF] Jones | ICRU report 50-prescribing[END_REF].

• Clinical Target Volume (CTV): defined as a volume containing the GTV, and subclinical microscopic malignant diseases [START_REF] Jones | ICRU report 50-prescribing[END_REF].

• Planning Target Volume (PTV): defined as geometrical concept used to ensure that the CTV receives the prescribed dose despite geometric uncertainties [START_REF] Jones | ICRU report 50-prescribing[END_REF].

• Internal target Volume (ITV): defined as the volume encompassing the CTV, which takes into account CTV's positioning or size variations [START_REF] Kiil Berthelsen | What's new in target volume definition for radiologists in ICRU Report 71? How can the ICRU volume definitions be integrated in clinical practice?[END_REF].

• Treated Volume (TV): defined as the volume which is planned to receive at least a dose selected and specified by the radiation oncologist as being appropriate to achieve the treatment's purpose (tumour eradication, or palliation) [START_REF] Kiil Berthelsen | What's new in target volume definition for radiologists in ICRU Report 71? How can the ICRU volume definitions be integrated in clinical practice?[END_REF]. • Irradiated Volume (IR): defined as the tissue volume which receives a dose that is considered significant in relation to normal tissue tolerance. This volume is highly dependent on the used treatment technique [START_REF] Kiil Berthelsen | What's new in target volume definition for radiologists in ICRU Report 71? How can the ICRU volume definitions be integrated in clinical practice?[END_REF]. In 1999, ICRU report 62 redefined the PTV definition, by introducing the concept of an internal margin (IM) to account for variations in size, shape, and position of the CTV in reference to the patient's coordinate system using anatomic reference points, and also the concept of a setup margin (SM) to consider all uncertainties in patient-beam positioning in reference to the treatment machine coordinate system [START_REF] Icru | Prescribing, Recording, and Reporting Photon Beam Therapy (Supplement to ICRU Report 50)[END_REF]. Following the Report 62, IM and SM margins are necessary to compensate for different types of uncertainties [START_REF] Icru | Prescribing, Recording, and Reporting Photon Beam Therapy (Supplement to ICRU Report 50)[END_REF] [START_REF] Joep | Geometrical uncertainties, radiotherapy planning margins, and the ICRU-62 report[END_REF]. IM uncertainties are caused by physiologic variations (rectum filling, movements caused by respiration, and so on) and are difficult or almost impossible to control. SM uncertainties are related largely to technical factors that can be dealt with by more accurate patient's setup and immobilization, and improved machine's mechanical stability.

The principles for defining safety CTV-to-PTV margins are based on three assumptions according to ICRU 62 (figure 1.20) [START_REF] Icru | Prescribing, Recording, and Reporting Photon Beam Therapy (Supplement to ICRU Report 50)[END_REF]:

• IM and SM are added to achieve at a maximum volume.

• To avoid irradiating large areas around the target, a quadratic margin combination is applied (according to mathematical models).

• Due to OARs presence, treatment margins should be reduced. Regarding healthy tissues, their sensitivity to radiation could influence the prescribed dose or the treatment planning, this is why they are defined as OARs. For these reasons, a planning organ at risk volume (PRV) can be defined to account for uncertainties linked to organs' motion or positioning. This means that GTV, CTV, and OAR concepts have an anatomical base, while PTV, ITV, and PRV are geometric concepts introduced to ensure that prescription constraints are met. However, one of the main sources of uncertainties during external beam treatments is the delineation of GTV and CTV volumes that may be related to:

• differences in interpretation, which may also be linked to observers' knowledge.

• Differences in the used imaging modality, in its quality (resolution), and in the used image fusion technique.

• Intra-observer reproducibility (when the same observer is asked to delineate the target volume twice, the answer will not be the same [START_REF] Van Herk | Errors and margins in radiotherapy[END_REF]).

Nowadays, despite important technical developments in radiotherapy, sophisticated imaging modalities, and precise recommendations, many uncertainties still exist [START_REF] Fiorino | Intra-and inter-observer variability in contouring prostate and seminal vesicles: implications for conformal treatment planning[END_REF] [START_REF] Theodore S Hong | Heterogeneity in head and neck IMRT target design and clinical practice[END_REF].

Treatment margins

Organ motion is one of the most important sources of uncertainty during prostate RT workflow. Displacement measurements allow the quantification of CTV-to-PTV treatment margins to be applied, depending on the used repositioning method. Radiotherapy errors are classified as treatment execution (random), and treatment preparation (systematic) variations [START_REF] Van Herk | Errors and margins in radiotherapy[END_REF]. Generally, random variations lead to a blurring of the dose distribution, while systematic deviations lead to a displacement of the dose distribution with respect to the CTV (figure 1.21) [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] .

Systematic errors include:

• repositioning errors related to the location of the scanner isocenter on the skin, thanks to the room lasers.

• Errors related to the CT acquisition which freezes the CTV in a given position.

• CTV delineation errors.

Random errors include:

• repositioning errors.

• Organ interfraction motion.

• Beam penumbra.

The analysis of these data is shown in figure 1.22 (retrieved from van Herk 2004 [START_REF] Van Herk | Errors and margins in radiotherapy[END_REF]). The standard deviation (SD) of the random errors (σ), of the systematic errors (Σ), and the overall mean error (M), have been analyzed.

Several methods for calculating CTV-to-PTV margins have been proposed in literature [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] [93] [START_REF] John | Planning target volumes for radiotherapy: how much margin is needed?[END_REF], and among them the van Herk's margin recipe [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] is the most widely used. This method evaluates the impact of geometric deviations on the dose delivered to the CTV, and it is based on the probability distribution of geometrical deviations. It consists first in calculating a cumulative dose distribution including geometric deviations, and then in calculating the probability that the CTV volume receives a given dose level [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF]. Following van Herk et al. [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF], starting from a point CTV (i.e. a single tumor cell), which position is defined in function of time (M(t)), after the CT scan and delineation, the point CTV could be indicated as:

x delineated = M (0) + s 0 + d (1.3)
where M(0) is the CTV position at the time of the scan, s 0 the setup error at the scanner, and d the delineation error. All terms in eq. (1.3) are systematic errors, affecting all fractions in the same way. As a consequence of this, the planned dose is affected by systematic uncertainties:

D planned (x) = D(x -x delineated ) (1.4)
where D(x) describes the ideal planned dose, symmetric around the origin. However, during the treatment, the CTV will move with respect to the planned dose distribution (figure 1.21). Starting from this blurred dose distribution (D blurred ) it is possible to determine a DVH accounting for the distribution of the systematic errors. To do so, a collection C is considered:

C : {x delineated |D blurred (-x delineated ) > D threshold } (1.5)
C represents the set of possible positions (x delineated ) for which the CTV will receive a dose greater than D threshold (figure 1.23 A). The probability that the dose received by the CTV is greater than D threshold , is calculated by integrating the distribution of systematic errors on the collection C:

P D cum > D threshold ) = C Q(z)dz (1.6)
By plotting eq. 1.6 as a function of D threshold , it is possible to obtain a dose population-histogram (figure 1.23 B).

Finally, a non-linear margin recipe could be retrieved:

M = (C 1 Σ + C 2 ( σ 2 + σ 2 p -σ p )) (1.7) 
As defined by van Herk [START_REF] Van Herk | Errors and margins in radiotherapy[END_REF], Σ is the standard deviation of the systematic errors and σ is the standard deviation of the random variations. The parameter σ p (3.2 mm) describes the width of the penumbra modeled by a cumulative Gaussian. C 1 is the confidence level corresponding to a percentage of the population and C 2 is the dose level's coefficient. C 1 and C 2 could be chosen to achieve different dosimetric criteria as shown in figure (figure 1.24) [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF].

However, several simplifications have been made in formulating the van Herk's margin recipe:

• homogeneous patient population (same standard deviations' values were assumed for each patient).

Figure 1.23: (A) Computation of the probability that the dose delivered to a point CTV exceeds a given level. The top curve is the cumulative dose distribution, which is blurred by all random errors. First, the range of systematic errors in CTV position is found that meets the constraint on the cumulative dose. For example, the range of positions (2, 1, 0,...) corresponds with a cumulative dose of 95% or higher. The probability that the average position of the CTV is within this range (90%) is found by integrating the probability density of the systematic errors (lower curve). (B) By repeating this analysis for many dose levels, one obtains a probability histogram of the cumulative dose, or in short, a dose-population histogram. The curve gives the probability in a patient population (vertical axis) that the dose to the CTV exceeds a given value (horizontal axis) (figure from [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF]).

• A large number of fractions was considered. Therefore the average treatment execution error is zero. This assumption is not necessarily valid in the case of HF treatments (reduced number of fractions), or in presence of large random variations (prostatic shifts), because the execution error can have much more impact, and the average value can differ from zero.

• A spherical symmetry was considered. The obtained results were independent from the CTV dimension, so as long as the CTV is big with respect to σ, the results are independent from the CTV shape.

• Rotations and variations in CTV shape were not considered.

• The distributions of systematic and random errors were Gaussian.

Finally, intrafraction motion was not considered in this method, and there is currently no consensus as to whether such motion should be included in a treatment margin. 

Additional thoughts: limits of the PTV concept

The PTV was first defined in ICRU report 50 [START_REF] Jones | ICRU report 50-prescribing[END_REF], but it was also shown that the PTV concept is not always adequate for dose specifications. For example, when considering a breast RT treatment, the PTV cannot be used because of the necessity of using margins taking into account chest movements during irradiation. This situation occurs whenever the CTV or GTV is superficial or surrounded by areas of low density [START_REF] Simon | The effect of optimization on surface dose in intensity modulated radiotherapy (IMRT)[END_REF] [START_REF] Lebredonchel | About the non-consistency of PTV-based prescription in lung[END_REF]. Another issue linked to PTV concept are margins. No consensus has yet been reached to determine a PTV margin formula. As stated before, in the recent literature, many margin recipes have been published (and later modified), along with ICRU reports (83) [START_REF] Icru | Prescribing, recording, and reporting photon-beam intensity-modulated radiation therapy (IMRT). ICRU Report 83[END_REF], and International Atomic Energy Agency (IAEA) publications [START_REF] Van Der Merwe | Accuracy requirements and uncertainties in radiotherapy: a report of the International Atomic Energy Agency[END_REF] . At present, there is no "margin model" accounting for all possible uncertainties. Moreover, following ICRU reports 83 [START_REF] Icru | Prescribing, recording, and reporting photon-beam intensity-modulated radiation therapy (IMRT). ICRU Report 83[END_REF] and 91 [START_REF]ICRU Report 91, Prescribing, Recording, and Reporting of Stereotactic Treatments with Small Photon Beams[END_REF], GTV and CTV delineation errors should be considered in the PTV concept. However, this means a greater PTV margin, which is difficult to implement in practice. An example is prostate cancer where the posterior PTV margin towards rectum is generally smaller, even if in that direction more important prostate shifts have generally been observed [8] [9]. In addition, the PTV margins depends also on the dose gradient around the CTV: the steeper the gradient, the larger the PTV margin for a same CTV coverage probability [START_REF] Biston | Time of PTV is ending, robust optimization comes next[END_REF]. This means that having an OAR close to the CTV, the PTV margin should be increased in the OAR direction, which is contrary to what has been described above. Furthermore, regarding the CTV coverage, it is crucial to cover the CTV with the full prescription dose and this is linked to the slope of the tumor control probability (TCP) curve. This is rarely accounted in PTV margin definition [START_REF] Biston | Time of PTV is ending, robust optimization comes next[END_REF].

First ICRU reports represented contours for GTV, CTV and PTV as concentric volumes, suggesting a linear addition of the errors. Differently, ICRU reports 62 and 83 proposed a quadratic approach for the ITV and set-up margin only, but not for the whole combination. According to Stroom et al. [START_REF] Stroom | Combined recipe for clinical target volume and planning target volume margins[END_REF], CTV uncertainty and PTV margin should be combined with a quadratic approach too. Regarding SBRT, the PTV does neither predict the dose to the CTV nor the outcomes [START_REF] Biston | Time of PTV is ending, robust optimization comes next[END_REF]. When delivering SBRT treatments using the same machines or devices for conventionally fractionated treatments, there is the need to add to the conventional treatments' uncertainties, those of SBRT protocols as well (high doses, fewer fractions, steeper gradients...). Drastically reducing the number of treatment sessions, and using an online IGRT protocol, the remaining treatment's errors are systematic, which should lead to a larger PTV margin, and steep gradients. So, there is an intrinsic contradiction between PTV definition and SBRT.

The PTV concept does not account for all possible sources of uncertainty present in the RT process. Despite this, PTV should be considered as a tool to handle uncertainties and to ensure a trade-off between expected toxicities and tumor control [START_REF] Biston | Time of PTV is ending, robust optimization comes next[END_REF]. Finally, the future of radiation therapy treatments tends toward HF (higher doses and fewer fractions), so the future of dose delivery optimization lies not in new margin recipes but rather in new approaches such as robust optimization (paragraph 1.3.2.4) or other experimental ways taking uncertainties into account.

Definition of robust optimization

Robustness has been defined as the ability of an analytical procedure to produce unbiased results even in presence of changes in the experimental conditions. Thus, robustness evaluation should be an integral part of any treatment planning process to assess the capability of the plan to deal with uncertainties (i.e. random errors, organ motion and deformation, interplay effects, etc.).

The "robust optimization" of a treatment planning depends on the concept of inverse optimization, and it is based on three assumptions [START_REF] Biston | Time of PTV is ending, robust optimization comes next[END_REF]:

• the CTV should receive the prescribed dose despite uncertainties.

• Constraints to the OARs should be satisfied despite the planning or delivery errors.

• Constraints to serial OARs should be respected the the detriment of the CTV coverage.

What changes using robust optimization is that uncertainties are directly incorporated in the optimization process, and deviations from the nominal dose distributions are explicitly calculated for each so-called "error scenario" and minimized by using planning objectives.

Two principal approaches are used in robust optimization [START_REF] Biston | Time of PTV is ending, robust optimization comes next[END_REF]:

• stochastic approach: it consists in minimizing a weighted sum of objective functions evaluated for different error scenarios. A high weight will be given to a scenario that is more likely to occur, whereas, a low weight is given to a scenario that may happen with low probability. Finally, the probabilistic approach aims to find a solution which lead to a good treatment plan for all possible error-scenarios (or dose distributions).

• Worst-case approach: it consists in obtaining the best possible plan for the worst error scenario.

The application of robust planning techniques requires the evaluation of the dose distribution for all possible error scenarios. Indeed, if we consider two plans having a similar CTV coverage, in presence of error scenarios, they can behave differently. Evaluation methods apply positive and negative isocenter's shifts of a magnitude tipically corresponding to CTV-to-PTV margins, in left-right (LR), supero-inferior (SI), and antero-posterior (AP) directions. This option of "perturbed dose calculation" is available in some TPS, but it is time consuming, and does not offer the possibility to simultaneously evaluate the impact of several combinations of setup and range uncertainties scenarios of IMRT. However, regarding protons, common methods to allow robustness evaluation in terms of range uncertainty, perturb the density by downscaling or over-scaling the Hounsfield Units (HU) values in the planning CT [START_REF] Biston | Time of PTV is ending, robust optimization comes next[END_REF].

Several studies have shown that, especially for moving targets, and for protontherapy, performing robust optimization instead of PTV-based planning led to better target coverage and better OARs sparing. Instead of adding CTV-to-PTV margins, robust optimization effectively deals with uncertainties such as motion and shape's variations. Recent studies have reported promising results using robust optimization for different anatomical sites, in particular for targets subject to large inter or intrafraction motion, or to anatomical changes [START_REF] Miura | Efficacy of robust optimization plan with partial-arc VMAT for photon volumetric-modulated arc therapy: A phantom study[END_REF] [108] [START_REF] Liang | Using robust optimization for skin flashing in intensity modulated radiation therapy for breast cancer treatment: a feasibility study[END_REF]. Despite this, PTVbased planning still remain the standard during photon-based radiotherapy. In this work we did not perform robust optimization, we, on the other hand, performed robust evaluation of the CTV-to-PTV margins used to take into account intrafraction motion during prostate HF RT. To do so, clinical plans have been "perturbed" with prostate shifts recorded during the treatment. By doing this, we relied on the concept that, in photon therapy, the effect of motion on dose distribution could be approximated as a shift of the voxel relative to the nominal dose distribution, since the photon range is little disturbed by a change in patient anatomy (dose cloud approximation) [START_REF] Unkelbach | Robust radiotherapy planning[END_REF].

Adaptive radiotherapy

Adaptive radiotherapy allows the modification of the treatment plan aiming at improving the dose distribution, due to anatomic or physiologic deviations from the initial simulation. The main advantage of ART is the quick response to anatomical variations (compared to the time of planning) before or during irradiation. Thus, sufficient 3D imaging information is essential for ART implementation. As progresses are made in the technologies, the sophistication of adaptive therapy increases. By using DIR techniques, both auto-segmentation, and daily dose calculation can be performed directly on 3D images such as CBCT [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF] and MRI [START_REF] Rasmus Lübeck Christiansen | Online adaptive radiotherapy potentially reduces toxicity for highrisk prostate cancer treatment[END_REF]. Furthermore, dose accumulation over the course of treatment can be made, and the delivered dose assessed. Finally, the next layer of sophistication in ART is online replanning, by evaluating the functional changes inside the patient during the treatment delivery. To do this, MRI or CBCT imaging is used, in combination with automatic planning.

Four different ART strategies exist: offline between fractions, online before or during the treatment, hybrid combining both online and offline techniques, and realtime during the fraction.

• Offline ART: performed between the treatment fractions, it is commonly used to account for anatomical variations in tumor or normal tissues. Moreover, for offline ART, DIR strategies (also using CBCT images) could be used for contour generation and dose accumulation process [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF].

• Online ART: performed by imaging the patient before or during the treatment, and, if necessary, replanning and performing quality assurance while the patient remains in the treatment position [START_REF] Rasmus Lübeck Christiansen | Online adaptive radiotherapy potentially reduces toxicity for highrisk prostate cancer treatment[END_REF]. The advantage of online ART is that the plan can be modified during the treatment in response to observed anatomical changes, but, on the other hand, one challenge is represented by large, rapid, or unpredictable intrafraction anatomical changes [START_REF] Olga L Green | Practical clinical workflows for online and offline adaptive radiation therapy[END_REF].

• Hybrid strategy: it combines the two previously listed techniques. In this case, several CT images with different anatomies are acquired during the simulation stage (offline strategy) and a specific treatment plan is created for each of them.

On the day of treatment, the most appropriate treatment plan will be chosen based on the daily anatomy (online strategy) [114] [115].

• Real-time ART: it uses real-time imaging of anatomy to adapt the plan in real-time during delivery [START_REF] Keall | See, think, and act: realtime adaptive radiotherapy[END_REF].

The implementation of an ART strategy depends on the tumor location, on the types of anatomical variations, and on the availability of 3D imaging techniques in the treatment room. This strategy is not feasible for all patients due to the human and technical resources available. Moreover, regarding online ART strategies, this process must be highly efficient, and requires specialized and clinically-integrated tools for imaging, replanning, and quality assurance procedures. Currently, during HF protocols, daily online ART is routinely performed thanks to the introduction of MRI-LINACs [START_REF] Rasmus Lübeck Christiansen | Online adaptive radiotherapy potentially reduces toxicity for highrisk prostate cancer treatment[END_REF]. However, this technology remains accessible to few centers due to the high costs [START_REF] Bayouth | MRI-linac systems will replace conventional IGRT systems within 15 years[END_REF]. The benefits related to this technique include better tumor visualisation, and continuous imaging with no additional dose. Nevertheless, the dose-guidance procedures are still based on dose recalculation on CT images that are synthetically created from magnetic resonance (MR) images and then non-rigidly registered with the planning CT [START_REF] Chen | U-net-generated synthetic CT images for magnetic resonance imaging-only prostate intensitymodulated radiation therapy treatment planning[END_REF]. Adaptive strategies (both online and offline) based on CBCT imaging for prostate RT have been used in several studies [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF] [119] [START_REF] Posiewnik | A review of cone-beam CT applications for adaptive radiotherapy of prostate cancer[END_REF], but in the context of HF treatments, few studies have reported offline CBCTbased ART strategies [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF]. However, the introduction of the Varian Ethos system, allows online ART protocols through the use of artificial intelligence, and DIR to automate both contouring procedures, and the plan optimization. Recently, a study by Byrne et al. [START_REF] Byrne | Varian ethos online adaptive radiotherapy for prostate cancer: Early results of contouring accuracy, treatment plan quality, and treatment time[END_REF], on a cohort of 12 patients, showed a significant reduction in the time required for contouring and replanning (19 minutes on average), and significant improvement dosimetric improvements for moderately HF prostate cancer treatments using the Ethos system.

So far, three types of dose calculation methods from CBCT scans have been evaluated in the literature [START_REF] Barateau | Calcul de dose de radiothérapie à partir de tomographies coniques: état de l'art[END_REF]:

• the use of a correspondence curve between Hounsfield units and CBCT densities [START_REF] Fotina | Feasibility of CBCT-based dose calculation: comparative analysis of HU adjustment techniques[END_REF];

• the assignment of density values to the structures after image segmentation [START_REF] Barateau | A density assignment method for dose monitoring in head-and-neck radiotherapy[END_REF];

• the use of DIR algorithms allowing to deformably register the planning CT image onto the daily CBCT to create a synthetic image based on the Hounsfield units, having the same anatomy of the CBCT image [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF].

In the third chapter of this thesis, an offline prostate CBCT ART strategy has been explored, based on the use of DIR between CT and daily CBCT images.

Synthesis

In the context of localized prostate cancer RT, the advent of IMRT and VMAT techniques allowed the delivery of higher doses per fraction. This is why HF protocols arise, delivering daily fractions between 2.5 and 10 Gy. However, IMRT and VMAT techniques in combination with high-dose protocols, have made the treatment application more susceptible to inaccuracies due inter and intrafractional variations. Failure in accounting for these variations may compromise target coverage, and expose OARs to higher doses. In this context, the use of sophisticated IGRT workflows at various treatment stages are considered essential in ensuring the safe clinical application of the modern RT protocols, also allowing for treatment margin reduction. In recent years, US imaging resulted as a promising, accurate, non-invasive, and non-irradiating real-time imaging modality for inter and intrafraction motion management. Moreover, it is also of economic interest because its costs are lower than that of other available techniques (i.e. MRI-LINAC). In the presented chapter, a strong emphasis on the US IGRT technique has been made, and the accuracy and potential of the Clarity 3D TP-US probe (Elekta AB, Stockholm) has been proven. In the next two chapters, the dosimetric impact of uncertainties sources (prostate intrafraction motion and anatomical variations) on treatment margins, target volumes and OARs has been evaluated, during HF prostate RT protocols.

Chapter 2

Impact of non-isotropic and asymmetric CTV-to-PTV margins in presence of intrafraction prostate motion during moderately hypofractionated radiation therapy

This chapter is adapted from di Franco et al. (2022) [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF], which has been published in the European Journal of Medical Physics (EJMP). The objective was the evaluation of the dosimetric impact of intrafraction motion during moderately HF prostate cancer treatments by progressively reducing homogeneous CTV-to-PTV margins, and to estimate minimum NI-AS margins taking motion into account. [START_REF] Incrocci | Hypofractionated versus conventionally fractionated radiotherapy for patients with localised prostate cancer (HYPRO): final efficacy results from a randomised, multicentre, open-label, phase 3 trial[END_REF] demonstrating that for localized cancer, they are well tolerated, safe and effective, with an economic and practical advantage due to the shorter treatment duration. In recent literature, HF treatments delivering 3 Gy per fraction are considered the standard of care for localized prostate cancer [START_REF] Dearnaley | Conventional versus hypofractionated high-dose intensity-modulated radiotherapy for prostate cancer: 5-year outcomes of the randomised, noninferiority, phase 3 CHHiP trial[END_REF] [82] [START_REF] Linus C Benjamin | The role of hypofractionated radiotherapy in prostate cancer[END_REF]. However, these protocols require a high level of accuracy in dose delivery to allow treatment margins' reduction because of an increased risk of toxicity to the surrounding OARs [START_REF] Clemente | Role of the technical aspects of hypofractionated radiation therapy treatment of prostate cancer: a review[END_REF].

Introduction

Moderately HF RT protocols have shown their effectiveness in treating prostate cancer patients [76] [77] [78] [125] [126]

Widmark et al. [START_REF] Widmark | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial[END_REF] by using reduced CTV-to-PTV margins for extremely HF (6 mm and 4 mm around the rectum) versus conventional fractionated treatments (10-15 mm or 7 mm by using FM) have found similar late effects between the two patients cohorts [START_REF] Widmark | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial[END_REF] whereas early side effects were more pronounced for HF treatments [START_REF] Widmark | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial[END_REF]. Moreover, using a monitoring device to control intrafraction prostate motion would enable to further reduce HF treatment margins, thus decreasing the risk of early side toxicity [START_REF] Dale W Litzenberg | Influence of intrafraction motion on margins for prostate radiotherapy[END_REF]. One of the major concerns in prostate cancer is the effect of geometric uncertainties, generally due to bladder and rectum anatomical variations, correlated to their fullness [START_REF] Chen | Dosimetric impact of different bladder and rectum filling during prostate cancer radiotherapy[END_REF]. Therefore, pelvic anatomical variations, could be the cause of real-time prostate motion, hence affecting CTV coverage.

As reported in literature, prostate motion can be important (displacements >1 cm) but also irregular and sometimes unpredictable [START_REF] Sheng | Reduction of prostate intrafractional motion from shortening the treatment time[END_REF]. Many authors have already studied the magnitude of prostate shifts occurred during treatment fractions using different prostate monitoring devices [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF] [9] [START_REF] Michael Lovelock | Continuous monitoring and intrafraction target position correction during treatment improves target coverage for patients undergoing SBRT prostate therapy[END_REF] [132] [START_REF] Ak Richardson | Intrafraction monitoring of prostate motion during radiotherapy using the Clarity® Autoscan Transperineal Ultrasound (TPUS) system[END_REF]. Langen et al. [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF] by using the Calypso system (Varian Medical Systems, Palo Alto, CA) to monitor prostate motion observed displacements >3 mm, 5 min after alignment. Using the Clarity TP-US probe for monitoring prostate displacement, Baker et al. [START_REF] Baker | Determining intrafractional prostate motion using four dimensional ultrasound system[END_REF] observed deviations up to 2.8 mm after only 2.5 min of treatment, and Sihono et al. [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF] observed displacements of more than 6 mm after 4 minutes of treatment. In recent years, MRI LINAC technology has found increasing application in retrieving prostate intrafraction motion, because of its improved soft tissue contrast, the possibility of continuous imaging the patient with no additional dose, and without implanting FMs. By using MRI-guided radiotherapy, de Muinck Keizer et al. [START_REF] De | Prostate intrafraction motion during the preparation and delivery of MR-guided radiotherapy sessions on a 1.5 T MR-Linac[END_REF] also reported important displacements (>4 mm in posterior and superior directions) after 6 minutes of treatment time. However, this technology remains accessible to few centers due to the high costs [START_REF] Bayouth | MRI-linac systems will replace conventional IGRT systems within 15 years[END_REF].

Different studies [START_REF] Herschtal | Calculating geometrical margins for hypofractionated radiotherapy[END_REF] [135] state that the effect of random motion, such as intrafraction motion, has generally little impact on dose distribution if the treatment is delivered with a high number of fractions, but this is not true for HF treatments [START_REF] Herschtal | Calculating geometrical margins for hypofractionated radiotherapy[END_REF] [START_REF] Vanhanen | Dosimetric effect of intrafraction motion and different localization strategies in prostate SBRT[END_REF]. Besides, during HF treatments, because of an increased risk of toxicity to the surrounding organs, CTV-to-PTV margins should be reduced compared to conventional treatments, which seems difficult in the absence of monitoring systems. Therefore, a finer determination of the PTV margin is crucial for safe dose escalation. Consequently an adapted margins strategy is needed.

The most used method to estimate the required CTV-to-PTV margins is the van Herk's formula [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] (more details concerning van Herk's method are reported in section 1.4.2.2). Several assumptions and simplifications have been used for this approach to be valid [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF]: patient population was assumed to be homogeneous (same standard deviations' values for each patient), and many fractions were considered in order to put treatment average execution error as zero. Those simplifications cannot be ignored in presence of a heterogeneous population, where large random variations occur, or in presence of a reduced number of fractions [START_REF] Herschtal | Calculating geometrical margins for hypofractionated radiotherapy[END_REF]. In addition, margins recipes only take into account interfraction motion with few guidelines for intrafraction movements [START_REF] Pei | Analysis of intra-fraction prostate motion and derivation of duration-dependent margins for radiotherapy using real-time 4D ultrasound[END_REF]. Thus, other alternatives must be explored in order to accurately estimate treatment margins for taking into account intrafraction movements. In this direction another method which could be more relevant is the voxel shifting method (VSM). It consists in shifting the dose map according to translations or rotations observed during the treatment process. In this way, the effect of motion on dose distribution is directly visible, which makes it possible to extract a margin taking into account prostate shifts over the entire patient population. This method is particularly relevant for photon treatment, since the photon range is little disturbed by a change in patient anatomy, which enabled the dose distribution to be calculated using the static dose cloud approximation [START_REF] Unkelbach | Robust radiotherapy planning[END_REF]. Moreover, this method appears all the more appropriate when used in a homogeneous environment as it is the case for prostate cancer [START_REF] Unkelbach | Robust radiotherapy planning[END_REF].

The goal of this work was to first evaluate the dosimetric impact of intrafraction motion on CTV prostate coverage during moderately HF treatments, by reducing CTV-to-PTV homogeneous margins (from 6 to 0 mm). Than, to propose a population-based method to retrieve NI-AS CTV-to-PTV minimum margins only taking into account intrafractional prostate motion. Forty-six patients (876 fractions) treated by moderate HF RT (60 Gy in 20 fractions) in our institution were considered. All patients followed a daily IGRT protocol by using the Clarity TP-US probe. The retrieved prostate displacements were used to study the CTV coverage during the treatment, in presence of motion. Indeed, the CTV structure was perturbed and displaced with the recorded prostate shifts using the VSM and the static dose cloud approximation [START_REF] Unkelbach | Robust radiotherapy planning[END_REF]. Then, to evaluate the effectiveness of NI-AS margins, treatment plans were re-computed using an autoplanning system [START_REF] Biston | Evaluation of fully automated a priori MCO treatment planning in VMAT for head-and-neck cancer[END_REF].

Several studies dealing with intrafraction prostate monitoring during treatment can be found in the literature [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF] [9] [132] [START_REF] Richter | Evaluation of intrafraction prostate motion tracking using the Clarity Autoscan system for safety margin validation[END_REF] as well as many margins recipes that consider interfractional motion [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] [136] [START_REF] Pei | Duration-dependent margins for prostate radiotherapy-a practical motion mitigation strategy[END_REF]. However, to our knowledge, this is one of the first that uses monitoring device to investigate non homogeneous and timedependent margins for intrafractional prostate motion during moderate HF radiation therapy. An ulterior novel feature proposed by this work is the use of an automatic treatment plan algorithm that enabled assessing the impact of intrafraction motion on CTV coverage without having operator variability in the planning process which could bias the conclusions.

Materials and methods

Patients' cohort and clinical protocol

Forty-six patients (876 fractions) receiving a moderate HF VMAT prostate's treatment in our institution were included in this study, which was approved by the hospital ethics committee. The prescribed dose was 60 Gy in 20 fractions, and a dose objective was fixed for CTV: 99% of the CTV covered by 100% of the prescribed dose. VMAT treatments were delivered using a VersaHD ® (Elekta AB, Stockholm) LINAC. Each patient in the cohort follows an IGRT protocol (described in detail in section 1.3.3.5). Before the treatment start, an US daily image followed by a CBCT acquisition was performed for pretreatment positioning (figure 2.1). According to the used IGRT protocol, CBCT imaging is the reference modality for patient positioning (to manage interfraction motion), whereas the TP-US probe is used to monitor prostate intrafraction motion during the treatment (figure 2.1).

Treatment durations ranged between 200-600 s, involving both pretreatment imaging and treatment phase. Among the cohort, 18 patients (346 fractions) were randomly selected for treatment plan re-computation using increased homogeneous CTV-to-PTV margins (i.e., 0, 1, 2, 3, 4, 5 and 6 mm margins around the CTV). Patients followed an individual bladder preparation of 1-2 cups of water (330-500 ml) 1 hour before the treatment. Specific dietary advices were given for a period of 7 days before the CT scanner. Patients were also encouraged to empty their bowels and bladder prior to each fraction.

Treatment planning

One hundred and forty four VMAT treatment plans were re-computed using increasing homogeneous CTV-to-PTV margins, using the mCycle auto-planning solution, which is implemented in a research version of Monaco TPS (V.5.59.11, Elekta AB, Stockholm). This concept, using lexicographic Multi Criteria Optimization (MCO) has been extensively described before [START_REF] Biston | Evaluation of fully automated a priori MCO treatment planning in VMAT for head-and-neck cancer[END_REF]. To summarize, the first step is defining a "tumor and protocol" specific wish-list containing the constraints and prioritized objectives [START_REF] Biston | Evaluation of fully automated a priori MCO treatment planning in VMAT for head-and-neck cancer[END_REF]. Than, the optimization stage is divided in two passes. During the first pass, the TPS optimizes the individual objectives to meet the different requested goal values while respecting the priority order, and all defined constraints [START_REF] Biston | Evaluation of fully automated a priori MCO treatment planning in VMAT for head-and-neck cancer[END_REF]. Then, during the second pass, the optimizer further reduces the objectives that were below the goal value in the first pass as low as possible [START_REF] Biston | Evaluation of fully automated a priori MCO treatment planning in VMAT for head-and-neck cancer[END_REF]. Once the 2 passes are finished, the fluence map optimized plan will be segmented, followed by a segment weight and segment shape optimization [START_REF] Biston | Evaluation of fully automated a priori MCO treatment planning in VMAT for head-and-neck cancer[END_REF]. All plans were performed using the same beam geometry (two 360°arcs), the same wish-list, and the same sequencing parameters to avoid any bias in dosimetric comparisons related to the planning process.

Quantification of the impact of intrafraction motion on target coverage

The robustness of a treatment plan was evaluated by performing transformations of the nominal dose distribution and estimating differences. The VSM and the static dose cloud approximation [START_REF] Unkelbach | Robust radiotherapy planning[END_REF] were used to move the CTV RT structure with the prostatic displacements observed during the treatment process (figure 2.

2).

An in-house automated Python routine was developed to take as input the planning CT, RT structures, and 3D prostate's displacements (LR, SI), and AP), to generate as output the moved structures. Hence, the RT structures were moved each 5 seconds according to the given displacements. The 60 Gy isodoses RT structures were retrieved from the calculated plans using different CTV-to-PTV margins, and then superimposed onto the moved CTV to verify the dosimetric coverage (figure 2.2). This way, the theoretical coverage of the CTV was evaluated each 5 seconds, in presence of motion. Figure 2.2: CTV coverage evaluation: the CTV structure was moved according to the retrieved prostate shifts in LR, SI, and AP directions. Then, the 60 Gy isodose structure was superimposed onto the moved CTV to assess its coverage.

Margin's analysis

As reported elsewhere [START_REF] Pei | Analysis of intra-fraction prostate motion and derivation of duration-dependent margins for radiotherapy using real-time 4D ultrasound[END_REF] [139], the van Herk 's non-linear margin recipe [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] was used to estimate the duration-dependent margins for every minute up to 10 min as followed:

M = (C 1 Σ + C 2 ( σ 2 + σ 2 p -σ p )) (2.1)
As defined by van Herk [START_REF] Van Herk | Errors and margins in radiotherapy[END_REF] Σ is the standard deviation of the mean displacements (systematic errors) and (σ) is the standard deviation of the random variations (prostate motion). The parameter σ p (3.2 mm) describes the width of the penumbra modeled by a cumulative Gaussian. C 1 is the confidence level corresponding to a percentage of the population and C 2 is the dose level's coefficient (see paragraph 1.4.2.2). C 1 and C 2 were chosen to achieve the two following dosimetric criteria: 90% of population which CTV was covered by 95% of total dose (90PP-95D) and 95% of population having the CTV covered by 99% of the total dose (95PP-99D). For the 90PP-95D dosimetric criteria, C 1 and C 2 values were chosen as 2.50 and 1.64, respectively [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF]. Instead, for 95PP-99D dosimetric criteria, C 1 and C 2 values were set as 2.79 and 2.34, respectively [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF]. Whereas the first criterion was the one used by van Herk [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] and largely reported in literature, the second one was chosen to better consider the specific conditions relating to HF treatments (reduced number of fractions, and higher treatment accuracy needed).

Results

Motion analysis

The evaluation of 876 fractions after 5 min of treatment resulted in a mean displacement of -0.02 ± 0.52 mm, 0.27 ± 0.78 mm and -0.43 ± 1.06 mm in the LR, SI and AP directions respectively. After 10 min of treatment mean displacements were -0.03 ± 0.76 mm, 0.45 ± 1.08 mm and -0.72 ± 1.50 mm. To visualize the data over all the fractions, 425 104 displacement values were plotted in a histogram (figure 2.3).

Mean absolute displacements >3, 5 and 7 mm were observed for 16%, 5%, and 2% of the total number of fractions. Rare large deviations >8 mm were detected but the frequency was less than 1%. On average, the evaluation of the trajectories revealed a directional dependence of the intrafractional prostate movements. The prostate position was rather stable in LR direction, with median and maximum values of -0.02 and 7.60 mm after 10 min of treatment. In contrast, the evaluation in SI and AP directions showed a wider variation of displacements values (standard deviation of 1.08 and 1.50 mm after 10 min treatment respectively). Prostate movements were more important in inferior and posterior directions, with median values of 0.28 and -0.50 mm and maximum values of 9.54 and 9.50 mm after 10 min of treatment, respectively.

CTV coverage study using homogeneous margins

Isotropic margins of 0, 1, 2, 3, 4, 5 and 6 mm were added to each pre-treatment CTV structure and, after applying the registered 3D shifts, the corresponding shifted CTV covered by 60 Gy isodose RT structure was recorded each 5 seconds from 0 to 600 s for each CTV-to-PTV margin value. The median CTV dosimetric coverage obtained depending on time, using the above mentioned CTV-to-PTV margins is shown in figure 2.4. The CTV coverage increased with increased CTV-to-PTV margins but it decreased with time. Median shifted dose distribution results showed that, fixing 300 s as observation time and considering 330 fractions, the prescription constraint (99% of the CTV covered by 100% of the prescribed dose) on the CTV was achieved in 77%, 77%, 78%, 84%, 92%, 98%, and 100% of fractions using 0, 1, 2, 3, 4, 5, and 6 mm margins, respectively.

Considering that the average duration of an HF treatment is about 5 min, a homogeneous margin of 5 mm was considered as sufficient to take into account intrafraction motion. Then, to account for prostate motion during both the pre-treatment and imaging phases, the observation time was increased to 7 and 10 minutes, corresponding to a 2 and 5 min pre-treatment imaging phase, respectively. In the first case, fixing 420 s as observation time (277 fractions) the prescription constraint on CTV prostate was achieved in 71%, 71%, 72%, 85%, 89%, 95%, and 98% of fractions using 0, 1, 2, 3, 4, 5, and 6 mm margins, respectively. Alternatively, fixing 600 s as observation time (97 fractions) the prescription constraint on CTV prostate was achieved in 67%, 68%, 69%, 69%, 70%, 85%, and 95% of fractions using 0, 1, 2, 3, 4, 5, and 6 mm margins, respectively. Hence, after 7 min of total treatment time, a homogeneous margin of 5 mm should guarantee a correct prostate target coverage, whereas 10 min total treatment time, would require a 6 mm treatment margin.

Treatment margins

Based on the data acquired in this study (46 patients, 876 fractions), time-dependent margins were calculated to account for intrafraction motion. Non-isotropic margins were first calculated using van Herk 's formula. To meet the first 90PP-95D dosimetric criterion after 10 min of treatment, margins of 1.5, 3.2 and 6.2 mm were calculated in LR, SI and AP directions, respectively. Subsequently, in order to meet the targeted dosimetry criterion (95PP-99D), the margin was increased by 0.2, 0.5 and 1 mm, in the LR, SI and AP directions, respectively (figure 2.5).

Since the evaluation of the trajectories revealed a directional dependence of the intrafraction prostate motion, with important displacements in inferior and posterior directions, NI-AS and time-dependent margins were first calculated using the van Herk 's formula, and then retrieved using the VSM. Hence, after 10 min of treatment, using van Herk 's formula, a margin of 0.5 and 0.6 mm was needed in left and right directions, respectively, 1.7 and 0.7 mm in inferior and superior, respectively, and 0.9 and 3.5 mm in anterior and posterior directions, respectively, to meet the 90PP-95D dosimetric criterion (figure 2.5). To achieve the targeted criterion of 95PP-99D, after 10 min of treatment, a margin of 0.5 and 0.7 mm was needed in left and right directions, respectively, 1.9 and 0.8 mm in inferior and superior directions, respectively and 1.1 and 4.6 in anterior and posterior directions, respectively.

Using the VSM, margins needed to meet the 95PP-99D dosimetric criterion were generally more important, except in left-right direction. Hence, after 10 min of treatment, a margin of 0 and 1 mm was needed in left and right directions, respectively, 4 and 3 mm in inferior and superior directions, respectively and 4 and 8 mm in anterior and posterior directions, respectively (figure 2.6).

Finally, to evaluate the corresponding shifted dose distribution, 18 treatment plans (one for each patient of the cohort) were automatically re-computed using the non-isotropic margins found at 7 min treatment (figure 2.6) to take into account both the physicians' margin recommendations [START_REF] Douglas H Brand | Intensity-modulated fractionated radiotherapy versus stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings from an international, randomised, open-label, phase 3, non-inferiority trial[END_REF], where a posterior CTV-to-PTV expansion between 3 and 5 mm is needed, and the average duration of an HF treatment (2 min of pre-treatment imaging phase plus 5 min of treatment delivery). Boxplots in figure 2.7 report the CTV coverage depending on time. After 5 and 7 min of treatment the prescription constraints on CTV coverage were achieved for 96% of fractions. The same median target coverage as a homogeneous margin of 5 mm was achieved, but with drastically reduced margins in LR, SI and anterior directions.

Discussions

In this study, intrafraction prostate motion was monitored in 46 patients (876 total fractions) that underwent moderately HF radiation therapy, with prostate monitoring phase ranging between 200 and 600 s, involving both pre-treatment and treatment phase. To deliver 3 Gy per fraction in VMAT with flattening filter (FF) photon beams generally takes about 3 min 30 s, whereas delivering HF treatments between 6 and 7 Gy per fraction generally takes 6 to 7 min. The use of flattening filter free (FFF) beams is likely to divide by 2 the delivery time, thus reducing the probability of prostate motion. Hence, using FFF beams could also lead to a reduction of the treatment margins required compared to FF beams. The large observation time provided in this study enabled us to have a sufficiently large observation period to mimic both moderately and highly HF treatment delivered with FF or FFF beams. Similar to other studies, some of which using other monitoring devices, the detected intrafraction displacements were generally small (>3 mm in 16% of treatment time and >5 mm in 5% of treatment time) but larger displacements (≥ 8mm) occurred with a frequency less than 1%, as also reported elsewhere [8] [9] [133] [START_REF] Richter | Evaluation of intrafraction prostate motion tracking using the Clarity Autoscan system for safety margin validation[END_REF]. The smallest displacements were observed in LR directions and the largest ones in inferior and posterior directions [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF][9] [130] [136] [140] [START_REF] Sheng | Gains from real-time tracking of prostate motion during external beam radiation therapy[END_REF]. Hence, even if Li et al. [START_REF] Li | Prefraction displacement and intrafraction drift of the prostate due to perineal ultrasound probe pressure[END_REF] showed that the monitoring probe can affect prostate displacements, based on our observations, we can assume that there was no impact of the probe pressure on intrafraction prostate displacement [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF]. Possibly, the shift in AP direction was due to a patient relaxation or a change in bladder and rectal fullness. In this direction further research is taking place in our institution to better understand the relationship between the daily anatomical variations and the relative prostate displacements.

Similarly to this work, an increased variance of prostate displacements for longer observation times was found in the literature [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF]. Generally, using conventional treatment protocols, large target displacements appear to be acceptable if occurring for a short period of time during irradiation. However, during HF treatments such displacements become much more relevant because of the risk of late radiation effects. This makes the calculation of appropriate margins even more important. The analysis of the impact of intrafraction motion on target coverage using homogeneous CTV-to-PTV margins around the CTV showed a general loss in target coverage because of increased treatment times even using up to 6 mm CTV-to-PTV margins. Conversely, analyzing the median shifted dose distribution, for a daily routine HF fraction lasting approximately 5 min, a homogeneous margin of 5 mm should guarantee sufficient target coverage during all treatment. In the recent literature, there has been a growing interest in finding non-homogeneous minimum margins for considering intrafraction motion as a function of treatment time. A summary of the most recent studies is given in figure 2. [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF].

In all the studies van Herk 's formula was used to calculate time dependent NI-AS margins. An innovative feature of our work is that we compared two different margin calculation strategies over a large cohort of patients. We also proposed an objective analysis of CTV coverage in function of time using increased CTV-to-PTV margins, without operator dependence, by using an auto planning system to perform the treatment plans. As a comparison with recent studies, non-isotropic margins were first derived using the van Herk 's formula and considering the 90PP-95D dosimetric criterion. The margins obtained in our work were similar in LR and SI directions compared to Pang et al. [START_REF] Pei | Duration-dependent margins for prostate radiotherapy-a practical motion mitigation strategy[END_REF], considering an observation time of 8 min. Conversely, the margin obtained in AP direction was double (5.20 vs 2.65 mm). After only 4 min of treatment, Sihono et al. [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF] achieved higher margins in LR direction than other studies, and found smaller margins in AP direction than in our study (1.33 vs 2.40 mm). Steiner et al. [START_REF] Steiner | Prostate and patient intrafraction motion: impact on treatment time-dependent planning margins for patients with endorectal balloon[END_REF] obtained the same AP margin of 6.2 mm but after 15 min of observation time versus 10 min for this study. Therefore, the difference could result in the procedures for patient's preparation before treatment delivery. In our case, the diet suggested to the patients was maybe less respected. In addition, most patients of the cohort were treated between 14-16 pm, which might have a connection with anatomical movements and subsequent prostate movements.

Since prostate displacements observed were more important in posterior and inferior directions, it was relevant to calculate NI-AS margins. Using van Herk 's method, margins obtained were smaller than Pang et al. [START_REF] Pei | Analysis of intra-fraction prostate motion and derivation of duration-dependent margins for radiotherapy using real-time 4D ultrasound[END_REF] in all directions except in posterior direction, after 8 min of treatment. By adapting the dosimetric criteria to HF treatment (95PP-99D), margins were increased by 0.1 mm in left, right and superior directions, 0.2 mm in inferior and anterior directions, and 0.5 mm in posterior direction, after 8 min of treatment. However, the van Herk 's formula loses accuracy during HF treatments because of the reduced number of fractions [START_REF] Herschtal | Calculating geometrical margins for hypofractionated radiotherapy[END_REF], and because of non-homogeneous dose distribution. Additionally, patient population cannot be assumed as homogeneous and therefore systematic and random errors are not constant across all population (see paragraph 1.4.2.2). Moreover, systematic errors are also minimized if daily IGRT is performed, which is the case for all SBRT treatments.

By using the VSM [START_REF] Unkelbach | Robust radiotherapy planning[END_REF], we made the assumption that the effect of intrafraction motion could be approximated as a shift of the voxel relative to the planning position. Moreover, considering the asymmetry of prostate movements, this method could be more effective in retrieving NI-AS margins. Considering a 7 min HF treatment (taking also into account the pre-treatment phase), greater margins were found using the VSM compared to van Herk 's margins, except in left and right directions. Hence, even if the found margins differed between studies (figure 2.8), they were all agreed that posterior margins should be more important than in other directions to take into account intrafraction motion. Note that this is contrary to most international protocols which recommend a reduction of the margins in the posterior direction, to reduce the risk of toxicity to the rectum [START_REF] Douglas H Brand | Intensity-modulated fractionated radiotherapy versus stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings from an international, randomised, open-label, phase 3, non-inferiority trial[END_REF].

To validate the robustness of the new CTV-to-PTV margins found with the VSM, automatic plans were recomputed for a 7 min HF treatment. The evaluation of the dosimetric CTV coverage after 5 and 7 min of treatment was equivalent to the dosimetric coverage obtained with a 5 mm homogeneous margin but with drastically reduced margins in all directions except in posterior.

A possible limitation of our study is that rotations of the prostate were not considered in evaluating non-isotropic margins, as the Clarity 4D TP-US workstation does not support rotations shifts. In the context of our clinical interest in prostate intra-fractional motion, this does not constitute a major drawback. Finally, similarly to another work, no interplay effect arising from the interaction between intrafraction organ motion and the multileaf collimator position for each particular segment was considered in this study [START_REF] Sumida | Robust plan optimization using edge-enhanced intensity for intrafraction organ deformation in prostate intensity-modulated radiation therapy[END_REF]. According to the literature, one method to ac-count for this effect consists in using a segment-based convolution method, which involves in convolving the static dose distribution attributed to each segment with the probability density function (PDF) of motion during delivery of the segment [START_REF] Haisen | Quantifying the interplay effect in prostate IMRT delivery using a convolution-based method[END_REF]. Other method consists in using the set of leaf sequences obtained from an electronic portal imaging device to construct the dose distribution [START_REF] Lee | The use of EPID-measured leaf sequence files for IMRT dose reconstruction in adaptive radiation therapy[END_REF]. Machine log files in combination with Monte Carlo dose calculations have also been widely used [START_REF] Schreibmann | Patientspecific quality assurance method for VMAT treatment delivery[END_REF] [START_REF] Dale W Litzenberg | Synchronized dynamic dose reconstruction[END_REF]. Finally, the MRI-LINAC technology allows combining the LINAC machine log files with motion information obtained from the intrafraction 3D cine-MR dynamics [START_REF] Kontaxis | Delivered dose quantification in prostate radiotherapy using online 3D cine imaging and treatment log files on a combined 1.5 T magnetic resonance imaging and linear accelerator system[END_REF].

Conclusions

To conclude, we reported here our experience in deriving NI-AS duration-dependent margins to generate the required planning target volume for prostate HF RT treatments. The objective was to propose minimum margin for taking into account intrafraction motion during HF treatment of prostate cancer for centers who do not have the possibility to monitor in real time prostate motion. Similarly to other works, we found that margins should not be reduced in posterior direction, as regularly done in many protocols to minimize the rectal toxicity. Using the VSM, a 5 mm homogeneous margin was found to be sufficient to ensure a correct CTV dosimetric coverage. NI-AS margin calculation showed that this margin could be reduced in all but posterior direction. The use of reduced treatment margins in HF treatments could allow to considerably reduce the dose to the OARs, as shown elsewhere [START_REF] Michael J Zelefsky | Incidence of late rectal and urinary toxicities after three-dimensional conformal radiotherapy and intensity-modulated radiotherapy for localized prostate cancer[END_REF]. However, to ensure a sufficient CTV coverage without increasing posterior margins, and to minimize the treatment toxicity, a monitoring tool to control prostate's movements seems essential. In our institution, a 5 mm homogeneous CTV-to-PTV margin is used for highly HF prostate treatments. With the results obtained and with the use of the TP-US monitoring modality we should be able to reduce margins to 3 mm. Further work is in progress to assess the dosimetric consequences of these margins on the OARs, as a function of RT treatment's length. 

Synthesis

In this study, we showed that during HF prostate cancer treatments, the target coverage was impacted by prostate intrafraction motion. By increasing treatment time, even the use of homogeneous margins up to 6 mm, conducted to a loss of CTV coverage with the prescription isodose. This result is very important because it shows that: increasing the dose per fraction and the treatment time would require to increase CTV-to-PTV margins to take intrafraction motion into account. This completely disagrees with clinical protocols emphasizing the importance of margin reduction. Moreover, by analyzing prostate motion on a cohort of 46 patients (836 fractions), we have shown the anisotropic and asymmetric nature of prostatic movements with more important displacements observed in inferior and posterior directions. Therefore, to have an alternative to conventional homogeneous margins that could take into account both the needs of clinical protocols and the actual nature of prostate movements, we proposed minimum time-dependent NI-AS treatment margins. Using these margins we demonstrated that for a daily routine HF fraction lasting approximately 5 min, the dosimetric target coverage is equivalent to the one obtained with a 5 mm homogeneous margin but drastically reducing its size in all except posterior direction.

The novelty of the present study lies in two key points:

• We proposed an alternative margin strategy that takes into account both the characteristics of new HF prostate protocols (reduced number of fractions and non-homogeneous patient population), and the non-isotropic and asymmetric nature of prostate movements. Margins recipes only consider interfraction motion with few guidelines for intrafraction movements. Moreover, timedependent NI-AS margins enabled us to have a sufficiently large observation period to mimic both moderately HF and UHF treatments delivered with FF or FFF beams.

• To validate the robustness of the new NI-AS CTV-to-PTV margins an automatic treatment plan algorithm was used. It enabled assessing the impact of intrafraction motion on CTV coverage without having operator variability in the planning process which could bias the conclusions.

One of the possible critical issues related to our NI-AS margins is linked to their size in the posterior direction. For a treatment of at least 5 min (pre-positioning + delivery) a margin ≥ 5mm should be added in the posterior direction. This is in contrast with the physicians' margin recommendations, where a posterior CTVto-PTV expansion between 3 and 5 mm is needed regardless of treatment time.

Thus, our study clearly shows that it is not possible to ensure a sufficient CTV coverage and reduce posterior margins, without using a monitoring tool to control prostate's motion. In my opinion, the obtained results, together with the use of the TP-US probe during the treatment could be useful to implement treatment margins' reduction to 3 mm in our institution during UHF protocols.

Finally, two major limitations can be found in the following work. First, to account for intrafraction motion, only CTV-to-PTV have been evaluated, without accounting for all possible uncertainties. Secondly, no interplay effect arising from the interaction between intrafraction organ motion and the MLC position for each particular segment was considered. To overcome this limitation, the second main objective of this thesis work, has been to evaluate the dosimetric impact of intrafraction prostate movements by synchronizing them with the beam geometry, which is the subject of the second chapter of the manuscript. In chapter 3, we also proposed to evaluate the dosimetric impact of daily anatomical variations, and prostate intrafraction motion during UHF prostate RT protocols.

Chapter 3

Ultra-hypofractionated prostate cancer radiotherapy: dosimetric impact of real-time intrafraction prostate motion and daily anatomical changes

This chapter is adapted from the paper by di Franco et al. which at the time of writing the manuscript has been submitted to the Medical Physics' journal. The objective of the study was to assess the differences between planned and delivered dose during UHF prostate cancer treatments, by evaluating the dosimetric impact of both daily anatomical variations alone, and in combination with prostate intrafraction motion.

Introduction

Ultra-hypofractionated RT protocols (from 7 Gy per fraction) have shown effectiveness in treating low and intermediate-risk prostate cancer patients [START_REF] Linus C Benjamin | The role of hypofractionated radiotherapy in prostate cancer[END_REF] [START_REF] Per Fransson | Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer (HYPO-RT-PC): patient-reported quality-of-life outcomes of a randomised, controlled, noninferiority, phase 3 trial[END_REF]. Indeed, the low α/β ratio estimated for prostate cancer (1.4-1.9 Gy compared to 3-5 Gy for rectum and bladder) suggests greater sensitivity to dose escalation. IMRT, and VMAT techniques allow higher dose conformity to the tumor, showing the possibility of a safer dose increment [START_REF] Daniel E Spratt | Long-term survival and toxicity in patients treated with high-dose intensity modulated radiation therapy for localized prostate cancer[END_REF]. Furthermore, the use of an online IGRT protocol enables reducing the geometric uncertainties of the treatment [START_REF] Michael J Zelefsky | Improved clinical outcomes with high-dose image guided radiotherapy compared with non-IGRT for the treatment of clinically localized prostate cancer[END_REF]. In this regard, we recently showed the benefits of continuous motion monitoring by using an ultrasound IGRT protocol [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF]. The main sources of uncertainty during UHF treatment delivery are daily pelvic anatomical changes [START_REF] Chen | Dosimetric impact of different bladder and rectum filling during prostate cancer radiotherapy[END_REF], and inter and intrafraction prostate movements [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF] [8] [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF]. Since the delivery time for UHF treatments is generally longer (4 minutes or more) than the one for conventional treatments (1.8 Gy -2 Gy per fraction), there is a higher chance for an extensive prostate motion to occur [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF]. Thus, in a previous study, we demonstrated that increasing treatment time, intrafraction prostate motion was increasingly impacting the target coverage [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF].

Cone-beam CT is the standard technique for pretreatment positioning of prostate patients since it enables to visualize the pelvic anatomical structures. Different studies have shown that bladder and rectum filling variation can impact the delivered dose [START_REF] Patrick A Kupelian | Daily variations in delivered doses in patients treated with radiotherapy for localized prostate cancer[END_REF] [START_REF] Roch | Dosimetric impact of rectum and bladder anatomy and intrafractional prostate motion on hypofractionated prostate radiation therapy[END_REF]. In particular, Roch et al. [START_REF] Roch | Dosimetric impact of rectum and bladder anatomy and intrafractional prostate motion on hypofractionated prostate radiation therapy[END_REF] observed an increase in the administered bladder dose compared with the theoretical treatment plan (ratio of 1.3), due to a lower bladder filling compared to the simulation CT in 66% of the fractions.

In practice, daily OARs volume and shape variations are more complex to manage than inter or intrafraction motion. However, using CBCT images, it is possible to calculate the daily delivered dose considering the anatomy of the day, and to perform dose accumulation to evaluate the agreement between the theoretical plan and its implementation. This technique is well-known as "offline" ART [START_REF] Böckelmann | Adaptive radiotherapy and the dosimetric impact of inter-and intrafractional motion on the planning target volume for prostate cancer patients[END_REF]. Considering that a dose calculation requires knowledge of quantitative information within the image, i.e. tissues' electronic density, it is not easily achievable using low contrast CBCT images. Nevertheless, several methods, such as density assignment [START_REF] Fotina | Feasibility of CBCT-based dose calculation: comparative analysis of HU adjustment techniques[END_REF], DIR, or machine learning have been proposed to generate synthetic CT (syCT) images and then proceed to a new dose calculation [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF] [START_REF] Tamihardja | Cone beam CT-based dose accumulation and analysis of delivered dose to the dominant intraprostatic lesion in primary radiotherapy of prostate cancer[END_REF]. In recent years, the use of DIR for CBCT-based dose assessment in radiotherapy has gained in popularity and, in pelvic cancer, was shown to be highly accurate (errors in dose calculation <1%) [START_REF] Moteabbed | Validation of a deformable image registration technique for cone beam CT-based dose verification[END_REF]. Other strategies based on the combination of DIR and deep learning algorithms for syCT generation have also gained in relevance [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF] [155] [START_REF] Zhao | MV CBCT-Based Synthetic CT Generation Using a Deep Learning Method for Rectal Cancer Adaptive Radiotherapy[END_REF]. The algorithms successfully allowed for fast workflow in image segmentation and accurate dose calculation for different tumor sites [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF] [157] [START_REF] Maspero | A single neural network for cone-beam computed tomography-based radiotherapy of head-and-neck, lung and breast cancer[END_REF]. Different studies reporting offline CBCT dose accumulation results for prostate cancer radiotherapy can be found in the literature [START_REF] Tamihardja | Cone beam CT-based dose accumulation and analysis of delivered dose to the dominant intraprostatic lesion in primary radiotherapy of prostate cancer[END_REF] [159] [160] [START_REF] Ong | Application of an automated dose accumulation workflow in high-risk prostate cancervalidation and dose-volume analysis between planned and delivered dose[END_REF]. However, few studies have reported offline dose accumulation procedures in the context of HF prostate treatments [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF] [START_REF] Matthew T Studenski | Margin verification for hypofractionated prostate radiotherapy using a novel dose accumulation workflow and iterative CBCT[END_REF]. Similar to this study, using a conventional IGRT approach and the same algorithm for dose accumulation, Eckl et al. [START_REF] Eckl | Dosimetric benefits of daily treatment plan adaptation for prostate cancer stereotactic body radiotherapy[END_REF] performed dose accumulation on syCT without plan adaptation, on a cohort of 32 prostate cancer patients treated at a dose of 40 Gy delivered in 5 fractions. Using a CTV-to-PTV margin of 4 mm, they observed a mean 2.8% loss of CTV coverage between planned and accumulated dose whereas, at the same time, the dose to the rectum and bladder was increased. Note that, nowadays, daily online ART of prostate cancer may be performed in routine for centers equipped with MRI-LINAC [START_REF] Rasmus Lübeck Christiansen | Online adaptive radiotherapy potentially reduces toxicity for highrisk prostate cancer treatment[END_REF] [START_REF] Cuccia | MR-guided hypofractionated radiotherapy: Current emerging data and promising perspectives for localized prostate cancer[END_REF].

The following study aimed to assess the differences between planned and delivered doses during UHF prostate cancer treatments. We evaluated the dosimetric impact of both daily anatomical variations alone and in combination with prostate intrafraction motion. To our knowledge, in the context of UHF prostate treatments, there is no other study using CBCT images aiming at assessing the differences between planned and delivered dose distributions by accounting for both anatomical variations and real-time intrafraction motion. To do so, daily CBCT images were used to elaborate a syCT-based dose accumulation workflow accounting for the interplay effect by synchronizing prostatic shifts and beam geometry. The prostate shifts were recorded during treatment using an US monitoring device [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. The VSM [START_REF] Unkelbach | Robust radiotherapy planning[END_REF] was used to move the dose maps according to the shifts retrieved during the treatment. This was particularly relevant for photons treatments since their range is little disturbed by anatomical changes. Finally, the static dose cloud approximation method [START_REF] Unkelbach | Robust radiotherapy planning[END_REF] was used to calculate the dose distribution.

Materials and methods

Patients' cohort and clinical protocol

Fifteen patients (75 fractions) receiving a prostate UHF VMAT treatment were considered in the following study, which was approved by the hospital's ethics committee. The prescribed dose was 36.25 Gy in 5 fractions delivered to the CTV. The PTV was obtained by a 5 mm homogeneous expansion of the CTV. The clinical protocol included covering 99% of the CTV with the 100% prescription isodose line (36.25 Gy), and covering 95% of the PTV with the 95% prescription isodose line. Planning constraints for target volumes and OARs are described in table 3.1.

Patients received specific dietary advices 7 days before the CT scanner, and followed an individual bladder preparation 1 hour before the treatment (drink between 330 and 500 ml of water). In addition, they were encouraged to empty their bowels before each fraction. VMAT treatments were planned using Monaco TPS and delivered using 6 MV photons beam from a VersaHD ® (Elekta AB, Stockholm) LINAC. Pre-treatment positioning consisted in acquiring an US daily image to initialize intrafraction monitoring, followed by a LINAC acquisition (figure 2.1, chapter 2). The reference modality for pre-treatment positioning was the CBCT imaging. Treatment duration ranged between 180-360 s. Table 3.1: CTV, PTV, bladder, and rectum dosimetric constraints.

Structure name Dosimetric constraints

CTV V 100% ≥ 99% PTV V 95% ≥ 95% Bladder D 40% <18.1 Gy D 1cc <40 Gy D 5cc <37 Gy Rectum D 20% <20 Gy D 50% <18.1 Gy D 1cc <36.25 Gy

Synthetic CTs and dose accumulation workflow

A research version of a commercial DIR algorithm (Advanced Medical Imaging Registration Engine (ADMIRE) V3.37 Elekta AB, Stockholm) [START_REF] Qin | The impact of deformable image registration methods on dose warping[END_REF] embedded in the MONACO TPS (Elekta AB, Stockholm) has been used to perform dose accumulation using an adaptive workflow (figure 3.1). This tool has been extensively evaluated for different treatment sites [164] [165]. The ADMIRE DIR algorithm performs a first linear registration between 2 images (usually an affine transformation) followed by a deformable registration to get the deformable vector field, which establishes a correspondence between voxels of two images. During our workflow, the planning CT (pCT) (moving image) was deformably registered onto the daily CBCT (fixed image) to generate a syCT based on the HU of the pCT, for dose calculations. Daily pre-treatment shifts were applied prior the dose calculation procedure to move the treatment isocenter. Target and OARs contours for each of the 75 CBCT images were obtained using the auto-segmentation tool provided by ADMIRE software, which uses the correspondence between pCT and CBCT images to propagate planned contours onto the CBCT. All contours were copied to the corresponding syCTs and corrected by a radiation oncologist. Finally, the daily dose was warped and accumulated back to the pCT, creating a so-called accumulated CT (aCT) for dosimetric comparison with the planned dose.

Real-time intrafraction motion workflow

The dosimetric impact of prostate's intrafraction motion was evaluated by developing a homemade workflow (figure 3.2). For each patient in the cohort, the RT-plan file was downloaded from Monaco (V5.59, Elekta AB, Stockholm) TPS. It contained information about beam geometry, multileaf collimators, MU, and number of control points (CP). The RT-plan was automatically split (Python script, V3.7.6) into N sub-plans corresponding to the number of CP (range: 172-285, figure 3.3). Each subplan contained information about the delivered MU at a precise beam angle. Then, the scripting function available in Monaco TPS was used to calculate the dose in each of the N sub-plans. The scripting code was written in C language using Visual Studio (V17.2) and divided in three main parts: 1) patient and template selection; 2) dose calculation; 3) RT-dose export. The dose calculation process was taking in input the syCTs and the daily structures. No dose re-optimization procedure was applied in our workflow.

To synchronize the prostate's shifts with the beam's geometry, for each patient the treatment plan was delivered again on the LINAC. By using the graph function available on the accelerator control panel, it was possible to graph the delivered MUs as a function of time, and the dose delivery time was retrieved for each sub-plan by linear interpolation. Subsequently, the VSM and the static dose cloud approximation [START_REF] Unkelbach | Robust radiotherapy planning[END_REF] were applied to each sub-plan to synchronize prostate intrafraction shifts (retrieved by the TP-US probe during the treatment) with the beam angle, accounting for the interplay effect. For this reason, the VSM was renamed as voxel shifting method per beam (VSMpB). Finally, the N sub-plans were accumulated creating the so-called moved-accumulated CT (maCT) accounting for both daily anatomical variations and intrafraction motion.

Statistical analysis

To determine whether the dosimetric constraints among pCT, aCT, and maCT were significantly different, we first evaluated the normality of the different data by using the Kolmogorov-Smirnov test. Then, in function of the result, two-tailed t-test was chosen over a two-tailed Wilcoxon rank sum test when the population was assumed to be normally distributed. If p <0.05, than the difference was considered significant. 

Results

Motion analysis

Treatment time ranged between 180 and 360 s. Mean displacements observed over the 75 fractions were -0.15±0.98 mm, -0.21±1.15 mm, and -0.11±1.57 mm in the LR, SI, and AP directions, respectively (figure 3.4). Mean displacements between 3 and 8 mm were observed for 4% of the fractions in LR and SI directions. Rare large deviations > 8mm were detected for 1.3% and 2.7% of fractions in LR and SI directions, respectively. Conversely, in the AP direction, displacements between 3-5 mm and 5-8 mm were detected for 23% and 12% of total fractions, respectively. Moreover, deviations > 8mm were detected in 4% of fractions.

Dosimetric impact of anatomical variations and realtime intrafraction motion

No significant change in CTV volumes delineated on pre-treatment CBCTs was observed (figure 3.5). They were on average 4% bigger than those delineated on the pCT, with maximum variations reaching 10%. Regarding rectum and bladder, the pCT volumes were generally poorly reproduced during treatment (figure 3.5). Bladder and rectal volumes were found to be smaller during treatment than at the time of the pCT for 76% and 50.3% of the fractions, respectively. The bladder volume was found systematically smaller than on the pCT for 5 patients (P1, P2, P4, P9, P11), whereas, for P13 it was systematically bigger. The rectal volume was found systematically smaller than on the pCT for 4 patients (P2, P3, P9, P11) whereas it was systematically bigger for 5 patients (P5, P6, P10, P12, P14). The dosimetric results of dose accumulations representing the effects of both daily anatomical variations alone (aCT) and in combination with real-time intrafraction prostate motion (maCT) on CTV, PTV and OARs are presented in figure 3.6. All the statistical results were computed using the two-tailed t-test, except for rectum and bladder D 1cc , and bladder D 5cc which were not normally distributed and thus computed using the Wilcoxon test. Regarding the CTV V 100% , a significant mean loss of coverage was recorded, going from 99.5±0.2% on pCT, to 98.2±0.8% on aCT, and to 94.7±2.6% on maCT (p <0.0001). pCT V 95% was much more impacted, dropping from 98.8±0.7%, to 90.4±3.3%, and to 85.0±3.2% for the pCT, aCT, and maCT, respectively (p<0.0001). Regarding the bladder, averages D 5cc obtained on the aCT (33.8±3.2 Gy, p=0.02) and on the maCT (34.4±3.4 Gy, p=0.01) were also found significantly lower compared with the pCT (36.0 ±1.1Gy). Similarly, mean D 1cc significantly decreased from 37.4±0.6 Gy for the pCT, to 36.4±2.4 Gy (p=0.03), and 35.6±2.4 Gy (p=0.01) for the aCT, and maCT respectively. Finally, no significant difference was observed on the D 40% . Furthermore, on the aCT, the bladder's dosimetric constraints were exceeded by 2 and 0.6 Gy, on D 5cc and D 1cc , respectively, for only 1 patient (P9). On maCT, they were exceeded by less than 1 Gy and less than 1.7 Gy, on D 5cc and D 40% , respectively, for 5 patients (P2, P6, P7, P9, and P15). Regarding the rectum, the dosimetric differences were not statistically significant, except for D 1cc , which was found significantly lower on the maCT (33.2±3.2 Gy, p=0.02) compared with the pCT (35.3±0.7 Gy). In addition, we observed that some dosimetric constraints were exceeded for 1 patient (D 1cc (+0.4 Gy)) and 2 patients (D 20% and D 1cc (≥ 1.5Gy)), on the aCT, and maCT, respectively.

Discussion

The reduction of geometric inaccuracies due to daily anatomical variations, and to the occurrence of inter and intrafraction motion seems crucial when delivering UHF treatments. The aim of our study was to evaluate the differences between planned and delivered dose by assessing the dosimetric impact on OARs and targets of the daily anatomical variations alone, and in combination with prostate intrafraction motion. Only accounting for pre-treatment anatomical variations, the mean accumulated CTV V 100% was decreased by 1.3% compared with the theoretical plan. Over the entire cohort of patients, the difference between planned and accumulated V 100% was always <2% except for one patient (-3.8%). The PTV V 95% was also decreased by 8.4% on aCT compared with the pCT. As a comparison, in a similar study where dose accumulation was performed on 16 patients treated with the same dose protocol, an average decrease of 0.4% and 7.9% in prostate CTV and PTV V 100% was found, respectively [START_REF] Matthew T Studenski | Margin verification for hypofractionated prostate radiotherapy using a novel dose accumulation workflow and iterative CBCT[END_REF]. Note that CTV-to-PTV margins were only 3 mm in the posterior direction versus 5 mm in our study. They concluded that this loss of coverage might be partly due to residual interfraction motion. This could also be explained by rotations or anatomical deformations of the prostate, which occurred during the treatment. Thus, in the literature, it was demonstrated on MRI images that the prostate volume was changing on a daily basis, swelling from 10-15% during hypofractionated radiation therapy [START_REF] Gunnlaugsson | Change in prostate volume during extreme hypo-fractionation analysed with MRI[END_REF]. In our study, a maximum increase of the contoured prostate volume of 10% over all fractions has been observed on daily syCTs. Another explanation for prostate volume variation might come from inter-and intra-operator variability in contouring. OARs accumulated doses differed from planned ones because of daily filling variability, as also reported elsewhere [START_REF] Roch | Dosimetric impact of rectum and bladder anatomy and intrafractional prostate motion on hypofractionated prostate radiation therapy[END_REF]. An interesting result was an important reduction in bladder volume in 76% of the fractions compared to the pCT, while the rectum was found smaller in half of the fractions. This demonstrates that, in general, the procedures for patient preparation were poorly respected. Despite important volumetric variations, on aCTs, the protocol's constraints were respected for all patients on rectum and bladder, except for P1 and P9, regarding the dose to the rectum (D 1cc ) and to the bladder (D 1cc and D 5cc ), respectively. Statistically significant dosimetric differences between pCT and aCT, were only found for the bladder (D 1cc (+0.6Gy), and D 5cc (+2.0Gy)).

Similarly to Byun et al. [START_REF] David J Byun | Strict bladder filling and rectal emptying during prostate SBRT: Does it make a dosimetric or clinical difference?[END_REF], no correlation was found between the decrease in bladder volume and the exceeded dosimetric constraints. Thus, even in presence of lower daily bladder and rectal volumes, the dosimetric differences were not predictive of dangerous clinical effect. Note that, in this study, we only considered the dosimetric effect of the pre-treatment volumes whereas Roch et al. [START_REF] Roch | Dosimetric impact of rectum and bladder anatomy and intrafractional prostate motion on hypofractionated prostate radiation therapy[END_REF], recalculated the dose on pre-treatment and post-treatment CBCT images, showing that the dosimetric differences were compensated during the treatment session because of filling. During UHF treatments, the increased delivery time led to an increased variance of prostate displacements [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF] [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF] related to an increased risk of late radiation effects. In the present study, the monitored intrafraction prostate shifts were generally small in LR and SI directions ( > 3mm in 4% of fractions) but larger in AP direction (> 8mm in 4% of fractions), as also reported elsewhere [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF] [11] [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF]. Therefore, an accurate management of intrafraction prostate motion becomes crucial since the dosimetric effect of prostatic shifts is not averaged out as for conventionally fractionated treatments [START_REF] Bortfeld | Effects of intra-fraction motion on IMRT dose delivery: statistical analysis and simulation[END_REF]. Moreover, this is a key point regarding dynamic treatment techniques (IMRT and VMAT) where the interplay effect could cause hotspots and coldspots in the dose distribution because of the simultaneous motion of target volume and beam geometry. In this study, we observed the dosimetric impact of prostate intrafraction motion, by also considering the anatomy of the day. The originality of the work lied in accounting for the interplay effect by using the VSMpB to synchronize prostatic shifts and beam geometry, and then by making dose accumulation on the syCTs. Moreover, by using the VSMpB, we approximated the effect of intrafraction motion as a shift of the voxel relative to the planning position [START_REF] Unkelbach | Robust radiotherapy planning[END_REF]. As expected, a loss of targets coverage was observed in our cohort due to prostate's intrafraction motion: differences between planned and delivered CTV V 100% and PTV V 95% were 5% and 14% on average, respectively. Similarly, it has been demonstrated in another study, using an isocenter shift dose reconstruction method, that CTV D 99% and PTV D 95% could be highly impacted by intrafraction prostate motion (loss in coverage ≥ 19%) [START_REF] Colvill | DMLC tracking and gating can improve dose coverage for prostate VMAT[END_REF]. Surprisingly, larger shifts than in our study were observed, whereas, first, the dosimetric impact of prostate motion was evaluated for a conventionally fractionated prostate radiotherapy treatment and, second, the CTV-to-PTV margins used were more important (7 versus 5 mm). As in our study, no rotation or deformation of the target was considered. However, it was shown that not correcting prostate deformation or rotation could add an uncertainty of less than 1mm [START_REF] Chen | Dosimetric impact of different bladder and rectum filling during prostate cancer radiotherapy[END_REF]. Regarding the dose to the OARs, the dosimetric constraints were respected for all the patients except for 2 and 5 patients, when considering rectal and bladder doses, respectively. Overall the cohort, a significant decrease in the bladder D 5cc and D 1cc was observed on the maCT, compared with the pCT. Conversely, mean rectal D 1cc decreased significantly, by considering intrafraction motion. This observation was expected due to the preferential posterior and inferior directions of prostate movements. Contrary to this study, Roch et al. [START_REF] Roch | Dosimetric impact of rectum and bladder anatomy and intrafractional prostate motion on hypofractionated prostate radiation therapy[END_REF] found that prostate's displacements were more important in anterior direction but in a consistent way, they observed that the delivered dose to the rectum was increased. However, in this study no prostate intrafraction monitoring device but only post-treatment CBCT image was used. In addition, the interplay effect was not considered. Thus, by performing dose accumulation using CBCT images, and accounting for the interplay effect, we showed that prostate intrafraction motion had a more important dosimetric impact on target volumes and OARs than daily anatomical variations during UHF prostate cancer treatment. Some limitations could be first linked to the image quality of the CBCT (noise, low contrast, reduced field of view), which might have impacted the DIR-based syCT generation and/or the contours corrections by the radiation oncologist. In addition, the daily anatomical variations were only referred to the pre-treatment structures, and no volume change during the course of treatment was considered. Recent studies have shown the possibility of creating a daily pseudo-CT image by using an US-based deformable image registration field [START_REF] Skadi Van Der Meer | Simulation of pseudo-CT images based on deformable image registration of ultrasound images: A proof of concept for transabdominal ultrasound imaging of the prostate during radiotherapy[END_REF]. In this direction, future studies will explore the use of US images to derive OARs anatomical changes during the treatment.

Conclusions

In conclusion, the effect of prostate intrafraction motion on targets' coverage and OARs doses was shown to predominate over anatomical variations alone. This mainly led to a significant decrease in the targets' coverage, and, for some patients, to a violation of the protocol's constraints to the OARs. Thus, the implementation of an UHF prostate cancer radiotherapy treatment should require strong and efficient IGRT protocol to minimize setup errors, to control intrafraction motion, and to reduce CTV-to-PTV margins. These results finally showed that preparation protocols for rectum and bladder were not strictly respected but did not a have major clinical impact. 

Synthesis

In this study, we assessed the differences between planned and delivered dose during UHF prostate cancer treatments, by evaluating the dosimetric impact of both daily anatomical variations alone, and in combination with prostate intrafraction motion.

Regarding anatomical variations, in a cohort of 15 patients (75 fractions), we showed that it was very difficult for the patients to maintain a constant rectum and bladder's volume at the beginning of the 5 fractions. Indeed, just before the treatment start, bladder and rectal volumes were found to be smaller than planned for 76% and 50.3% of fractions, respectively. This suggested that the procedures for patient's preparation before treatment delivery were maybe not respected. Regarding the dose distributions, a significant loss of coverage for the CTV V 100% was observed: 1.3% on aCT, and 4.8% on maCT. The bladder dosimetric constraints were exceeded for: 1 patient on aCT, and 5 patients on maCT. Regarding the rectum, dosimetric constraints were exceeded for: 1 patient on aCT, and 2 patients on maCT. Therefore, our study clearly showed that the dosimetric impact of prostate intrafraction motion was more important than anatomical variations alone. Two main conclusions can be deduced from the obtained results. First, we can question the need for excessively strict bladder filling and rectal emptying protocols in the context of UHF IGRT protocols. Secondly, in the context of prostate cancer RT, to implement an UHF treatment, an accurate and efficient IGRT protocol is required to account for prostate motion, to minimize setup errors, and to reduce CTV-to-PTV margins.

The work presented in this chapter is a step forward from the previous publication for two main reasons:

• We were able to dissociate the dosimetric impact of the daily anatomical variations alone and in combination with prostate's intrafraction motion.

• We accounted for the interplay effect existing between the beam geometry and the prostate's intrafraction motion.

To our knowledge, in the context of UHF prostate treatments, there is no other study using CBCT images to assess the differences between planned and delivered dose distributions by accounting for anatomical variations and real-time intrafraction motion.

A continuous development in offline ART techniques has taken place in recent years. However, there are still some important limitations. First, the CBCT image quality (noise, low contrast, and reduced field of view) that might impact the DIRbased syCT generation. In our study, indeed, we observed that the syCT' anatomy was often too similar to the CT image, and different from the anatomy of the day (i.e. bladder filling). This issue required the need for contours corrections by the radiation oncologist on the CBCT images. Such intervention was extremely timeconsuming, and not easy because of the low image contrast. In this direction, an improvement in CBCT's image quality (by using artificial intelligence) would make the autosegmentation algorithm more powerful, reducing the need of contours correction, thus speeding up the offline ART workflow. In a long term perspective, this could be the subject of a new research project.

However, in a short term perspective, further work should be made in the evaluation of volume changes (bladder and rectal filling) during the course of treatment. It would be interesting to develop an algorithm that generates (automatically and perhaps every 20 or 30 seconds) syCTs from US images coming from the Clarity probe. In this way, the US-IGRT technique could be even more competitive than MRI-LINAC.

Moreover, an important limitation of the current study is linked to the dosimetric uncertainties related to the DIR accumulation process. A finer evaluation of the used dose accumulation method should be made. However, during UHF treatments, generally delivered in 5 fractions or less, the patient's Body Mass Index (BMI) can be considered as constant.

Finally, our work also gives us an indication of the direction in which modern medical physics is going: the increased use of coding techniques. Indeed, the use of the scripting function available in Monaco TPS (based on C# codes) allowed us to automate and speed up the dose calculation process. In addition, python codes allowed us to both modify treatment plans according to our specific needs and to be able to evaluate the effect of prostate motion on the dose. It is clear that as we move in the direction of "patient-specific" treatments, the treatment planning techniques will be increasingly complex and time-consuming. Therefore, scripting and coding, will be a valuable aid in automating and speeding up routine operations (with necessary quality controls), increasing both the time available for more complex operations, and for the research.

Conclusion and perspectives

The work carried out during this three-year thesis aimed to evaluate the dosimetric impact of prostate's intrafraction movements during HF RT treatments. In particular, the dosimetric impact on treatment margins, target volumes, and organs at risk, has been evaluated going from moderately HF to UHF protocols. During the course of this thesis, we have 1) quantified and characterized prostate's intrafraction motion during HF treatments, on a large patient cohort (61 patients, 951 fractions) showing a strongly asymmetric and non-isotropic behavior of prostatic shifts, 2) proposed minimum time-dependent NI-AS treatment margins to take intrafraction motion into account, and 3) assessed the differences between planned and delivered dose distributions by accounting for daily anatomical variations and real-time intrafraction motion.

The NI-AS margins presented in Chapter 2 could be used as a reference for centers that do not have the possibility to monitor prostate motion in real-time. Moreover, as stated in the previous chapters, we wanted to explore other alternatives to overcome the limitations of the "classical" margin recipes giving no guidelines for intrafraction movements. In this direction, the voxel shifting method allows us to directly see the effect of motion on dose distribution, which makes it possible to extract a margin taking into account prostate shifts over the entire patient population.

Two are the possible short terms perspectives for this work. The first one would be to evaluate the dosimetric effect of NI-AS margins on OARs. It would be possible to test the robustness of NI-AS margins for both HF and UHF protocols used in our institution by performing a robust evaluation "perturbing" the automatically-planned clinical plans with the displacements retrieved during the treatment. Secondly, to overcome the limitations underlined in the NI-AS publication, I would suggest repeating the margins' calculation accounting for the interplay effect using the python codes written to synchronize prostate motion and beam geometry.

On the other hand, reflecting in a long-term perspective, there could be multiple research perspectives starting from the proposed study. An interesting perspective would be to develop an automated RT treatment planning and optimization workflow to efficiently create optimized (maybe patient-specific) clinical treatment plans for prostate cancer and to implement it in clinical practice. It would be possible to use the skills acquired in using the scripting function in MONACO to speed up and automate processes.

Finally, a rigorous mathematical formulation of NI-AS margins for the management of intra-fraction prostate motion during RT would be an ambitious project. In this direction, nowadays, published margin recipes are determined using heuristic estimates without providing a framework to systematically assess the impact of motion management strategies. A possible idea would be to start from a formulation similar to the van Herk's approach, assuming no systematic errors. Regarding random errors, a large dataset of patient-derived prostate displacements would be used. Moreover, artificial intelligence could be used to generate more data starting from real prostate displacements, and montecarlo simulations could be used to first generate margins starting from the presented assumptions, and then to set up a workflow to assess margins' robustness. Perhaps, in this direction, a possible way to derive "patient-specific" margins could be explored.

The study presented in Chapter 3, assess the real differences existing between planned and delivered doses during UHF protocols, emphasizing the uncertainty sources. We clearly demonstrated that the dosimetric impact of prostate intrafraction motion is more important than anatomical variations alone. Moreover, this work has an important qualitative improvement with respect to the previous publication because we evaluate the real dosimetric effect of prostate intrafraction motion, accounting for the interplay effect in each plan's segment. Finally, this study both questions the use of excessively strict preparation protocols, and underline the need to have a strong and efficient IGRT protocol to implement HF prostate radiotherapy treatments.

In my opinion, this work opens up to three possible short terms perspectives. The first one would be to test the developed workflow on a cohort of prostate cancer patients irradiated with a protocol of dose escalation (>95GyEQD2) on the index tumor (which delineation is based on the combination of multi-parametric MRI and 68Ga-PSMA PET), in the context of SBRT treatments. Such a protocol has been developed in our institution in a context of a multicenter trial. The second shortterm perspective would help in overcoming one of the limitations of the presented work: retrieving US images acquired during the treatment from the Clarity probe to account for bladder and rectum volume variations during the treatment. This way we would have information regarding the dosimetric impact of both real-time intrafraction prostate motion and real-time OARs volume variations. The third perspective would be to perform a finer evaluation of the uncertainties linked to the used dose accumulation workflow.

Moreover, a long-term perspective would be the development (or the test) of an algorithm to improve the quality of daily CBCT images through artificial intelligence and deep learning methodologies. Then, the improved CBCT images could be used in generating syCTs and automatic contours. This represents a useful method to overcome the limitations coming from the DIR-based syCT generation, and to reduce the time needed for contours' correction. In the perspective of online ART strategies using US imaging, an interesting research perspective would be to develop an algorithm that generates (automatically and perhaps every 20 or 30 seconds) syCTs from US images (i.e. coming from the Clarity probe). In literature, there are already some publications in this field, so it would be possible to set up a collaboration project to develop and test such a tool. The results produced after this PhD project give us a clear overview of the dosimetric effect due to the impact of prostate's intrafraction motion. From my point of view, the work carried out during these three years of thesis has addressed issues that, in the field of prostate cancer RT, are still under development. One of the examples is the lack of margin recipes accounting for both the requirements of new HF protocols, and the influence of intrafraction movements. Then in the second part of the work, we were able to improve the accuracy of our research, by exploring an ART workflow using CBCT images in the context of UHF protocols.

Finally, our work showed that the TP-US probe proves to be extremely reliable to ensure an accurate delivery of treatment plans during IGRT treatments. In my opinion there are still some disadvantages linked to US-IGRT protocols (user-dependency and the possibility to retrieve US images to implement algorithms of online ART). Nevertheless, the prospects for the development of this technique are manifold and the US-IGRT protocols still have a long future ahead, notably by extending its use to other locations affected by inter-and intrafraction displacements.

Introduction

Le cancer de la prostate est le deuxième cancer le plus fréquemment diagnostiqué et la cinquième cause de décès par cancer chez les hommes dans le monde, avec environ 1 414 000 nouveaux cas et 375 304 décès en 2020. En Europe, le cancer de la prostate représente 20,2% du total des cas de cancer chez les hommes [START_REF] Sung | Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. En fonction de l'âge du patient, de son espérance de vie, et de l'agressivité du cancer, plusieurs alternatives de traitement sont disponibles. L'une des plus couramment utilisées est la radiothérapie externe [START_REF] Begg | Strategies to improve radiotherapy with targeted drugs[END_REF]. Le principe de la radiothérapie est de délivrer un rayonnement ionisant de haute énergie (mégavolt (MV)) avec un accélérateur linéaire (LINAC) pour endommager l'DNA des cellules cancéreuses, et ainsi stopper leur capacité de prolifération. Pour les traitements conventionnels du cancer de la prostate, la dose totale délivrée est comprise entre 60 et 80 Gy, délivrée en 2 Gy par fraction. Le fractionnement permet un temps de récupération suffisant pour les tissus sains, ce qui minimise la toxicité induite par le traitement. L'avènement et l'utilisation conséquente de la radiothérapie à modulation d'intensité (IMRT) ou de l'arcthérapie à modulation volumétrique (VMAT) permettent d'administrer des doses plus élevées au volume cible [3] [4]. C'est pourquoi les protocoles de RT hypofractionnée (HF) apparaissent, délivrant des fractions quotidiennes de 2.5-10 Gy en moins de 4 semaines. En fonction de la quantité de dose par fraction, les protocols HF peuvent être divisés en deux catégories : modérément HF (2.5-6 Gy par fraction) et extrêmement (ou ultra) HF (7-10 Gy par fraction). La justification biologique de l'application de l'HF au cancer de la prostate est basée sur la lenteur de la prolifération de ses cellules (on estime que l'indice α/β de la prostate est de 1.4 à 1.9 Gy, contre 3 à 5 Gy pour le rectum et la vessie) [START_REF] David | Fractionation and protraction for radiotherapy of prostate carcinoma[END_REF] [6], d'où une grande capacité de réparation des dommages causés par le rayonnement au fil du temps. Des doses élevées par fraction sont plus efficaces pour les cellules à prolifération lente, en raison de la mort cellulaire immédiate (DNA double strand break) au cours de chaque fraction. Cependant, les techniques de RT de haute précision (IMRT et VMAT) combinées à des protocoles à haute dose (HF), ont rendu l'application du traitement plus sensible aux inexactitudes dues aux changements dans de l'anatomie pelvienne [START_REF] Chen | Dosimetric impact of different bladder and rectum filling during prostate cancer radiotherapy[END_REF], et aux mouvements inter et intrafraction de la prostate [START_REF] Seno | Determination of intrafraction prostate motion during external beam radiation therapy with a transperineal 4-dimensional ultrasound real-time tracking system[END_REF] [START_REF] Katja M Langen | Observations on real-time prostate gland motion using electromagnetic tracking[END_REF]. En outre, les protocoles HF exigent un haut niveau de précision dans l'administration de la dose en raison d'un risque accru de toxicité pour les organes à risque environnants (OARs).

Dans ce sens, le volume cible clinique (CTV) par rapport au volume cible de planification (PTV) devraient idéalement être réduites, ce qui est en contradiction avec les forts gradients de dose à proximité des OARs, générés par les techniques VMAT. Ainsi, la mise en oeuvre de traitements HF devrait nécessiter un protocole de radiothérapie guidée par l'image (IGRT) solide et efficace pour minimiser les erreurs de configuration, contrôler les mouvements intrafraction et réduire les marges CTVto-PTV, même pendant les sessions de traitement les plus longues.

L'objectif de cette thèse de doctorat était d'évaluer l'impact dosimétrique des mouvements intrafraction de la prostate sur la dose délivrée au volume cible (CTV) et aux OARs pendant les traitements de radiothérapie HF. En particulier, nous voulions évaluer l'impact dosimétrique des mouvements intrafraction sur la distribution de la dose aux cibles et aux OARs en l'absence d'un dispositif IGRT et dans le contexte des traitements HF et ultra hypofractionnés (UHF).

Ce manuscrit contient le travail effectué au cours des trois dernières années, et il est divisé en trois chapitres.

Le premier chapitre présente le contexte médical et scientifique des activités de recherche. Un aperçu de la RT à faisceau externe est présenté dans la première partie du chapitre, tandis que la deuxième partie se concentre sur les techniques d'IGRT. En particulier, la technique d'IGRT par ultrasons (US) est présentée, en décrivant la sonde Clarity 3D transpérinéale (TP)-US (Elekta AB, Stockholm) utilisée pendant le travail de thèse pour enregistrer les déplacements de la prostate [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF].

Le deuxième chapitre du manuscrit détaille les travaux réalisés dans le cadre de la première contribution faite au cours de cette thèse pour étudier l'impact sur la distribution de dose du mouvement intrafractionnel pendant les traitements du cancer de la prostate modérément HF, et pour estimer les marges minimales de traitement non-isotrope et asymétrique (NI-AS) en fonction du temps en tenant compte du mouvement. Ces travaux ont été publiés dans le European Journal of Medical Physics (EJMP) [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF].

Le troisième chapitre présente les résultats de la deuxième contribution apportée au cours de cette thèse sur l'impact dosimétrique des variations anatomiques quotidiennes et des mouvements intrafraction de la prostate en temps réel lors de traitements par radiothérapie UHF. Au moment de la rédaction de cette thèse, cette contribution a été soumise pour publication dans le journal Medical Physics.

Les travaux réalisés au cours de ces trois années de thèse ont été financés par Elekta LTD, et ont été menés au sein du service de radiothérapie du Centre anticancéreux Léon Bérard, dans l'équipe TOMORADIO des laboratoires CREATIS.

Le cancer de la prostate Anatomie, incidence, détection et diagnostique

La prostate est une glande de l'appareil génital d'environ 3 cm de hauteur et 4 cm de largeur. Elle est située sous la vessie en avant du rectum et entoure le début de l'urètre.

Le cancer de la prostate est le 2 ème cancer le plus fréquent chez l'homme et le 4 ème cancer le plus fréquent en général. Plus de 1,4 million de nouveaux cas de cancer de la prostate ont été enregistrés dans le monde en 2020 (20,2% des nouveaux cas en Europe). L'incidence augmente avec l'âge, et le taux d'incidence est de près de 60% chez les hommes de plus de 65 ans, mais elle est très variable dans le monde entier [START_REF] Rawla | Epidemiology of prostate cancer[END_REF].

En ce qui concerne la mortalité, en 2020, le taux de mortalité le plus élevé a été enregistré en l'Amérique centrale (28 pour 100 000 personnes), suivie de l'Afrique centrale (25) et de l'Afrique australe [START_REF] Tyldesley | Estimating the need for radiotherapy for patients with prostate, breast, and lung cancers: verification of model estimates of need with radiotherapy utilization data from British Columbia[END_REF] [START_REF] Gandaglia | Epidemiology and prevention of prostate cancer[END_REF]. À l'inverse, le taux le plus faible a été signalé en Asie [START_REF] Gandaglia | Epidemiology and prevention of prostate cancer[END_REF].

L'évolution de ce cancer est en général lente et les premiers symptômes n'apparaissent que 10 à 15 ans après les premières cellules cancéreuses pour la plupart des patients. Pour estimer l'état d'avancement du cancer de la prostate et la probabilité d'invasion des vésicules séminales, le calcul du score de Gleason, associé à d'autres tests cliniques tels que le Prostate Specific Antigen (PSA), sont utilisés.

Un cancer est suspecté en cas d'augmentation de la valeur du PSA qui se situe normalement entre 2,5 ng/mL et 6,5 ng/mL selon l'âge du patient. Une biopsie guidée par les ultrasons est réalisée pour analyser plusieurs fragments de prostate et évaluer le score de Gleason, basé sur l'agressivité de la tumeur. Théoriquement, le score de Gleason se situe entre 2 et 10. Cependant, les pathologistes attribuent généralement des valeurs de 6 à 10, 6 étant le grade le plus bas du cancer. Plus le score est élevé, plus la tumeur est agressive.

La radiothérapie externe

En fonction de l'âge du patient, de son espérance de vie, et de l'agressivité du cancer, le traitement est choisi parmi plusieurs options thérapeutiques qui peuvent éventuellement être associées. Les principaux traitements proposés sont la surveillance active, la chirurgie , la radiothérapie et l'hormonothérapie. D'autres modalités de traitement plus récentes sont en cours d'évaluation (ultrasons focalisés de haute intensité ou la cryothérapie).

Ce traitement consiste à délivrer des rayonnements ionisants dans la tumeur afin de bloquer la multiplication des cellules cancéreuses. Des faisceaux de rayons X de haute énergie et d'électrons sont produits grâce à des accélérateurs linéaires d'électrons. La dose de rayonnement reçue par un tissu est exprimée en Gray (Gy) et représente la quantité d'énergie absorbée par unité de masse.

Pour un cancer de la prostate, la dose totale délivrée sera comprise entre 66 et 80 Gy, en fraction de 2 Gy/séance. Le fractionnement permet de laisser un temps de récupération suffisant aux tissus sains et ainsi de minimiser la toxicité induite par le traitement. La stratégie de traitement dépend généralement du stade du cancer. Pour des cancers peu avancés, l'objectif sera de préserver au maximum les tissus sains et ainsi de diminuer la toxicité, tandis que pour des stades plus avancés, le contrôle local de la maladie sera privilégié en augmentant la dose au volume cible par exemple.

Problématique du fractionnement pour le traitement du cancer de la prostate

Aujourd'hui, le traitement standard en radiothérapie consiste à délivrer une dose totale variant entre 66 et 80 Gy en séances de 2 Gy. Chaque tissu cancéreux a une radiosensibilité intrinsèque mesurée à la fois par la fraction de cellules survivantes à 2 Gy, appelée SF2 (plus la SF2 est grande, moins la lignée cellulaire est radiosensible), et à la dose par fraction (rapport α/β). Ce rapport est issu de la description de la courbe de survie cellulaire par un modèle mathématique appelé modèle linéairequadratique. Deux composantes décrivent la courbe de survie cellulaire. La première composante (α) correspond à la probabilité qu'un évènement soit directement létal pour la cellule, la seconde (β) correspond à la probabilité qu'au sein d'une même cible deux évènements sublétaux surviennent, provenant de deux particules distinctes.

Un tissu à prolifération rapide, comme le carcinome de la tête et du cou, aura un rapport α/β de l'ordre de 10 Gy traduisant une très faible sensibilité à la dose par fraction alors que les tissus sains alentours auront un rapport α/β de l'ordre de 2 Gy, traduisant une forte sensibilité à la dose par fraction.

Le fractionnement de la dose totale en radiothérapie a donc pour but de diminuer la toxicité du traitement en laissant suffisamment de temps pour la réalisation des mécanismes de réparation dans les tissus sains. Ces mécanismes étant plus longs à se mettre en place dans les tissus tumoraux, l'efficacité du traitement est conservée. La détermination de ce rapport est donc essentielle dans le choix du fractionnement de la dose totale.

Actuellement, des schémas appelés hypofractionnés sont utilisées avec des doses par fraction allant de 3 Gy à 10 Gy. Cependant, l'hypofractionnement requiert une importante précision dans la délivrance du traitement, et ne peut être réalisé sans la prise en compte et la correction de différentes incertitudes, notamment celles liées à la localisation de la tumeur.

La modalité ultrasonore pour la radiothérapie guidée par l'image

Ces dernières années, l'imagerie US s'est révélée être une modalité d'imagerie en temps réel précise, non invasive et non irradiante pour la gestion des mouvements inter et intrafraction durant les traitements de radiothérapie [START_REF] Fontanarosa | Review of ultrasound image guidance in external beam radiotherapy: I. Treatment planning and inter-fraction motion management[END_REF]. Cette modalité présente également un intérêt économique car son coût est inférieur à celui des autres techniques disponibles (par exemple, l'IRM-LINAC).

Initialement appliquée aux cancers de la prostate, le développement de l'US pour la radiothérapie est actuellement axé sur les localisations abdominopelviennes (cancer de la prostate, col de l'utérus, endomètre, foie...), mais aussi sur l'irradiation du sein. En revanche, cette technique n'est pas adaptée à l'imagerie de structures telles que les poumons ou les os. En outre, la qualité de l'image dépend également des conditions anatomiques du patient.

Le système Clarity

Le système Clarity (Elekta AB Stockholm) est basé sur une sonde 2D TP-US localisée dans les coordonnées de la "treatment-room" grâce à 4 réflecteurs fixés au sommet de la sonde qui sont suivis par une caméra infrarouge fixée au plafond.

La sonde transpérinéale est composée de 128 éléments piézoélectriques, avec une fréquence de 5.0 ± 0.5 MHz [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. Elle est également mécanisée: l'acquisition volumétrique est réalisée grâce à une rotation automatisée capable d'effectuer un balayage complet de 75º en 0,5 seconde [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. Le patient ne ressent aucun mouvement, juste une légère vibration, car tous les mouvements sont internes au boîtier de la sonde. De plus, la sonde est équipée d'un capteur d'orientation intégré qui se déclenche lorsqu'elle traverse le centre. Cela permet de vérifier la précision géométrique de chaque balayage.

La précision du système est vérifiée quotidiennement en effectuant un contrôle de qualité afin d'avoir une incertitude inférieure à 1 mm et 2 mm pour le système de référence et le système US quotidien, respectivement [START_REF] Fargier-Voiron | Evaluation of a new transperineal ultrasound probe for inter-fraction image-guidance for definitive and post-operative prostate cancer radiotherapy[END_REF]. Pour chaque acquisition, des centaines d'images 2D US sont acquises grâce au balayage automatisé de la sonde et fusionnées en une image 3D [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF]. Le temps de balayage est de 2.5 secondes, ce qui donne une résolution de 0.35 mm (pour une taille de voxel de 0.58 mm 3 ) au milieu de la prostate, en supposant une profondeur typique de la prostate de 5 cm [START_REF] Lachaine | Intrafractional prostate motion management with the Clarity Autoscan system[END_REF].

Première contribution

Evaluation de l'impact dosimétrique des mouvements intrafraction de la prostate durant le traitement de radiothérapie en fonction des marges CTV-PTV utilisées.

Le mouvement intrafraction des organes durant les traitements de radiothérapie par faisceau externe peut entraîner des imprécisions dosimétriques. En particulier, les mouvements intrafraction de la prostate peuvent être important pour certains patients (>1cm). Il est donc nécessaire d'étudier les conséquences dosimétriques de ces mouvements, à la fois au niveau de la couverture du volume cible (CTV) avec l'isodose de prescription, et au niveau de la dose aux organes à risque avoisinants la prostate (vessie, rectum). Une caractérisation précise des mouvements peut aider à déterminer le meilleur compromis entre les marges optimales pour augmenter le contrôle de la tumeur et l'épargne des tissus sains.

Le but de cette étude était d'examiner l'impact dosimétrique des mouvements intrafraction durant la radiothérapie modérément hypo-fractionnée de la prostate en fournissant une marge "population-based" basé sur la couverture volumétrique du CTV.

Les mouvements intrafraction de la prostate ont été enregistrés en utilisant le système Clarity (Elekta, Stockholm, Sweden), composé d'une sonde ultrasonore (US) transpérinéale (TP) permettant de visualiser la zone pelvienne et de monitorer les mouvements de la prostate pendant le traitement, sans interférer avec le faisceau.

Une première partie du travail a consisté à réaliser une statistique des mouvements intrafraction observés sur une large cohorte de patients. Les données de mouvements intrafraction ont été récupérés en considérant une cohorte de 45 patients (846 séances) ayant reçu un traitement de radiothérapie modérément hypo-fractionnée (60 Gy / 20 fractions au CTV prostate).

Tout d'abord, nous avons pu observer que les déplacements de la prostate n'étaient pas isotropes. En moyenne, après 5 minutes de traitement des déplacements de (0.0±0.4) mm, (0.3±0.7) mm and (-0.4±0.6) mm respectivement dans les directions droite-gauche (DG), supero-infero (SI), et antero-posterior (AP) pouvaient être observés. En augmentant le temps de traitement, après 10 minutes, il y avait une augmentation, en moyenne, des déplacements de (0.0±0.4) mm, (0.5±0.7) mm and (-0.7±0.6) mm, respectivement dans les directions DG, SI and AP.

Ainsi une augmentation du temps de traitement donne lieu à des déplacements plus importants de la prostate (le plus grand déplacement étant observé dans la direction postérieure). De plus, plus la séance de traitement est longue et plus les mouvements intrafraction sont susceptibles d'impacter la couverture du volume cible.

Ensuite, une cohorte de 18 patients (346 séances) a été sélectionné, et des plans de traitement en utilisant des marges de sécurité croissantes (entre 0 et 6 mm) autour de la prostate ont été générés. Ces marges de sécurité doivent permettre de garantir que le volume cible (CTV) soit bien traité, malgré les incertitudes liées au traitement.

Pour réaliser ces plans de traitements, un algorithme de planification automatique a été utilisé. Ensuite, la distribution de dose a été perturbé en utilisant une méthode de déplacement des voxels (Voxel Shifting Method, VSM) qui consiste à appliquer les mouvements observés lors de la séance de traitement aux structures. Les résultats ont montré que le protocole de traitement était respecté pour 70%, 79%, 84%, 91%, 97% des séances en utilisant les marges de 0, 3, 4, 5 and 6 mm, respectivement, après 5 min de traitement. Ils ont également mis en évidence une nette diminution de ce pourcentage après 10 minutes de séance (56%, 58%, 69%, 78%, 90%, respectivement).

De nombreuses formules de marges de traitement pour la correction des mouvements inter-fraction et pour tenir également compte d'autres incertitudes liées à la chaîne de traitement, ont été proposées dans la littérature [START_REF] Van Herk | The probability of correct target dosage: dose-population histograms for deriving treatment margins in radiotherapy[END_REF] [93] [START_REF] John | Planning target volumes for radiotherapy: how much margin is needed?[END_REF]. Toutefois, celles-ci ne considèrent pas les mouvements intrafraction et permettent de calculer des marges isotropes uniquement.

Une autre partie du travail a donc consisté à proposer une étude populationbased qui fournit des marges anisotropes, prenant en compte les mouvements intrafraction de la prostate.

Pour obtenir des marges non isotropes, la cohorte originaire de 45 patients (846 séances) ayant reçu un traitement de radiothérapie modérément hypo-fractionnée a été considerée pour avoir une statistique plus importante et pour pouvoir comparer les résultats avec la littérature. Pour chaque patient, la structure CTV-prostate a été perturbé en utilisant la méthode de déplacement des voxels. Le CTV-prostate a été déplacé, en utilisant les déplacements observés durant le traitement, toutes le 5 secondes dans une direction préférentielle (droite, gauche, superieur . . . ) et non pas en 3D comme dans le cas précédent.

En fonction du temps de traitement (durée du traitement: 200-600s), des marges non isotropes et asymétriques (NI-AS) qui permettent d'obtenir les résultats nécessaires pour notre protocole dosimétrique ont été calculé: 95% de la population ayant le vol-ume cible (prostate) couvert par l'isodose 99% (isodose 100% = 60 Gy).

Ce travail a été présenté lors du congrès de la société française de physique médicale (SFPM) et il a été retenu pour faire partie du numéro spécial de l'European Journal of Medical Physics (EJMP) consacré aux journées scientifiques de la SFPM. Après soumission de l'article à un comité de lecture, l'article a été publié en avril 2022 [START_REF] Di Franco | Minimum non-isotropic and asymmetric margins for taking into account intrafraction prostate motion during moderately hypofractionated radiotherapy[END_REF].

Deuxième contribution

Radiothérapie ultra-hypofractionnée du cancer de la prostate: impact dosimétrique des mouvements intrafraction de la prostate en temps réel et des changements anatomiques quotidiens.

Les changements anatomiques pelviens quotidiens et les déplacements intrafraction de la prostate représentent les principales sources d'incertitudes lors des traitements UHF. De plus, les conséquences dosimétriques des déplacements prostatiques ne sont pas moyennées comme pour les traitements conventionnels. C'est pourquoi la réduction des imprécisions géométriques est cruciale.

L'objectif de l'étude suivante était d'évaluer les différences entre la dose planifiée et la dose délivrée durant les traitements UHF du cancer de la prostate, en évaluant l'impact dosimétrique des variations anatomiques quotidiennes, seules et en combinaison avec le mouvements intrafraction de la prostate.

Quinze patients ont été pris en compte dans cette étude. La dose prescrite était de 36,25Gy en 5 fractions délivrées au CTV. Les objectifs dosimétriques étaient de couvrir 99% du CTV avec l'isodose 100% (36,25 Gy) et 95% du PTV avec l'isodose 95%. Des marges homogènes de 5 mm entre le CTV et le PTV ont été utilisées.

Les traitements de la prostate ont été réalisés grâce à une technique de radiothérapie dynamique avec modulation d'intensité (VMAT) durant laquelle le traitement est délivré grâce à une rotation du bras de l'accélérateur à vitesse variable, un déplacement constant des lames dans le faisceau, et une variation du débit de dose.

L'imagerie quotidienne par tomographie à faisceau conique (CBCT) a été utilisée pour le positionnement pré-traitement. Les mouvements intrafraction de la prostate ont été surveillé à l'aide de la sonde ultrasonore (US) transpérinéale (TP) (Clarity, Elekta AB, Stockholm), qui permet de visualiser la zone pelvienne et de monitorer les mouvements de la prostate pendant le traitement, sans interférer avec le faisceau.

Après le traitement, les images 3D-CBCT réalisées juste avant les séances de traitement des patients ont été récupérées. La qualité des images CBCT étant insuffisantes pour restituer avec précision les densités électroniques des tissus pour le calcul de la dose, nous avons utilisé un algorithme de recalage déformable (ADMIRE V3.37 Elekta AB, Stockholm) capable de générer des CTs synthétiques à partir de ces CBCTs, en utilisant le CT de planification (pCT). Un workflow de cumul de dose (CT cumulées, aCT) a été mis en place pour évaluer l'impact dosimétrique des variations anatomiques. Tous les contours ont été copiés sur le syCT correspondant et corrigés par un médecin.

Dans la deuxième partie de l'étude, nous avons souhaité faire coïncider l'effet des mouvements intrafraction de la prostate avec la géométrie d'irradiation. Nous avons donc coupé le plan de traitement original en N sous-plans (N représentant le nombre de points de contrôle) par codage python. Pour clarifier, un point de contrôle décrit l'état du système de radiothérapie (y compris les configurations du LINAC telles que l'énergie du faisceau, l'ouverture des lames, l'angle du collimateur, les unités monitor et la dose pour chaque configuration de l'accélérateur).

Ensuite, pour synchroniser les mouvements de la prostate avec la géométrie du faisceau, des codes Python et C++ ont été développés et la méthode de décalage des voxels (VSM) a été appliquée pour déplacer chaque sous-plan en fonction des mouvements de la prostate. Enfin, les cartes de dose décalées ont été accumulées (moved-accumulated CT, maCT).

Aucun changement significatif des volumes CTV délinée sur les syCTs quotidiennes par rapport à la pCT n'a été observé. En ce qui concerne les distributions de dose, une perte significative de couverture pour le CTV a été observée (de 99,5±0,2% sur la pCT, à 98,2±0,8% sur l'aCT, et à 94,7±2,6% sur la maCT, p<0,0001). Le volume de la vessie était plus petit que prévu dans 76% des fractions, de plus, sur l'aCT, les contraintes dosimétriques de la vessie ont été dépassées pour 1 seul patient (P9), et sur le maCT, elles ont été dépassées pour 5 patients (P2, P6, P7, P9, et P15). Le rectum était plus petit que prévu dans 50,3% des fractions, mais les différences dosimétriques n'étaient pas statistiquement significatives.

Finalement, nous avons constaté que l'effet des mouvements intrafraction de la prostate est plus important que les seules variations anatomiques, réduisant la couverture des volumes cibles et augmentant la dose aux organes à risque (vessie et rectum).
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 12 Figure 1.2: A: For each country, the most common types of cancer among men in 2020 are represented. Prostate cancer, in green, results the most frequently diagnosed cancer in 112 countries. B: Most common type of cancer mortality by country in 2020 among men. Lung cancer, in blue, is the highest mortality rate cancer (93 countries) (figure from [1]).
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 1314 Figure 1.3: Prostate anatomy
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 15 Figure 1.5: Diagram of prostate cancer staging (figure from [18]). Following the Tumor, Nodes, Metastases (TMN) system[START_REF] Leslie | TNM classification of malignant tumors[END_REF], the degree of tumor extension can be classified in four categories: T1 (tumor not palpable or visible on imaging); T2 (tumor limited to the prostate); T3 (tumor extended beyond the prostate); T4 (extension to adjacent organs).

Figure 1 . 6 :

 16 Figure 1.6: Linear accelerator routinely used during RT treatments.
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 17 Figure 1.7: The Tomotherapy ® (Accuray ® , USA) system.
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 1819 Figure 1.8: Cyberknife ® (Accuray, USA) system
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 1 Figure 1.10: (A) Elekta's Unity system (commercially available, field strength: 1.5T). (B) Australian MRI-LINAC (prototype, field strength: 4T). Photographs of the magnet showing both the supine positioning (left), and the standing positioning (right) (figure from [39]). (C) Viewray's MRIdian system (commercially available, field strength: 0.35T). (D) MagnetTx's Aurora-RT (commercially available, field strength: 0.5T).
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 111 Figure 1.11: Frequency range of sound waves (figure from [52]).
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 113 Figure 1.13: Clarity ® TPUS probe (Elekta AB Stockholm) (figure from [56]).
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 114 Figure 1.14: Schematic diagram illustrating coordinate transformations for calibration (figure from [10]).
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 115 Figure 1.15: Clarity phantom used for calibration (figure from [10]).
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 1 Figure 1.16: CT and TP-US acquisitions of a non-operated patient (A) and of a patient treated after prostatectomy (B). 1: fusion of CT and US images. 2: CT image. 3: US image. Yellow, green, red and violet contours represent bladder, rectum, CTV and RPV volumes, respectively (figure from [57]).
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 117 Figure 1.17: Screenshots of the monitoring phase for a non-operated patient (A) and of a patient treated after prostatectomy (B). Windows 1 and 2 correspond to the sagittal and coronal views of the reconstructed 3D image. Window 3 corresponds to the 2D real time acquisition. Below these three windows, we can see the shifts calculated by the algorithm in the three directions (figure from [57]).
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 119 Figure 1.19: Target volumes definition according to ICRU recommendations.
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 120 Figure 1.20: Schematic representation of the relationships between different volumes in three clinical scenarios ICRU. Scenario A: margins' sum around the GTV. Scenario B: quadratic combination of margins, assuming statistical relationships between the uncertainties. Scenario C: OARs' presence lead to margins reduction (figure from [94]).
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 121 Figure 1.21: Schematic drawing of the impact of geometrical deviations on the dose distribution described in a coordinate system that is fixed relative to the CTV. (A) Treatment execution (random) deviations lead to blurring of the dose distribution. (B) Treatment preparation (systematic) deviations lead to a (unknown) shift of the cumulative dose distribution relative to the CTV (figure from [98]).
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 122 Figure 1.22: Estimation of the SD of random and systematic errors based on measurements in a patients' population. The numbers in this table could represent a shift of the patient in millimeters in the left-right direction determined by using a pre-treatment imaging modality (figure from [95]).
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 1 Figure 1.24: A: Margins for systematic errors at different confidence levels (C 1 ); B: Additional margins for random errors at different dose levels (C 2 ) (figure from [98]).
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 21 Figure 2.1: US IGRT workflow: during the planning CT, an US ref image is acquired and superimposed onto the planning CT. Before the treatment start, an US daily image is acquired and registered onto the US ref . Subsequently, the US prostate monitoring starts and a CBCT acquisition is performed for pretreatment positioning. Finally, the treatment begins after CT-CBCT registration.
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 23 Figure 2.3: Distribution of the observed intrafractional prostate displacements for 46 patients (876 sessions).
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 24 Figure 2.4: Boxplot of the CTV coverage in percentage depending on treatment time at 0, 2, 3, 4, 5 and 6 mm margin for 18 patients (346 fractions). Each boxplot is composed of the median CTV coverage (green line), 75 and 25 percentiles values and the total amplitude of the values by the end of the whiskers. In each figure the red line represents the number of fractions variation in function on time (from 346 fractions at 0 s to 97 fractions at 600 s).
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 25 Figure 2.5: Necessary non-isotropic and asymmetric margins (mm) obtained by van Herk 's margin recipe using two different dosimetric criteria. 46 patients and 876 sessions were considered.
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 26 Figure 2.6: Necessary NI-AS margins (mm) for meeting 95PP-99D coverage criteria for 46 patients (876 sessions).

Figure 2 . 7 :

 27 Figure 2.7: Boxplot of the CTV coverage in percentage in function of treatment time using non-isotropic margin for 18 patients. Each box is composed of the median CTV coverage (green line), 75 and 25 percentile values and the total amplitude of the values by the ends of the whiskers. The red line represents the number of fractions as a function of time. It goes from a maximum of 346 fractions at 0 s to a minimum of 97 fractions at 600 s.
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 28 Figure 2.8: Comparison between different studies to retrieve asymmetric and non-isotropic CTV-to-PTV margins.
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 31 Figure 3.1: Dose accumulation workflow: the pCT was deformably registered onto the daily CBCT to create a syCT. Daily pre-treatment shifts were applied to syCT before dose calculation. Finally, the daily dose was warped and accumulated back to the pCT. Contours in yellow and pink represent bladder and rectum, respectively.

Figure 3 . 2 :

 32 Figure 3.2: Real-time intrafraction motion workflow: the VMAT arcs were split into N sub-plans using an in-house automated Python routine. The N dose maps were calculated by Monaco TPS scripting. Then, the treatment was delivered to the LINAC to correlate the number of accumulated MUs to the treatment time, using the graphic function. The sub-plans could be thereafter synchronized to the prostate shifts (LR, SI, and AP) registered with the Clarity TP-US probe. Finally, the VSMpB has been applied, and the dose accumulated.
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 33 Figure 3.3: Three sub-plans retrieved from a randomly chosen patient. Images have been taken from MONACO TPS graphical interface, and contain informations regarding the CP number, and the MU value.
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 34 Figure 3.4: Distribution of the observed intrafractional prostate displacements for 15 patients (75 fractions), in LR, SI, and AP directions, respectively.
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 35 Figure 3.5: Bladder, rectum, and CTV prostate volume data. For each patient, one pCT and 5 CBCTs were considered. Each boxplot is composed of the mean CBCT volume (red star), 75 and 25 percentiles values, and the total amplitude of the values by the ends of the whiskers. In each figure, the green circle represents the pCT volume.
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 36 Figure 3.6: Bladder, rectum, PTV, and CTV planned (pCT) and accumulated (aCT and maCT) dosimetric data for 15 patients. Each boxplot is composed of mean values (red lines), maximum, minimum, 75 and 25 percentiles values. Red lines represent the dosimetric constraints for each structure.

  

  

Table 1 .

 1 1: Prostate cancer stages based upon their Gleason score, and the suggested treatment options. M: presence of metastasis, N: cancer spread to the lymph node[START_REF]Initial Treatment of Prostate Cancer, by Stage and Risk Group[END_REF].

	Treatment options	Active surveillance	Prostatectomy	Radiotherapy	Watchful waiting	Prostatectomy	Radiotherapy	Clinical trial participation	Radiotherapy + hormone therapy	Hormone therapy alone	Prostatectomy	Active surveillance	Clinical trial participation	Radiotherapy + hormone therapy	Hormone therapy alone	Surgery	Active surveillance	Clinical trial participation
	Description	Small and slowly-growing can-	cers, that may never cause symp-	toms or other health problems	Localized cancers, not yet grown	outside the prostate but larger	than stage I or have higher Glea-	son scores	Cancer has spread beyond the	prostate, not reaching other or-	gans			Cancer has spread to the bladder,	rectum, lymph nodes or distant	organs		
	Stage Clinical stage Gleason score	I T1a, N0, 2-4	M0		II T1a or 5-10	T1b/T2,	N0, M0		III T3, N0, M0 2-10					VI T4, N1, M1 2-10				

Table 1 . 2 :

 12 Summary of the three largest randomized trials (CHHiP, RTOG, and PROFIT) evaluating the equivalence of moderately HF and conventional prostate cancer radiotherapy treatments.

	Follow up Outcome	62.4 months 60Gy/20fr non	inferior to con-	ventional fr.	(74Gy/37fr)	60 months 70Gy/28fr not in-	ferior to conven-	tional fr. + in-	crease in late gen-	itourinary adverse	events	72 months 60Gy/20fr not in-	ferior to conven-	tional fr. + no in-	crease in acute or	late toxicity.
	Risk group Regimen	15% low; 74Gy/37fr/7.4w;	73% int.; 60Gy/20fr/4w;	12% high 57Gy/19fr/3.7w		low 73.8Gy/41fr/8.2w;	70Gy/28fr/5.6w;					intermediate 60Gy/20fr/4w;	78Gy/39fr/7.8w;			
	N of patients	3216				1115						1206				
	Study	CHHiP	Dearnaley et	al. [76]		RTOG Lee et	al. [77]					PROFIT	Catton et al.	[78]		

Table 1 .

 1 3: Summary of three phase 3 studies aimed to characterize the efficacy and safety of UHF versus moderately HF and conventionally fractionated protocols.

	Outcome	UHF protocols	non-inferior to	conventional ones.	Early side-effects	more pronounced	in UHF, and simi-	lar late toxicity.	Similar acute tox-	icity for the three	protocols, smaller	gastrointestinal	and genitourinary	acute toxicity	rates for UHF	protocols.	Similar levels of	safety and efficacy	for UHF protocols	compared to con-	ventional and HF.
	Follow up	60 months							Variable								60 months				
																		and			
	Regimen	78Gy/39fr;	42.7Gy/7fr						78Gy/39fr;	60Gy/20fr;	36.25Gy/5fr						between	78Gy/39fr	42.7Gy/7fr		
	Risk group	intermediate	and high						low and in-	termediate							low, inter-	mediate, and	high		
	N of patients	1200							874								6795 from 7	studies			
	Study	Widmark et	al. [87]						PACE-B	Brand et al.	[88]						Leher et al.	[89]